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Background- Changing US Fleet

• New designs: power trains & light-weight materials

– Limited historical crash data cannot be used to 
extrapolate into the future because they may not apply 
to future designs with new materials and architectures 
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State-of-Art in Safety Evaluation of New Vehicle Designs 

• Non-linear Finite Element (FE) modeling is currently 
used extensively in vehicle development process 

• FE Models of a vehicle are now developed in pre-
prototype stage and are exercised in regulations and 
consumer information safety testing

• Test protocols:
– Single vehicle to fixed object
– Single speed
– Typically, single size dummy driver

• In the real world, crashes occur at various impact 
velocities, configurations, and impact partners and 
involve occupants of various sizes and ages.
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US Frontal NCAP 
full barrier Test

IIHS Offset Deformable 
Barrier Test 

IIHS Small Overlap Offset  Barrier Test 



EFP- Fleet Societal Risk for a Target vehicle

Fleet societal injury risk for a target vehicle is defined 
as the total injury risk of occupants in the target 
vehicle and crash partner vehicles, 

in a matrix of simulated crashes 
representative of real-world impact speeds, 
crash configurations and impact partners
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Presenter
Presentation Notes
EFP: a Virtual Model Simulating Real World Crash Environment, Driven by structural and occupant modeling and real world crash and full scale test data 

A concept or new vehicle design could be introduced into EFP to evaluate the safety of its occupants and those of other vehicles with which it is involved in crashes 




Fleet Societal Injury Risk

• P impact speeds
• O target/partner vehicle
• N crash partners
• M crash configurations
• L occupant sizes
• K occupant seating locations 
• J crash events (single vehicle, 

two/multiple vehicle)
• I crash modes
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• Societal Injury Risk (SIR) for a target 
vehicle 𝒗𝒗 is defined as the sum of 
individual crash injury risks weighted by 
real world frequency of occurrence 
𝒘𝒘𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊 𝒗𝒗 of a crash incident 

• 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑣𝑣) represents a Combined 
Serious Injury Risk for the head, neck, 
chest, and lower extremities body 
regions in a single crash incident 

Self and partner injury risk 

Presenter
Presentation Notes
The governing equation to compute the societal risk is formulated as follows:




EFP: A VIRTUAL MODEL SIMULATING REAL WORLD CRASH ENVIRONMENT

• Finite element structural models represent the fleet and target crash vehicles 

• Crash configurations, to be simulated, are based on real world crash 
distributions and exposure from the National Automotive Sampling System 
Crashworthiness Data System (NASS CDS) 

• Crash test data, representative of the crash configurations of interest, should 
be available to validate and verify the vehicle and occupant models
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Presenter
Presentation Notes
The main strength and predictive potential of EFP is routed in that the approach is based on physical and realistic models, configurations and exposure, injury risks, etc. 
ride and handling. Real World “Sanity” Checks, i.e., continuous checks with real world data 






EFP Initially Implemented for 
Frontal Crashes

• Frontal crashes account 
for the highest numbers 
of fatalities

• Frontal crashes are 
most readily addressed 
with the available 
vehicle and occupant 
simulation models and 
injury metrics
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Fleet Vehicles Finite 
Element Models 

• FE models validated to match vehicle 
accelerations (e.g. compartment 
crash pulse and engine), barrier load 
force, and overall energy balance in 
a full barrier NCAP frontal.

 Vehicle FE models had minimal detail 
for relevant vehicle interiors (seat, door 
panels, dash) needed to conduct occupant 
simulations

Ford Taurus
(2000-2007)

Mid-size passenger car

Ford Explorer
(2002-2005)

Chevrolet Silverado 
(MY 2007current) 

Toyota Yaris
(2005current)

Small passenger car

Sport Utility vehicle

Pickup truck

Presenter
Presentation Notes
Available FE vehicle models traditionally developed to match vehicle accelerations (e.g. compartment crash pulse and engine), barrier load force, and overall energy balance in a full barrier NCAP frontal test; thus, these models have minimal detail for relevant vehicle interiors (e.g., seat, door panels, dash) needed to conduct occupant simulations
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Occupant Modeling

Occupant modeling was 
decoupled from vehicle 
structural modeling and 
performed using MADYMO 
rigid body simulations.

