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ABSTRACT 

Guardrails were designed to deter vehicle access to off-road areas and consequently 

prevent hitting rigid fixed object alongside the road (e.g., trees, utility poles, traffic barriers, etc.).  

However, guardrails cause 10% of deaths of vehicle-to-fixed object crashes which has attracted 

attention in the highway safety community on the vehicle-based injury criteria used in guardrail 

regulations. The objectives of this study were 1) to develop and validate a Finite Element (FE) 

model of the ET-Plus, a commonly used energy-absorbing guardrail end terminal; 2) to examine 

the conditions of in-service end terminals, and to evaluate the performance of the damaged relative 

to undamaged end terminals in simulated impacts; 3) to investigate both full-body and body region 

driver injury probabilities during car-to-end terminal crashes using dummy and human body FE 

models; to analyze the relationship between the vehicle-based crash severity metrics used currently 

in regulations and the injury probabilities assessed using biomechanics injury criteria; and 4) to 

quantify the influence of pre-impact conditions on injury probabilities. 

In this dissertation, an ET-Plus FE model was developed based on publicly available data 

on ET-Plus dimensions and material properties. The model was validated against the NCHRP-350 

crash tests. The developed ET-Plus model was used to develop to five damaged ET-Plus whose 

damage patterns were identified based on an investigation of in-service end terminals mounted 

along U.S. roads. It was observed that damaged end terminals usually increase collision severity 

compared to undamaged end terminals. Meanwhile, a total of 40 FE impact simulations between 

a car with a dummy/human body model in the driver seat and an end terminal model were 

performed in various configurations. The vehicle-based severity metrics were observed to be 

correlated to full-body and certain body-region injury risks while no head injury risk could be 

predicted.  The results pointed out that more advanced vehicle-based metrics should be proposed 

and investigated to improve the predictability in terms of occupant injury risks in the crash tests. 

The simulation models could also supplement crash compliance tests of new hardware designs, by 

investigating their safety performance for a large variety of pre-impact conditions, observed in 

traffic accidents, but not included the compliance tests.   
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GENERAL AUDIENCE ABSTRACT 

Guardrails were designed to deter vehicle access to off-road areas and consequently 

prevent hitting rigid fixed object alongside the road (e.g., trees, utility poles, traffic barriers, etc.).  

However, guardrails cause 10% of deaths of vehicle-to-fixed object crashes which has attracted 

attention in the highway safety community on the vehicle-based injury criteria used in guardrail 

regulations. The objectives of this study were 1) to develop and validate a Finite Element (FE) 

model of a commonly used energy-absorbing guardrail end terminal; 2) to examine the conditions 

of in-service end terminals, and to evaluate the performance of the damaged relative to undamaged 

end terminals in simulated impacts; 3) to investigate both full-body and body region driver injury 

probabilities during car-to-end terminal crashes using dummy and human body FE models; to 

analyze the relationship between the vehicle-based crash severity metrics used currently in 

regulations and the injury probabilities assessed using biomechanics injury criteria; and 4) to 

quantify the influence of pre-impact conditions on injury probabilities. 

In this dissertation, a numerical model was developed based on publicly available data on 

end terminal dimensions and material properties. The model was validated against the NCHRP-

350 crash tests. The developed ET-Plus model was used to develop to five damaged ET-Plus whose 

damage patterns were identified based on an investigation of in-service end terminals mounted 

along U.S. roads. It was observed that damaged end terminals usually increase collision severity 

compared to undamaged end terminals. Meanwhile, a total of 40 impact simulations between a car 

with a dummy/human body model in the driver seat and an end terminal model were performed in 

various configurations. The vehicle-based severity metrics were observed to be correlated to full-

body and certain body-region injury risks while no head injury risk could be predicted.  The results 

pointed out that more advanced vehicle-based metrics should be proposed and investigated to 

improve the predictability in terms of occupant injury risks in the crash tests. The simulation 

models could also supplement crash compliance tests of new hardware designs, by investigating 

their safety performance for a large variety of pre-impact conditions, observed in traffic accidents, 

but not included the compliance tests. 
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1. Introduction 

1.1 Background 

Although fatalities caused by collisions with fixed objects have decreased from 10,550 in 1979 

to 8,603 in 2020 in the United States, the percentage of crash fatalities recorded in these 

collisions of all traffic fatalities has remained around 20% [1]. The guardrails were designed to 

deter vehicle access to off-road areas and consequently prevent hitting rigid fixed objects 

alongside the road (e.g., trees, utility poles, etc.).  However, the guardrail became a hazardous 

part because it caused 893 fatalities in 2020 in the U.S., which was 10% of all the fatalities 

involved in collision with fixed-objects [1]. Meanwhile, the crashes with guardrail end terminals 

were observed to be more severe than ones with guardrail barrier. In the end terminal crashes, 

both occupant injury risk and the rollover probability were reported to be higher than in the 

guardrail crashed with 5.1 times, and 6.7 times, respectively [2]. Therefore, the safety 

performance evaluation of guardrail end terminals recently attracted attention in the highway 

safety community [3].  

All the newly installed guardrail end terminals have to show the ability to protect occupants of 

impacted vehicles according to a set of test procedures required for all the highway safety 

products outlined by the National Cooperative Highway Research Program (NCHRP) [4] and 

recently the American Association of State Highway and Transportation Officials (AASHTO) 

Manual for Assessing Safety Hardware (MASH) [5]. Since the MASH guideline was developed 

by updating the NCHRP-350 guideline, several NCHRP-tested guardrail end terminals were not 

required to be tested under MASH conditions [5, 6]. Therefore, it is questionable if these end 

terminals have a proper safety performance under the MASH test conditions. Meanwhile, the 

crash tests were performed under simplified crash conditions. The performance of these devices 

under real-world conditions could differ from the crash test results due to factors such as impact 

conditions, site conditions, and installation or maintenance issues [7]. It has been observed that 

some in-service guardrail end terminals are improperly installed or maintained [8]. The 

performance of damaged end terminals is unknown and needs to be evaluated to better 

understand how damages contribute to crash outcomes. 

Historically, occupant injury risk was assessed based on the flail-space model (FSM) to evaluate 

the end terminal safety performance during crash tests. In this simplified injury model, the 
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occupant was modeled as a point mass based on a conservative assumption that the occupant is 

unrestrained during the crash [9]. While anthropomorphic test devices (ATD) were commonly 

used in other regulation crash tests (e.g. Federal Motor Vehicle Safety Standards (FMVSS)) to 

evaluate occupant protection [10-12], no ATD data was measured during the NCHRP or MASH 

tests [4, 5]. Therefore, full-body injury risks could be evaluated but not individual body region 

risks. Meanwhile, the availability of airbags (100%) in current vehicles and high seat belt usage 

rates (~90%) challenge the validity of the FSM model proposed in 1981, when there was only a 

20% seatbelt usage rate [13, 14]. Several studies showed that the FSM has little ability to assess 

occupant injury [15, 16]. Generally, it was accepted that the vehicle-based crash severity metrics 

(such as FSM) provide a more conservative injury assessment than dummy-based criteria [17-

19]. Thus, to better understand the relationship between vehicle-based metrics (e.g., FSM) and 

dummy-based injury assessments, more research was required.  