Given the lack of sufficient FE interior and restraint 
models for current implementation of EFP
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Presenter
Presentation Notes
The available FE vehicle models were traditionally developed to match vehicle accelerations (e.g. compartment crash pulse and engine), barrier load force, and overall energy balance in a full barrier NCAP frontal test; thus, these models have minimal detail for relevant vehicle interiors (e.g., seat, door panels, dash) needed to conduct occupant simulations. 

MADYMO is a MAthematical DYnamic MOdeling software developed by the Netherlands TNO Automotive Safety Solutions division (TASS)




Other group : Vehicles with underride or frontal damage & 9, 10, 2, or 3 DOF
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Simulated Frontal Crash Configurations
NASS CDS Frontal Crashes Classification

(Based on Structural Engagement)

Presenter
Presentation Notes

The new classification includes frontal small offset impacts with side damage, as coded by NASS CDS, and thus allows a more comprehensive and realistic classification of frontal crashes. It also allows the assessment of the contribution of corner impacts and the other defined groups (“Full Engagement”, “Offset”, “Between Rail”, and “Other”) shown in Figure 5 to the overall frontal crash populations.

Sullivan et al. [2008] originally developed a taxonomy of frontal crash damage through an analysis of NASS CDS 1995-2005 data…. Developed a method for classifying vehicle damage based upon the post-crash damage profile and an estimated location of the vehicle frame rails (based on estimated ratio of frame rail width and vehicle track width). Significantly, Sullivan et al. developed a methodology for determining the likely rail engagement, which is not recorded in the NASS data

Scullion et al. [2011] expanded the Sullivan taxonomy to classify between rail impacts and degree of offset impacts.

Full Engagement: Both vehicle frame rails engaged, i.e., direct damage spans the estimated location of the two rails.
Offset: One vehicle frame rail engaged, i.e., direct damage overlaps location of one rail, left or right side.
Corner: Defined as the combination of two groups, small overlap front and small overlap side.
Small overlap front: vehicle with frontal damage and direct damage located entirely outside of the vehicle frame rails, left or right side
Small overlap side: vehicle with side damage where direct damage is forward of the A-Pillar 
Other: Vehicles with underride damage or frontal damage and 9, 10, 2 or 3 o’clock direction of force or not otherwise classifiable.
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Frontal Crash Configurations Simulated 



Proof-of-Concept EFP 
Application for 
Frontal Crashes

• Implemented to evaluate if EFP could detect changes in occupant risk 
related to vehicle design modifications

• Taurus fleet partner FEM was used as a target baseline vehicle. Two simple 
design variants (not meant to be realistic) were used as “surrogate” new 
designs of the baseline: one 25% lighter & one stiffer

– Taurus_LW: a simple light-weighting strategy, where density of all steel parts 
were reduced by 1/3, including a reduction of 100 kg from the engine 
(powertrain components)

– Taurus_ST: all steel parts replaced with a dual phase Ultra High Strength Steel 
(DP500 UHSS), except the engine and transmission
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Density 
(kg/m3)

Elastic 
Modulus 

(GPa)

Yield 
Strength 

(Mpa)
Baseline 7850 210 140-400 1515/3339

Taurus_LW 5233 210 140-400 1138/2508
Taurus_ST 7850 210 500 1515/3339

FE Model 
Design

FE Model 
weight 
(kg/lbs)

Steel Properties

Presenter
Presentation Notes
The two designs were selected to allow for independent examination of safety effects related to changing vehicle weight and stiffness, (not meant to be realistic designs, but developed to evaluate if EFP could detect changes in occupant risk related to vehicle design modifications). 

LW: a surrogate of a strategy where the vehicle has been light-weighted while the front-end stiffness remains the same
ST: a surrogate of a strategy where the weight of the vehicle has not changed while the front-end stiffness has increased 







Other Targets
Concept Lightweighted Vehicles for a midsize PC and CUV 

• Midsize PC lightweight concept, designed by Electricore Inc. for NHTSA

– Based off a 2011 Honda Accord achieving 23% mass reduction (Singh, et al. 2012).  
– The objective was to achieve the maximum amount of mass reduction appropriate for high 

volume production PC (200,000 vehicles per year) while maintaining the same vehicle 
functionalities, such as performance, safety, and crash rating with no more than a 10% cost 
increment compared to the baseline 

• 1st midsize CUV lightweight concept, designed by FEV for EPA 
– Based off a 2010 Toyota Venza with a target mass reduction of 20% (FEV 2012).  

• 2nd CUV lightweight concept, designed by Lotus Engineering for CARB
– Based off a 2009 Toyota Venza with a target mass reduction greater than 30%. The goal was to 

identify mass saving opportunities while maintaining performance parity relative to the current 
vehicle (Lotus Engineering Inc. 2012). 

• More recently, EDAG developed an FEM of a lightweighted Silverado. While the model was 
not available for the study presented here, fleet simulations with a target LW Silverado are 
needed to understand the effect of light truck lightweighting on passenger car to light 
trucks crash safety.
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Presenter
Presentation Notes

The baseline vehicles for this application: Taurus, Accord, and Venza, have different levels of modeling accuracy and scopes of validation efforts (M. Marzougui, et al. 2012) (Lotus Engineering Inc. 2012). Each of the concept design variants also has a different level of design and modeling accuracy. As such, the injury risk of each design concept will be evaluated relative to the baseline vehicle and not relative to each other.  Also, the restraint systems used in all the vehicles are generic and were not optimized for the individual vehicles, so a direct comparison between the baseline vehicle risks might not be valid; however the trends from the baseline to the light-weighted designs should be valid. The same restraint system was used in the baseline and the corresponding design concept occupant models. Using the same restraint system in the baseline and design variants was intentional. This approach will provide insight on how the restraint systems need to be changed for future applications of EFP when improved restraint technologies become available to be incorporated in the models. 






Fleet Simulation Matrices: 
Single & Two Vehicle Frontal Crashes

Two Vehicle Crashes: 
40 LS-DYNA  and 160 
MADYMO (50%tile 
male & 5%tile female 
drivers) Simulations 
for Target & Partner

Single Vehicle Crash 
Simulations: 15 LS-DYNA  
and 30 MADYMO (50%tile 
male & 5%tile female 
drivers) Simulations per 
Target Vehicle  

Presenter
Presentation Notes
VTV: 40 LS-DYNA Simulations and 160 MADYMO (50%tile male & 5%tile female drivers) Simulations for Target & Partner
VTB: 15 LS-DYNA Simulations and 30 MADYMO (50%tile male & 5%tile female drivers) Simulations per Target Vehicle



EFP Computed Societal* Risk 
for Baseline and Lightweight 
Concept Vehicle Designs

* sum of injury in the simulated single vehicle 
and in two vehicle crashes for self and partner 
driver, weighted by real world frequency an 
injury rate per 100 crash involved occupants
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The serious injury (MAIS3+F) rate in air bag equipped vehicles of model 
year 1985 or later is 1.5 % in 1998 to 2010 NASS CDS data years

Taurus 
LW

Taurus 
ST

Presenter
Presentation Notes
frontal EFP is applied to compute and assess the change in driver societal injury risk between a baseline midsize passenger car and a corresponding lightweight concept design, and between a baseline midsize Crossover Utility Vehicle (CUV) and two corresponding lightweight concept designs. 



Case Study
Baseline vs. LW Fleet Safety Interactions via EFP

We have a baseline fleet and two concept lightweight fleet options:

– The baseline fleet is composed of two segments: PC (Accord Baseline) and 
CUV (Venza Baseline)

• There are two baseline targets: Accord and Venza

– The first lightweight feet (LW1 fleet)  is composed of two segments:  PC 
(Accord LW), LCUV1 (Venza Low Option (LO))

• There are two lightweight targets: Accord LW and Venza LO

– The second lightweight feet (LW2 fleet) is composed of two segments:  PC 
(Accord LW), LCUV2 (Venza High Option (HO))

• There are two lightweight targets: Accord LW and Venza HO
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NOTE: Our results focus on 
VTV interactions. They do 
not include interactions with 
heavier than 10,000 GVWR 
truck.