Finite Element (FE) simulations were widely used in traffic safety research to help better 

understand vehicle collisions at significantly reduced costs compared to physical crash tests. 

Several FE models had been developed for guardrail systems [20, 21], and non-energy-absorbing 

guardrail end terminals [22]. However, little effort had been spent on the numerical modeling of 

energy-absorbing guardrail end terminals, which is the most advanced end terminal design. A 

previous study developed a simplified FE model of the Sequential Kinking Terminal-30 (SKT-

30) energy-absorbing guardrail end terminal [23]. However, the models of the deflector plane 

and impact head were validated separately, without evaluating the whole end terminal system 

during a full vehicle collision. Therefore, a FE model for an energy-absorbing guardrail end 

terminal was needed. The model would help investigate device performance in crash situations 

that are impractical to test physically as well as the effects of site characteristics on device 

performance. The simulation models would also supplement crash tests to certify new hardware 

designs. 

Dummy models were widely used to assess injuries on component levels in varied traffic crashes 

[24-28]. However, there were no simulation-based studies developed to evaluate the occupant 

risk in the crashes involving a guardrail end terminal. The previous studies focused on either the 

general safety performance of a guardrail [29-31] or the occupant risk assessments during the 

crashes with guardrail barriers (not end terminal systems) [25, 27, 32-34]. The employment of 
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the occupant dummy model would increase the accuracy of occupant injury risk assessment. 

Component-level injury risks would also be evaluated based on the simulations.  

1.2 Project aims 

To better understand the vehicle-to-end terminal impacts and the injury criteria used to evaluate 

the safety performance of end terminals, four aims to this study were defined as follows (Figure 

1-1): 

(1) Development and validation of a FE model for the most common energy-absorbing 

guardrail end terminal using along U.S. roads  

Overview: A FE model of an ET-Plus end terminal was developed and was validated 

based on NCHRP-350 test data. The overall kinematics of vehicle model showed 

agreement to test data. 

(2) Examination of damaged ET-Plus performance using FE models and investigation of the 

effects on the occupant injury risk of the end terminal damages 

Overview: Five damaged ET-Plus FE models were developed to investigate possible 

changes in their safety performance relative to an undamaged ET-Plus model. It was 

found that the performance of ET-Plus guardrail end terminals was adversely affected by 

the minor and severe damage examined. 

(3) Injury assessment using dummy models during car-to-end terminal crashes 

Overview: Car-to-end terminal crash FE simulations involving a dummy model were 

performed for the first time. The driver injury risks during a crash with ET-Plus were 

evaluated on both full-body and component levels. Statistical analysis was performed to 

compare the vehicle-based crash severity metrics and dummy-based injury criteria based 

on 20 crash simulations 

(4) Injury assessment using human body models during car-to-end terminal crashes 

Overview: Twenty FE crash simulations involving end terminal, vehicle, and belted 

human body model was performed. It was observed that current vehicle-based assessment 

methods could predict full-body occupant injury risks and certain body-region injury 

risks while no head and brain injury could be predicted 
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Figure 1-1 Framework of this study 

 

2. A Review of guardrail end terminals mounted on along U.S. roads 

Section 2 is based in part on the previously published article   

“Meng, Y., Hu, W., & Untaroiu, C. (2020). An examination of the performance of damaged 

energy-absorbing end terminals. Accident Analysis & Prevention,147, 105789.” 

2.1 Main features of W-beam guardrail end terminals  

W-beam guardrail end terminals may be classified as either energy-absorbing (Figure 2-1a) or 

non-energy absorbing (Figure 2-1b). Non-energy absorbing guardrail end terminal was primarily 

developed to avoid spearing during a crash. In addition to avoiding spearing, energy-absorbing 

end terminals tries also to reduce the possibility of penetration during end-on impacts.  They 
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dissipate significant amounts of energy and consequently reducing the distance traveled by 

striking vehicles post-impact while keeping the rate of deceleration tolerable for the occupants. 

 

Figure 2-1 Main features of guardrail end terminals: a) energy-absorbing; b) non-energy-

absorbing 

 

Impact heads, anchor cables, ground struts, posts, and block-outs are the main components of W-

beam guardrail end terminals (Figure 2-1). These components can be used to distinguish 

different systems in the field. Energy-absorbing guardrail end terminals (Figure 2-1a) typically 

have a large, conspicuous impact head covering the end of the rail that dissipates vehicle energy 

by deforming the barrier and keeps the guardrail from penetrating the vehicle. Non-energy-

absorbing end terminals (Figure 2-1b), by contrast, generally have a simpler end cap. 

An anchor cable is a cable connecting the base of the first post to the top of the second post. The 

purpose of the anchor cable is to provide tension in the rest of the guardrail system, which is 

necessary for the guardrail to function properly. Both leading and trailing ends of guardrails 

typically have anchor cables on high-speed roads, while the anchor cables may not be necessary 

if the guardrails are installed on low-speed roads. The anchor brackets that connect anchor cables 

to the guardrail are often distinctive and are thus useful for identifying different end terminal 

systems. A ground strut is a beam normally connecting the first and second posts at ground level 

which is included in most of the end terminal systems. Similar to an anchor cable, it helps 

provide tension in the guardrail.  

a) ❶ ❷ ❸ ❹ ❺ b) ❶ ❷ ❸ 

❶ Impact head ❷ Post ❸ Anchor cable ❹ Ground strut ❺ Block-out 

❹ ❺ 
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The number and type of posts can be used to identify guardrail end terminals in the field. Posts 

can be categorized as either standard posts or breakaway posts. Standard posts are designed not 

to break during a crash (e.g. made of steel), while breakaway posts are designed to break (e.g. 

made of wood). The posts are numbered from 1 starting closest to the impact head. 

 

2.2 Estimation of the distribution of guardrail end terminal systems 

Two databases, National Automotive Sampling System – Crashworthiness Data System (NASS-

CDS) and the Second Strategic Highway Research Program - Roadway Information Database 

(SHRP2-RID), were used to estimate the distribution of guardrail end terminal systems along 

U.S. roads. The NASS-CDS collects detailed crash data for a nationally representative sample of 

police-reported tow-away crashes involving passenger vehicles (NHTSA 2015). The system 

primarily focuses on vehicle and occupant data; NASS-CDS coding for struck objects does not 

identify specific end terminal systems or, until recently, differentiate the end of the guardrail 

from the face. However, crash site photographs are available for the majority of cases in NASS-

CDS, so these photographs were inspected manually to identify end terminal systems involved in 

a crash. A total of 3,270 crashes involving one or more fixed objects were selected from the 

NASS-CDS (case years: 2000-2014). Manual inspection of the crash site photos revealed that in 

724 cases a vehicle struck a W-beam guardrail end terminal. The type of W-beam guardrail end 

terminal was identified for 674 of these cases based on the identification features discussed in 

previous sections (Table 2-1). Each case in NASS-CDS is a probability sample, so it has a 

sample weight factor to reflect national estimates (Agresti 1996). The weight factors were 

applied, and the weighted percentage of each identified guardrail end terminal was calculated 

(Table 2-1). Overall, energy-absorbing end terminals correspond to 36% of all the W-beam 

guardrail end terminals involved in tow-away crashes. ET-Plus was the most common W-beam 

guardrail end terminal in all crashes, while the BCT was the most common non-energy-

absorbing end terminal. However, the safety performance of all the end terminals systems were 

considered to be the same in this study. Since the NASS-CDS database only involves the tow-

away crashes, the end terminals with a better safety performance may be more common than 

estimated. While no qualitative comparison was performed to evaluate the safety performance 

difference of the end terminals, the data shown in Table 2-1 was considered acceptable. 
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Table 2-1 Distribution of end terminal systems involved in passenger vehicle tow-away crashes, 

2000-2014 

End terminal Frequency 
Unweighted 

Percentage 

Weighted 

percentage 

Energy absorbing guardrail end terminals 

ET-2000 72 10% 4% 

ET-Plus 182 25% 27% 

FLEAT 25 3% 3% 

SKT 24 3% 2% 

Subtotal 303 42% 36% 

Non-energy absorbing guardrail end terminals 

BCT 141 19% 22% 

MELT 17 2% 4% 

SRT-350 90 12% 13% 

Turndown 123 17% 20% 

Subtotal 371 51% 58% 

 

Not identified 50 7% 6% 

Total 724 100% 100% 

 

The guardrail end terminals identified in the NASS-CDS cases were all involved in crashes. To 

estimate the guardrail end terminal system distribution among those installed on the roads, the 

SHRP2-RID was used. The database compiles data from the SHRP2 mobile data collection 

project, existing roadway data, and supplemental data such as crash data and traffic information. 

The mobile data collection project covered more than 25,000 miles of roads between 2011 and 

2013 in the six Naturalistic Driving Study (NDS) sites in Florida, Indiana, New York, North 
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Carolina, Pennsylvania, and Washington. Information of various road features, including the 

type of guardrail end terminals, was collected by the mobile data collection vehicles. In each 

vehicle, a calibrated camera was used to capture images every 20 feet and correspond the images 

with Global Positioning System (GPS) information. The images were post-processed to capture 

road features. NDS sites spanned a variety of land uses, both urban and rural roads were 

investigated in all the six sites. Pennsylvania, Indiana and New York sites have higher 

percentage of rural roads than the other three sites. Among the 52,542 end treatments recorded in 

the database, 47% (24,872) were W-beam guardrail end terminals; 21% (10,865) were coded as 

“Continuous” which was the connection part between two barriers; 17% (8,915) were attached to 

fixed objects; 11% (5,733) were end terminals of other types of guardrails (e.g. box beam); 2% 

(908) were coded as “None” and had no end terminal treatment; and 2% (1,249) were unknown 

treatments. Of the 24,872 recorded W-beam guardrail end terminals, 22,521 were the commonly 

used systems as described earlier, and 2,351 were rarely used in the U.S. (e.g. end piece).  Only 

the distribution of the 22,521 commonly used W-beam guardrail end terminals was examined 

(Table 2-2).  The names of these end terminals were recorded in SHRP2-RID, but these names 

did not match their commonly used names exactly. To solve the problem, 200 samples were 

randomly selected for each of the SHRP2-RID named guardrail end terminal systems, and 

location information was used to identify the samples on Google Street View. Based on the 

review of photos of each sample obtained from Google Street View, the system names used in 

SHRP2-RID were matched to the common names, as shown in Table 4. For example, the SKT, 

ET-2000 and ET-Plus were all classified as Tangential End Treatments (TET) end terminals in 

SHRP2-RID.   

Among the W-beam guardrail end terminals identified in SHRP2-RID, SRT-350 was the most 

common system in Florida, Pennsylvania, and Washington. The SKT, ET-2000 and ET-Plus 

were considered as one type (TET) and were the most common type in North Carolina. 

Turndowns were the most common in Indiana and New York. Overall, 37% of identified W-

beam guardrail end terminals had energy-absorbing designs. SRT-350 and TET (the SKT, ET-

2000 and ET-Plus) were the most common systems, with each comprising 24% of the total, and 

turndowns closely following with 23% of the total. 
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Table 2-2 Distribution of end terminal systems along sample roads in SHRP2-RID, 2011-2013 

SHRP2-

RID name 

End terminal 

(commonly 

used name) 

State 
Total 

(%) 

FL IN NC NY PA WA  

Energy absorbing guardrail end terminal 

GR-9-350 FLEAT 363 531 825 135 730 333 
2,917 
(13%) 

TET 

SKT, ET-

2000, and ET-

Plus 

195 827 1992 560 1208 603 
5,385 
(24%) 

Non-energy absorbing guardrail end terminal 

FET 
BCT and 

MELT 
622 156 1435 2 87 1262 

3,564 
(16%) 

GR-11 SRT-350 1476 80 338 70 1918 1566 
5,448 
(24%) 

Cut Slope, 

GR-8 and 

GR-5 

Turndown 6 1154 207 1747 1707 386 
5,207 

(23%) 

         

Total 

(%) 
 

2,662 

(12%) 

2,748 

(12%) 

4,797 

(21%) 

2,514 

(11%) 

5,650 

(25%) 

4,150 

(19%) 

22,521 

(100%) 

 

2.3 Conclusion 

Guardrail end terminals are important to roadway safety, but limited research has been 

performed on them, possibly due to a lack of information available on existing end terminals on 

roads.  This study summarized the design and main features of the most common W-beam 

guardrail end terminals.  The NASS-CDS and SHRP2-RID were used to estimate the distribution 

of different guardrail end terminals on U.S. roads. Based on the review of NASS-CDS cases, the 

ET-Plus was the most common W-beam guardrail end terminals among those involved in 

crashes. According to the data from SHRP2-RID, the SRT-350 and the TET, which includes 

SKT, ET-2000 and ET-Plus, were the most common systems overall. 

The estimated distributions of W-beam guardrail end terminal systems differed between the 

NASS-CDS and SHRP2-RID. The NASS-CDS includes a nationally representative sample of 
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police-reported tow-away crashes. Guardrail terminals that are frequently involved in these 

crashes as well as the terminals that are used in more crash-prone areas may be overrepresented 

in NASS-CDS compared with SHRP2-RID. On the other hand, SHRP2-RID database includes 

the end terminals installed only on the roads in six study sites. As a result, it is not a 

representative sample of the roads nationwide.  For a more accurate estimation of end terminal 

distributions on U.S. roads, a larger road network would need to be investigated.  

Data related to guardrail end terminals and other roadside hardware are key components 

necessary for roadside safety research, especially the research related to the in-service end 

terminals (e.g. evaluating the performance of in-service end terminals; determining the location 

and type of end terminals to be used). The paper provides information to help practitioners 

identify different guardrail end terminal systems in the field. The distribution data summarized in 

the study additionally offers preliminary information on existing guardrail end terminals, and 

could be used as a starting point to develop roadside safety research needs and identify research 

subjects. 