Societal Risk - Target + Partner Combined 
AIS3+  risk of Head, Neck, Chest & Femur

Baseline Fleet: Accord & Venza Baselines         
LW1 Fleet:        Accord LW & Venza LO                  
LW2 Fleet:        Accord LW & Venza HO

Target Vehicle Accord Venza 
Fleet 
Mass 
Ratio

Total 
Fleet 
Risk

basline weight (lbs) 3784 3982 1.05

VTV Societal Risk              
Baseline Fleet

1.25% 1.29% 2.55%

lightweight concepts 
wt Venza LO (lbs)

3030 3314 1.09

weight decrease from 
basline

20% 17%

VTV Societal Risk                          
LW1 Fleet

1.46% 1.38% 2.84%

LW1 risk increase 17% 7% 11.7%
lightweight concepts 

wt Venza HO (lbs)
3030 2538 1.19

weight decrease from 
basline

20% 36%

VTV Societal Risk              
LW2 Fleet

1.44% 1.41% 2.84%

LW2 risk increase 15% 9% 11.6%

Fleet & Segment VTV Societal Risk in Frontal Crashes 
Lightweight Fleets vs. Baseline Fleet



Further work that would be helpful

• Perform fleet simulations for the lightweight Silverado 
concept vehicle as developed by EDAG for NHTSA

• Develop FE models of new and higher volume fleet 
vehicles  

• Include the heavy truck (>10,000 lbs. GVWR) segment in 
the fleet

• Model other crash modes, specifically side impacts

Presenter
Presentation Notes





THANK YOU
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EFP Process and Components

1. Identify crash mode of interest: Frontal, Side, Rear, Rollover crashes

2. Establish crash configurations for identified crash mode and exposure 
based on structural engagement from real world distributions in the 
National Automotive Sampling System Crashworthiness Data System 
(NASS CDS)

3. Verify/Setup fleet partner FE vehicles models to represent existing 
vehicle fleet segments

4. Use vehicle structural modeling to:
1. Simulate single- and two-vehicle crashes of target and fleet vehicles in 

representative crash configurations 
2. Predict crash pulse, dynamic crush, and intrusions in self and partner 

vehicles

Presenter
Presentation Notes
Gradual Phase In of Steps
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EFP Process and Components (cont’d)

5. Verify/Setup occupant models for crash configuration of 
interest

6. Conduct occupant modeling, utilizing models of 
Anthropomorphic Test Devices (ATDs), more commonly 
known as dummies, of different sizes, to estimate 
occupant injury risk for each crash incident simulated

7. Predict probabilities of serious-to-fatal injuries in 
subject and partner vehicles for restrained occupants 
over modeled crash configurations and impact speeds

Presenter
Presentation Notes
Gradual Phase In of Steps



Current Limitations– Models

• Main limitation is the availability of newer fleet 
vehicle FE models. Current FEMs span model years 
2001-2012, thus the results are more representative 
of transitional fleet safety effects. 

• More detailed and improved characterization of the 
interior components and restraint systems will result 
in better model intrusions and occupant interactions.

Presenter
Presentation Notes
EFP will be able to discriminate between vehicle designs, if the design changes affect the crash pulse, intrusions, restraint systems, and/or occupant environment. The developed methodology is sensitive enough to detect changes in vehicle design as long as changes in the crash pulse and or intrusions into the occupant compartment are known. 




Small Overlap Side

Cases with:
– Side damage and DOF 11, 12, or 1 o’clock 
– Center of direct damage forward of center of front wheel
 Determined to be a good approximation of cases 
with direct damage forward of the A-Pillar

Wheelbase Length

Sherwood, C.P., Nolan, J.M., and Zuby, D.S. (2009) Characteristics of 
small overlap crashes. ESV 09-0423. 
Rudd et al. (2009). A study of the factors affecting fatalities of airbag 
and belt-restrained occupants in frontal crashes.  ESV 09-0555.
Halloway et al. "An Operational Definition of Small Overlap Impact for 
Published NASS Data," SAE 2011-01-0543.