 

3. Development and validation of the ET-Plus model 

 

This section is based in full on the previously published article  

“Meng, Y., Hu, W., & Untaroiu, C. (2019). Finite Element modeling of an energy-absorbing 

guardrail end terminal. SAE International Journal of Commercial Vehicles 12 (02-12-04-0021), 

271-280” 

 

3.1 Introduction 

Although fatalities caused by collisions with fixed-objects have decreased from 10,550 in 1979 

to 7,833 in 2017 in the United States, the percentage of crash fatalities recorded in these 

collisions has remained around 20% [35]. To keep vehicles within their roadway, and 

consequently prevent them from colliding with dangerous obstacles on the road side, traffic 
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barrier systems are usually installed along highways. However, 9% of traffic fatalities recorded 

in collisions with fixed-object were caused by traffic barriers in 2017[35].  

A guardrail end terminal is designed to protect vehicle occupants by preventing vehicle 

penetrations during end terminal collisions. All new guardrail end terminals must pass test 

procedures for all the highway safety products recommended by National Cooperative Highway 

Research Program (NCHRP) [4] and recently the American Association of State Highway and 

Transportation Officials (AASHTO) Manual for Assessing Safety Hardware (MASH) [36] to be 

installed along U.S roads. However, the consequences of vehicle collisions with end terminals 

could be severe; 113 deaths occurred in these crashes in 2017. The performance of guardrail end 

terminals has been evaluated in ongoing In-Service Performance Evaluation (ISPE) [37]. 

However, data collection for ISPE are time-consuming and expensive.   

Finite Element (FE) simulations are widely used in traffic safety research to help better 

understand vehicle collisions with reasonable accuracy and to significantly reduce costs 

compared with physical crash tests and crash investigations. Several FE models have been 

developed for guardrail systems [20, 21], and non-energy-absorbing guardrail end terminals [22, 

23]. However, little effort has been spent on the numerical modeling of energy-absorbing 

guardrail end terminals, which is the most advanced end terminal design. A previous study 

developed a simplified FE model of the Sequential Kinking Terminal-30 (SKT-30) energy-

absorbing guardrail end terminal [23]. However, the models of deflector plane and impact head 

were validated separately, without to evaluate the whole end-terminal system during a full 

vehicle collision. The main objective of this study is to develop and validate a FE model of the 

ET-Plus, a commonly used energy-absorbing guardrail end terminal.  

3.2 Methods 

3.2.1 Development of ET-Plus model 

Impact heads, anchor cables, ground struts, posts, and block-outs are the main components of an 

ET-Plus guardrail end terminal (Fig. 1a). The geometric model of each component (except the 

anchor cable) was developed in the Rhino software (Robert McNeel & Associates, Seattle, WA, 

USA) by using dimensional data collected from published ET-Plus drawings [38] or measured 

from an ET-Plus product mounted in Blacksburg, VA. (Figure 3-1).  
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Figure 3-1 ET-Plus components: a) product; b) FE model 

 

The developed component models were meshed in the Hypermesh software (Altair HyperWorks, 

Troy, MI). A geometry clean-up were performed, if it is necessary, to ensure the surface 

continuity and to remove unnecessary details such as small holes in posts.  Since the impact head 

and rail parts have large dimension-to-thickness ratios, they were modeled using shell elements 

with an assigned thickness which would improve the model’s computational efficiency [39]. The 

impact head part was meshed using quadrilateral elements with a size of approximately 10×10 

mm. Meanwhile, manual improvements were performed to ensure the element quality [40].  

While the impact head was meshed by quadrilateral elements, other components (wood post, 

ground strut, and block-outs) were meshed using hexahedral elements. The mechanical and 

failure responses of wood posts and blocks are critical to the overall impact simulation. 

Therefore, the mesh size (20 mm) was chosen based on a mesh convergence study performed in 

LS-DYNA FE software (LSTC, Livermore, CA) [20]. On the other hand, the soil material model 

(MAT 147, LS-DYNA Library) only constrains the post (no failure assigned), so a relatively 

large mesh size (100 mm) was used. The anchor cable and cable holder were meshed using a 

combination of shell, solid, and beam elements due to its complicated geometry. The main part 

of the anchor cable was modeled using a beam element with a circular cross-sectional area. 

All the material models of the end terminal system were selected from the LS-DYNA material 

library (Table 3-1). The steel parts (impact head, guardrail, and ground strut) and the anchor 

a) b) 

Soil model 
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cable were assigned an elasto-plastic material (MAT 024) and an elastic material (MAT 001), 

respectively [41].  A wood material (MAT 143) was assigned to the models of the guardrail posts 

and block-outs [42, 43]. 

Table 3-1 Material properties used in ET-Plus model 

Component 
Density 

(kg/m3) 

Elastic modulus 

(MPa) 
Yield stress (MPa) 

Poisson’s 

ratio 
Reference 

Impact head, 

guardrail, and 

ground strut 

7.86×103 2×105 415 0.33 [44] 

Wood post and 

block-outs 
6.731×102 

Parallel:  

     1.135×104 

Perpendicular: 

         247 

 

Parallel: 40 (tension) 

   13 (compression) 

Perpendicular: 

   0.96 (tension) 

   2.57 (compression) 

0.16 [42, 43] 

Anchor cable 7.89×103 2×105 NA 0.3 [44] 

 

The six welded plates of the end terminal impact head were connected using node coupling 

welding constraints (*Constrained_spotweld in LS-DYNA). Since no failure in the bolt part was 

observed in the damaged end terminals from crash tests [38], all the bolts in the system were 

simplified as rigid constraints (*Constrained_nodal_rigid_body  in  LS-DYNA). Appropriate 

contacts were defined between the end terminal parts to avoid self-penetration during collision 

simulations. The static and dynamic friction coefficients between steel parts (ET-Plus and rails) 

were defined as 0.6 and 0.4, respectively [45]. Similarly, the static and dynamic friction 

coefficients between the steel and wood parts were set as 0.2 and 0.1 [45].  

3.2.2 Energy absorbing mechanism verification 

The ET-Plus model was impacted by a cylindrical impactor (Figure 3-2) to verify qualitatively 

its responses during a frontal collision, including its energy absorbing mechanism. The impactor 

has a mass corresponding to a mid-size truck (2000 kg), and its diameter (800 mm) was selected 

to be slightly larger than the impact head length. A contact was defined between the impactor 

and the end terminal model, and a prescribed 100 km/h initial velocity was assigned to the 

impactor.  
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Figure 3-2 ET-Plus - cylinder impactor collision 

3.3.3 Validation of ET-Plus model 

Among the NCHRP test procedures (NCHRP-350), test 27-30 and 31-30 were developed for 

guardrail end terminals, and their test conditions were used in the FE simulations to validate the 

ET-Plus model (Table 3-2) [38]. A vehicle model of 1997 Geo Metro [46] impacted the ET-Plus 

model with an impact velocity of 102.5 and 102.8 km/h, which were the same as the velocities 

recorded from test 27-30 and 31-30, respectively. As in the NCHRP 350 tests, the center line of 

the vehicle model was parallel to the guardrail with an offset of ¼ vehicle width (~397 mm) 

(Figure 3-3). The vehicle interior parts (seats, steering wheel, etc.) were not modeled, so the 

weight of the dummy used in the tests was added to the vehicle floor (*Element_mass_node_set 

in LS-DYNA). The main difference between the two simulations was the guardrail height, as 

shown in Table 3-2. 

 

Figure 3-3 Vehicle – ET-Plus collision simulation setup 

 

Slight differences were observed between the pre-impact velocities and angles recorded in both 

NCHRP 350 tests and their corresponding target values (100 km/h and 0°). In the simulations, 

these parameters were identical to the ones recorded from each test (Table 3-2).  

100 km/h 
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Table 3-2 Simulation setup parameters [38, 47] 
 

Guardrail 

height (in) 

Pre-impact 

velocity 

(km/h) 

Pre-impact 

angle 

(degree) 

Pre-impact 

offset 

Dummy 

position 

Test 27-30 27 ¾ 102.5 0.1 ¼ vehicle 

width  

Driver 

Test 31-30 31 102.8 0.2 ¼ vehicle 

width  

Driver 

 

The ET-Plus model was validated qualitatively and quantitatively. The vehicle response in 

simulation was recorded and compared with the photos taken during the tests qualitatively. The 

time histories of yaw, pitch and roll angles were recorded, the 50ms moving average 

accelerations were calculated and compared to the test results. 

3.3.4 Model Robustness Evaluation 

Six FE crash simulations with a vehicle pre-impact velocity close to U.S. highway speed limit 

were performed based on the NCHRP 350 27-30 test conditions. Specifically, 97 km/h (60 mph), 

100 km/h (62 mph), 103 km/h (64 mph), 106 km/h (66 mph), 109 km/h (68 mph), and 113 km/h 

(70 mph) were used. Vehicle velocity [48, 49] and acceleration [50] were reported to be 

correlated to the occupant injury.  Therefore, in addition to the model stability, the vehicle post-

impact velocity (measured at the vehicle CG) and acceleration (measured based on velocity 

during a collision) were recorded during each simulation. The vehicle post-impact velocities 

were defined as the vehicle CG velocity at the end time of vehicle-end terminal contact. The 

vehicle acceleration was calculated as the ratio of the velocity difference (initial velocity vs. 

post-impact velocity) and the time interval of vehicle-to-end terminal contact. 

3.3Results  

3.3.1 FE Model of ET-Plus end terminal 

The ET-Plus FE model consists of 21 parts, 208,782 nodes, and 181,205 elements (49,700 shell 

elements, 131,504 solid elements, and 1 beam element). The ET-Plus FE model dimensions 

matched well with the dimensions collected from the ET-Plus product (Table 3-3 and Figure 

3-4). Additionally, more than 99.99% elements passed the quality criteria (Table 3-4) [40]. 
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Table 3-3. ET-Plus dimensions: product vs. FE model 

 Mass (kg) Length (m) Impact head size 

(mm×mm) 

ET-Plus product 79 1.44 711 ×381 

FE model 78 1.43 711 ×381 

 

 

Figure 3-4 ET-Plus impact head dimensions: a) side view; b) top view 

Table 3-4 Element quality 

Element 

type 

Mesh quality 

criterion 

Min (m) / 

Max (M) 

in the 

model 

Allowable 

limit* 

Number of 

elements under 

allowable limit 

(%) 

Shell 

(49,700) 

Jacobian 0.434 (m) 0.3 0 (0%) 

Warpage 25 (M) 10 4 (0.008%) 

Aspect Ratio 9.26 (M) 10 0 (0%) 

Solid 

(131,504) 

Jacobian 0.53 (m) 0.3 0 (0%) 

Warpage 35 (M) 10 4 (0.003%) 

Aspect Ratio 2.59 (M) 10 0 (0%) 

* Note: Allowable limit was referred from [39] 

 

a) b) 
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A significant deformation of the end terminal head model was observed during the FE simulation 

with the cylindrical impactor (Figure 3-5). Meanwhile, the rail model extruded through the 

impact head model with no failing elements. While post #1 broke at about 0.005 s after the 

impact, post #2 swung during simulation until a complete fracture was observed around 0.09 s.  

The impactor velocity decreased until rest (0.175 s) and then moved backward until the end of 

the crash simulation (0.8 s). Overall, the end terminal model reduced the impactor kinetic energy 

in a controlled manner by the deformation of rail without any end rail spearing.  

 

Figure 3-5 ET-Plus responses to the collision with simple impactor: at 0.055 s: a) side view; b) 

cross sectional view 

 

3.3.2 Model Validation in Car – ET-Plus Collisions 

3.3.2.1 Test 27-30 FE simulation 

During the NCHRP-350 27-30 simulation, the vehicle front end impacted the ET-Plus model and 

then rotated clockwise as in the crash test (Figure 3-6). The vehicle bumper model was in contact 

with the end terminal head till 0.38 s after the initial impact, then the vehicle model started 

moving backward toward the traffic lane. The vehicle stopped at around 1.04 s, and the 

maximum distance from the middle line of the barrier was 3.8 m. Overall, the vehicle model 

decelerated in a controlled fashion, and it remained on the road after the collision.  

b) a) 



18 

 

 

Figure 3-6 NCHRP 350 27-30 test versus FE simulation: a) experiment; b) simulation 

  

The time histories of yaw angles recorded in the simulation showed good agreement with test 

data [38] (Figure 3-7). However, the time histories of roll angles matched well only within the 

first 0.5 second and the ones of pitch angles matched only within 0.2 second after the end-

terminal impact. Since the test was performed only once, and both roll and pitch angles showed 

relatively low peak values in the tests (< 7°), the simulation results were considered to be 

acceptable.  
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Figure 3-7 Vehicle yaw, roll, and pitch angles by time after initial impact during the NCHRP 350 

27-30 simulation 

3.2.2 Test 31-30 FE simulation 

In the NCHRP 350 31-30 simulation, the vehicle model pushed initially the end terminal head 

along the guardrail (first 0.23 s), then a backward motion of the vehicle model was observed. 

Overall, the vehicle rotated clockwise and remained upright during the simulation, which is a 

good agreement to the recorded test data (Figure 3-8).  

 

Figure 3-8 NCHRP 350 31-30 test versus FE simulation: a) experiment; b) simulation 

 

The temporal trends of vehicle yaw and pitch angles recorded in the FE simulation were similar 

to the test data (Figure 3-9). However, the maximum yaw angle in the simulation (182°) was 
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larger than the one recorded in the test (168°). Relatively large differences were observed 

between the roll angles recorded in the simulation and in the test. Since the peaks of both roll and 

pitch angles are relatively small compared with the yaw angle, the simulation outputs were 

considered acceptable.  

 

Figure 3-9 Vehicle yaw, roll, and pitch angles by time after initial impact during the NCHRP 350 

31-30 simulation 

 

3.3 Model Robustness Evaluation 

The end terminal FE model showed to be stable in all vehicle collision simulations. The vehicle 

remained on the road after the impact, which is the main performance criteria of these safety 

devices. The post-impact responses of vehicles varied by the impact velocities in the simulations. 