Presenter
Presentation Notes
Center of direct damage forward of center of front wheel  determined to be a good approximation of cases with direct damage forward of the A-Pillar




Fleet Societal Injury Risk
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• Societal Injury Risk (SIR) for a target vehicle 𝒗𝒗 is defined as the 
sum of individual crash injury risks weighted by real world 
frequency of occurrence 𝒘𝒘𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊 𝒗𝒗 of a crash incident. 

• 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑣𝑣) represents a Combined Serious Injury Risk for 
the head, neck, chest, and lower extremities body regions in a 
single crash incident. 

Presenter
Presentation Notes
The governing equation to compute the societal risk is formulated as follows:




Combined Injury Risk 
for Frontal Impacts

5th and 50th %tile HIII 
Dummies

• Head: HIC15 
• Neck: Tension
• Chest: Deflection
• Knee-Thigh-Hip: Femur loads

 2011 NCAP & FMVSS 208 biomechanical injury risk 
functions
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Presenter
Presentation Notes
The government 2011 NCAP testing program combines serious injury risks (AIS3+) for the head, chest, and neck body regions with AIS2+ injury risk for the KTH region. In this research, the AIS3+ injury risk was combined for all the body regions instead to ensure consistency relative to threat to life of the predicted injury risks.
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 H350/50th 
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50th 

FE_pulse 
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mph  
50th 

Test_Pulse
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NHTSA 30 
mph  
50th,  
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NHTSA 35 
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Test_Pulse
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Response Formula 
Simulation 
FE Pulse 
Results 

Simulation 
Test Pulse 

Results 

Simulation 
FE Pulse 
Results 

Crash Test 
Results 
(3730) 

Simulation 
Test Pulse 

Results 

Simulation 
FE Pulse 
Results 

HIC15 
 

240 384 310 324 533 419 

HIC36 
 

293 467 371 519 681 602 

Neck Tension 
(T) Upper Neck Fz Max 1553 1743 1873 2062 1781 1903 

Chest 
deflection 

(mm) 
Max Deflection 30 31 30.5 40 33.5 31.7 

Chest 
acceleration 

(g) 
Max Acceleration 43 42 47 47.5 45 47.5 

Femur Load - 
Left (N) Max Compression force Fz 4419 4649 5607 5809 4785 5453 

Femur Load - 
Right (N) Max Compression force Fz 5492 5579 6846 5338 5919 6769 

HIC15 Risk 
(AIS3 %) 

NORMDIST(LN(HIC15),7.
45231,0.73998,1) 0.39% 2.1% 1.0% 1.2% 5.6% 2.80% 

Chest 
Deflection 
(AIS 3%) 

1/(1+EXP(12.597-
0.05861*35-1.568*((chest 

def)^0.4612))) 
4.61% 5% 5% 12% 7% 5.60% 

Femur Load 
Max 

(AIS 3+%) 

1/(1+EXP(4.9795-0.326* 
max Femur /1000)) -
1/(1+EXP(4.9795)) 

3.27% 3.38% 5.34% 3.69% 3.84% 5.20% 

Neck Tension 
(AIS3%) 

1/(1+EXP(10.9745-2.375* 
NeckTension//1000)) 0.07% 0.1% 0.1% 0.2% 0.1% 0.16% 

Combined 
Injury Risk 

(1-(1-HR%)*(1-CD%)*(1-
FL%)*(1-NT%)) 0.08 0.10 0.11 0.17 0.15 0.13 
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Occupant Modeling Approach

 Available FE interior 
components were 
supplemented with scanned 
interior vehicle surfaces & 
MADYMO generic model 
environments. 

Presenter
Presentation Notes
Given the lack of sufficient FE interior and FE restraint models for current implementation of EFP

MADYMO is a MAthematical DYnamic MOdeling software developed by the Netherlands TNO Automotive Safety Solutions division (TASS)
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Extended Model Validations & Verification and 
Robustness Checks

1. Develop and validate models

2. Perform verification and robustness 
simulations

– Centerline pole
– PC into Silverado

 The models provided viable 
representations in these large 
deformation crash events.
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http://www.ncac.gwu.edu

Presenter
Presentation Notes
The results from these robustness simulations were used to further develop and stabilize the FE models as needed. The models provided viable representations in these large deformation crash events.

http://www.ncac.gwu.edu/
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Taurus Baseline Societal injury Computation
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