The post-impact velocities were recorded as 14, 15, 17, 19, 20, and 20 km/h for the impact 

velocities of 97, 100, 103, 106, 109, and 113 km/h, respectively (Figure 3-10a). Similar to the 

trend in post-impact velocities, vehicle peak acceleration showed an increasing trend with 

increasing vehicle velocities (Figure 3-10b). The peak accelerations were recorded as 13.7, 14.5, 

14.5, 14.8, 15.1, and 15.3 g for the impact velocities of 97, 100, 103, 106, 109, and 113 km/h, 

respectively.  
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Figure 3-10 Vehicle response corresponding to impact velocity: a) post-impact velocity; b) peak 

acceleration of the vehicle center of gravity 

3.4 Discussion 

The study developed and validated an FE model of an energy-absorbing end terminal, ET-Plus, 

for the first time. The developed model has good mesh quality and realistic material properties as 

defined based on literature data. The ET-Plus FE model showed the energy-absorbing capability 

in an impact test with a rigid impactor. In the simulations of the two NCHRP-350 impact tests, 

the vehicle post-impact kinematics were found to be overall consistent between simulations and 

tests, especially in terms of the time history of vehicle yaw angles. The pitch and roll angles of 

the vehicle model showed lower peaks and matched well with the test data only during the 

beginning of the simulation. The models of vehicle interior parts were not available as well. 

Although the total mass of the vehicle model was adjusted to include the dummy and interior 

parts, a slight discrepancy in the vehicle moment of inertia is expected. This might have caused 

some kinematics differences between the simulations and physical tests, especially during 

vehicle rotations. Furthermore, the vehicle model was validated only in a frontal wall impact test 

[46], and no validation of its suspension was reported, so its accuracy in an offset test is unclear. 

Future research is needed to evaluate the vehicle model’s performance in other crash scenarios. 

Other detailed vehicle models (with validated interior parts, and suspension system, etc.) are 

recommended to be used in the future. 

A possible source of discrepancy between the time histories of vehicle angles recorded in testing 

and FE simulation could be caused by different methods used to derive them. In testing, the 

vehicle angles were calculated by numerical integration based on the measured angular velocity 

and acceleration data. On the other hand, the corresponding simulation data was derived directly 

a) b) 
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based on displacements of the coordinate reference points. Therefore, to get more confidence in 

the test data used in validation, it is recommended performing additional impact tests (to record 

more details and check test repeatability – only one test was available) and verification of the 

linear and angular velocity/acceleration data using different measurements (e.g. video analysis). 

Besides, time histories of vehicle linear velocity are high recommended in the future tests. 

The ET-Plus FE model proved to be stable in severe impact conditions (from 97 up to 113 km/h 

vehicle velocity), which recommend using it in future safety studies related to guardrail end 

terminals. For example, the model could be used to overcome limitations in terms of pre-impact 

conditions of the crash tests used in current safety regulations [4, 36]. A more accurate and faster 

evaluation of the safety performance of ET-Plus could be determined statistically based on the 

results of a large number of impact FE simulations.  The pre-impact conditions (e.g. the pre-

impact velocity and direction, ET-Plus in-service conditions, vehicle type, etc.) of these FE 

simulations could be varied using a Design of Experiments (DOE) approach which would better 

approximate the whole real-world accident data [51-53]. Moreover, the model could be used to 

assist the ongoing efforts of the in-service performance evaluation of ET-Plus [37], and to 

improve its design by using novel energy-absorbing mechanisms (e.g. origami crash boxes [54-

56]). The use of the ET-Plus FE model could reduce significantly the cost and time associated 

with these evaluations.  

The post-impact velocity and peak acceleration were observed to increase with the increasing 

impact velocity, which suggest higher risks of occupant injuries at higher pre-impact vehicle 

velocities [48-50]. However, in addition to vehicle impact velocity, other pre-impact conditions 

(e.g. vehicle type, impact angle, impact offset, etc.) vary in real-world accidents as well [35]. 

Therefore, MASH introduced recently several new crash tests to ensure proper functionality of 

guardrail end terminals. Heavier vehicles (1,100 kg passenger car, and 2,270 kg pickup truck) 

and varying impact angles are specified in these tests [36]. Thus, additional validations of the 

ET-Plus FE model in these pre-impact conditions are recommended in the future when test data 

will be available. 

Additional improvements to the ET-Plus model may include modeling the parts simplified in the 

current model (e.g. bolts modelled as constraints), and/or updating material/failure models of the 

end terminal parts (especially the guardrail posts) based on test data. 
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3.5 Conclusion 

This paper presented the development and validation of the first ET-Plus FE model. The 

developed model has good dimensional accuracy and realistic material properties. The model 

showed energy-absorbing capability in the simulation involving a rigid impactor. The ET-Plus 

model was validated based on NCHRP-350 test data.  The overall kinematics of vehicle model 

showed good visual agreement relative to test data, especially in terms of the time histories of 

yaw angle. Meanwhile, the end-terminal model showed good computational stability for pre-

impact vehicle velocities in a range from 97 km/h up to 113 km/h. These results recommend 

future use of the model in safety studies related to highway safety. 

 

4. Examination of the performance of damaged ET-Plus using FE models 

 

This section is based in full on the previously published article  

“Meng, Y., Hu, W., & Untaroiu, C. (2020). An examination of the performance of damaged 

energy-absorbing end terminals. Accident Analysis & Prevention,147, 105789.” 

 

4.1 Introduction 

A guardrail end terminal is the end part of a guardrail system, which decelerates the impacting 

vehicle and prevents the rail from spearing through the car in an end-on collision. Although these 

systems were designed to decrease the severity of crashes and protect vehicle occupants, the 

consequences of vehicle collisions with end terminals can still be severe. In 2017, 113 deaths 

occurred in vehicle-to-end terminal crashes [57].  

All the newly installed guardrail end terminals on federal-aid highway projects have to be shown 

crashworthy according to a set of test procedures required for all the highway safety products 

outlined by the National Cooperative Highway Research Program (NCHRP) [4] and recently the 

American Association of State Highway and Transportation Officials (AASHTO) Manual for 

Assessing Safety Hardware (MASH) [36], for the federal government to reimburse the state for 

the federal share of the installation expense. The crash test guidelines assure that these devices 
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function well for the specified test conditions, but the performance of these devices under real-

world conditions could differ from the crash test results due to factors such as impact conditions, 

site conditions, and installation or maintenance issues (National Academies of Sciences, 

Engineering, and Medicine, 2018). It has been observed that some in-service guardrail end 

terminals are improperly installed or maintained [58]. The performance of damaged end 

terminals is unclear and needs to be evaluated to better understand how damages contribute to 

crash outcomes.  

Finite Element (FE) simulations are widely used in traffic safety research due to their accuracy 

and low costs relative to physical tests. Several FE models have been developed for end 

terminals [22, 23], but no study has been performed to evaluate the safety performance of 

guardrail end terminals with pre-existing damages. The objectives of this study are to examine 

damage conditions of in-service end terminals, and to evaluate the performance of the damaged 

relative to undamaged end terminals in simulated crashes.  

4.2 Methods 

4.2.1 Examination of common damage types of end terminals  

Common damage patterns of guardrail end terminals were investigated using data collected from 

the National Automotive Sampling System – Crashworthiness Data System (NASS-CDS). 

NASS-CDS contains detailed data of police-reported tow-away crashes, such as post-crash 

photos [59]. NASS-CDS does not code the types of fixed objects. The study reviewed 3,238 

crash cases, which were randomly selected from all the cases involving fixed objects occurring 

from 2000 to 2014 (28,482 cases). Based on post-crash photos, 695 crash cases that involved an 

impact to an end terminal were identified. The observed damages to the end terminals in these 

cases were classified into minor and severe damages based on the NCHRP repair manual [60]. 

Minor damage includes a slightly deformed (Figure 4-1a) or misaligned impact head (Figure 

4-1b) while all the other components could work properly. Severe damage includes a 

significantly deformed impact head and barriers, and may include broken posts as well (Figure 

4-1c). In some cases of severe damages, the end terminal was completely destroyed (Figure 

4-1d). All the end terminals in these example figures were ET-Plus, but the damage patterns 

could apply to all the end terminals. 
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Figure 4-1 Examples of common damage patterns of end terminals: a) minor damage with 

scratched or bent impact head; b) minor damage with misaligned impact head; c) severe damage 

with less than two posts broken; d) severe damage with at least two posts broken 

Note: 1.; 2. Photos were collected from NASS-CDS cases: a) Case #779014928; b) Case 

#526015936; c) Case # 532018933; d) Case # 766011850 

 

4.2.2 Examination of conditions of in-service end terminals  

The conditions of in-service end terminals mounted along roads in portions of six U.S. States 

were evaluated by using a sample from the Second Strategic Highway Research Program - 

Roadway Information Database (SHRP2-RID). This database covers more than 25,000 miles of 

roads and about 46,000 end terminals in the six Naturalistic Driving Study (NDS) sites (Florida, 

Indiana, New York, North Carolina, Pennsylvania, and Washington). The type and location of 

each end terminal are provided in this database, but their conditions are not included. The study 

randomly selected 298 end terminals from the SHRP2-RID. The number of samples selected 

from each NDS site was proportional to the total number of end terminals in each site.  

The selected end terminals were located and examined to identify damage, if any, in Google 

Street View (GSV). One end terminal captured on one specific date in GSV was considered as a 

case in this study. There could be more than one case for the same end terminal, since an end 

terminal can be captured on different dates in the GSV. Of the 298 sampled end terminals, 92 

had one case each, and the remaining 206 had 2 to 12 cases each. A total of 1,000 cases were 

resulted. The damage type and photo date were recorded for each case. Due to low resolution of 

GSV pictures before 2011, only the cases between 2011 and 2018 were investigated. The counts 

and proportions of undamaged, minorly damaged, and severely damaged end terminals were 

calculated among all the cases.  

    

b) c) d) a) 
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4.2.3 Development of Finite Element models for damaged ET-Plus  

ET-Plus end terminals are one of the most common energy-absorbing guardrail end terminal 

mounted along U.S. highways [61]. ET-Plus end terminals with minor and severe damages were 

modeled in the study. A previously developed and validated FE model of an ET-Plus end 

terminal, with an installation height of 0.7 m [61], was used to develop damaged ET-Plus end 

terminals by FE simulations in the LS-DYNA software (LSTC, Livermore, CA, USA). Based on 

the examination of the 695 NASS-CDS crash cases, the minor and severe damage patterns were 

further divided into two minor damage patterns (M1 and M2) (Figure 4-2) and three severe 

damage patterns (S1, S2, and S3) (Figure 4-3), based on the direction of the deformed impact 

head. 

The minorly damaged ET-Plus terminal models were those with deformed impact heads 

misaligned relative to the barrier. Minor damages such as a scratch or bend on the impact head 

were not modeled in this study since they were considered to have a minimal influence on the 

system response to the impact. The M1 ET-Plus had an impact head bending upward (Figure 

4-2b), with the angle between the impact head and the barrier ranging between 1.5° to 2° (based 

on measurements of several M1 ET-Plus cases from GSV and NASS-CDS). An angle of 1.75° 

was used in the M1 ET-Plus model. To develop this model, a rotational velocity of 0.1° per 

second was assigned to the impact head of the undamaged ET-Plus model (*Initial_velocity in 

LS-DYNA) until the angle was reached. The node location, element stress, and strain were 

recorded and used in the M1 ET-Plus model. All other model parameters (contact, constraints, 

etc.) were the same as those in the undamaged ET-Plus model.  

The M2 ET-Plus had an impact head bending downward, with the angle between the impact head 

and the barrier ranging between 2° and 3° (Figure 4-2c). The M2 ET-Plus model was developed 

using a similar method to the M1 model, with an angle of 2.5° between the impact head and the 

barrier.  
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Figure 4-2 Undamaged and minorly damaged ET-Plus: a) Undamaged; b) M1; c) M2 

Note: The red solid line indicates the edge of the barrier;  

          the red dashed line indicates the edge of the impact head 

 

Three severely damaged ET-Plus models with at most one broken post were modeled in this 

study (Figure 4-3). All of these models have severe deformations in the barrier parts, with 

different deformation directions of the ET-Plus impact head: S1 with the impact head not 

bending upward or downward, S2 with the impact head bending downward, and S3 with the 

impact head bending upward. If the first two posts (post #1 and #2) are broken, the impact head 

drops, which compromises severely the end terminal’s safety function. As a result, these cases 

were not modelled.  

To develop the S1 damaged ET-Plus model, a vehicle-to-undamaged ET-Plus collision was 

simulated. In the simulation, an initial velocity of 100 km/h was assigned to the vehicle model 

(1997 Geo Metro) [62], and no offset between the vehicle and the barrier was used. The 

simulation was run until post #1 was broken and post #2 was not yet damaged. The node 

location, element stress, and element strain were recorded, and used for the initial conditions of 

S1 ET-Plus (Figure 4-3a).  

To develop the S2 and S3 ET-Plus models, a rotational velocity of 0.1° per second was assigned 

to the impact head directly as prescribed motion (*Boundary_prescribed_motion_set in LS-

DYNA). A simulation run to model the rotation of the impact head until the target angle between 

the impact head and barrier was reached (3° in S2 ET-Plus, and 5° in S3 ET-Plus) (Figure 4-3b, 

c). Although the angles varied widely in the investigated cases, small angles were used in the 

b)  c)  a)  

2°-3° 

0° (parallel) 

1.5°-2° 
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simulation since greater angles would likely lead to extreme results. Similar to the S1 model, the 

node location as well as the element stress/strain were recorded and used in the S2 and S3 ET-

Plus models. 

 

Figure 4-3 Severely damaged ET-Plus: a) S1; b) S2; c) S3 

Note: The red solid line indicates the edge of the barrier;  

          the red dashed line indicates the edge of the impact head 

 

4.2.4 Evaluation of the safety performance of damaged ET-Plus  

The safety performance of damaged ET-Plus terminals was evaluated using vehicle-to-terminal 

collision simulations (Figure 4-4). All of the simulations in this study were set up based on 

NCHRP 350, test level (TL) 3, test condition 30 (NCHRP 350 test No. 3-30), since this test was 

used to validate the undamaged ET-Plus model in a previous study [63]. The validation study 

used a vehicle model (1997 Geo Metro, 813 kg) similar to the test vehicle (1999 Geo Metro, 796 

kg). All the simulated impact conditions (impact velocity, impact angle, impact position) are the 

same as the ones in crash tests (Table A1). The energy was recorded and compared to NCHRP- 

recommended criteria to verify the simulation stability [64]. Overall, the total energy remained 

essentially constant (varied less than 4%), the ratio of hourglass energy and the total energy was 

less than 3% (Figure B1). Meanwhile, the overall kinematics of the vehicle model showed 

qualitative agreement relative to test data [63]. Roadside Safety Verification and Validation 

Program (RSVVP) were used to assess the similarity of test data and simulation results using 

Sprague-Geer Metrics and Analysis of variance (ANOVA) Metrics [64, 65]. The simulation time 

histories of yaw angles had a good agreement with the test data (M = -2.7, P = 0.9; Average = 5, 

Standard Deviation =2.5) while the roll and pitch angle only pass the Sprague-Geer Metrics tests 

(Table B1). 

b)  c)  a)  
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A 1997 Geo Metro model was positioned parallel to the guardrail with an offset of 1/4 of the 

vehicle width (~397 mm) [38, 62]. The initial velocity of the vehicle model was 100 km/h in all 

the simulations. The end terminal model, either an undamaged or a damaged ET-Plus model, was 

impacted at the impact head.  

 

 

Figure 4-4 Vehicle-to-ET-Plus collision simulation 

Note: S1 ET-Plus model was used in the figure for illustration 

The safety performance of the damaged ET-Plus terminals was evaluated using three factors 

according to NCHRP 350 and MASH: structural adequacy, occupant risk, and vehicle trajectory 

[4, 38, 66]. Since differences between the two guidelines were observed, saferty criteria from 

both guidelines were used in this study.   

Factors related to structural adequacy evaluate the end terminal’s ability to stop or redirect the 

vehicle. No quantitative criterion is stated in NCHRP 350 or MASH. In the study, the collision 

duration and vehicle deceleration rate were used to evaluate the structrual adequacy. The 

collision duration was defined as the time interval from the first impact with the end terminal 

until the vehicle separated from the end terminal. There are six accelerometers defined in the 

Geo Metro vehicle model [67]. The one in the midline, the closest to the vehicle Center of 

Gravity (CG), was used to record vehicle velocity in this study (Node ID 2200259). First, the 

100 km/h 

1/4 vehicle width 

0.7 m 

Undamaged or damaged  

ET-Plus model 

1997 Geo Metro model 
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velocity change during the collision duration was derived, and then the average vehicle 

deceleration rate was calculated as the ratio of the velocity change to the collision duration. 

In terms of occupant risk, in NCHRP 350, the test vehicle is required to remain upright during a 

collision (no rollover). Additionally, no peneration between the end terminal and the occupant 

compartment of the test vehicle is allowed. During the validation of end-terminal model against 

the data recorded in NCHRP 350 tests [63], good predictions were observed in terms of overall 

vehicle’s global kinematics, but some inaccuracies were found in local data such as higher 

predictions of vehicle’s acceleration caused probably by the model simplifications (e.g. no 

interior seats, uncertanties regarding the location of vehicle’s CG center of gravity vs. model’ 

CG, etc). Therefore, to predict quantitative occupant risk measures such as occupant occupant 

impact velocities (OIV) and occupant ridedown acceleration (ORA) ,which are calculated based 

on the acceleration time history of vehicle’s center of gravity (CG), we think the vehicle model 

requires some improvements. The MASH further adds limits for vehicle pitching and rolling 

angles to ensure the vehicle remains upright (no more than 75°) and to limit the intrusion into the 

occupant space of each vehicle area (Table 4-1). To evaluate the occupant risk, the general 

response of the vehicle model was examined. It was also checked if the vehicle model rolled 

over, and if there was peneration between the vehicle and ET-Plus right before the seperation. 

The maximum displacements toward the occupant space, as measured in a vehicle-fixed 

coordinate reference frame, for every node representing the structures listed in Table 4-1 and 

shown in Figure 4-5 were computed. The displacement of the node with the greatest vector-

resultant displacement in each vehicle area was recorded for comparison with the AASHTO 

limits. (Figure 4-5). The lateral displacements of nodes representing the A- and B-pillars were 

evaluated separately. In addition, the maximum yaw angle of the vehicle was measured during 

the collision.  
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Table 4-1 MASH evaluation criteria for vehicle by area [61] 

Vehicle area Maximum deformation 

Roof 102 mm 

Windshield 76 mm and no tear of plastic liner 

A- and B-pillars 127 mm (resultant) 

76 mm (lateral) 

Wheel/foot well and toe pan areas 229 mm 

Side front panel 305 mm 

Front side door area (above seat) 229 mm 

Front side door area (below seat) 305 mm 

Floor pan and transmission tunnel areas 305 mm 

 

 

Figure 4-5 Vehicle areas to measure deformations 

The vehicle trajectory predicts if the vehicle would experience a secondary collision with either a 

fixed object or another vehicle. Based on both NCHRP 350 and MASH, the vehicle trajectory 

behind the end terminal is acceptable. Meanwhile, the NCHRP 350 prefers the vehicle not to 

intrude into the adjacent traffic lane after the impact. No measurable criterion to evaluate vehicle 

trajectory is provided in NCHRP 350 or MASH. In this study, the possibility of a secondary 

collision was inspected. The vehicle velocity as it separated from the ET-Plus and the maximum 

lateral distance between the vehicle and guardrail were recorded in each simulation to predict 

whether the vehicle would intrude into the adjacent traffic lane. 
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4.3  Results 

4.3.1 Distributions of damaged guardrail end terminals 

Of the 1,000 cases reviewed, 733 (73%) cases had no visible damage, 184 (18%) cases had 

minor damage, and 83 cases (8%) had severe damage (Table 4-2). Sixty nine percent of the 

damaged cases were the same end terminals observed more than once, and 28 percent of the 298 

sampled end terminals were observed damaged on any of the dates in the GSV.  

Table 4-2 End terminal damage conditions by NDS site 

State End terminal 

sample # 

Case # Undamaged 

cases 

# (%) 

Cases with 

minor 

damages 

# (%) 

Cases with 

severe 

damages 

# (%) 

IN 39 73 43 (59%) 22 (30%) 8 (11%) 

FL 36 205 186 (91%) 9 (4%) 10 (5%) 

WA 60 158 137 (87%) 11 (7%) 10 (6%) 

PA 73 160 113 (70%) 38 (24%) 9 (6%) 

NY 24 37 34 (92%) 2 (5%) 1 (3%) 

NC 66 367 220 (60%) 102 (28%) 45 (12%) 

Total # (%) 298 1000 733 (74%) 184 (18%) 83 (8%) 

Mean ± SD of 

percentage 

  77%±16% 16%±12% 7%±3% 

 

Several cases reviewed suggested that some end terminals were improperly maintained (Figure 

4-6). For example, an ET-Plus in North Carolina was observed to be minorly damaged in a 2012 

GSV picture, severely damaged in GSV pictures taken during 2014-2016, and repaired in a 2016 

GSV picture (Figure 4-6a). It is possible that this ET-Plus end terminal was in use while 

damaged for almost 4 years. Another example of improper maintenance is a BCT end terminal 

observed to be minorly damaged in 2012 and still damaged in the photo taken in 2017 (Figure 

4-6b). 
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Figure 4-6 Examples of damaged end terminals in use along U.S. roads: a) an ET-Plus end 

terminal that was damaged during 2012-2016; b) a BCT end terminal which was damaged since 

2012 

 

4.3.2 Development of damaged ET-Plus models 

No element failure was observed during the development of the 2 minorly damaged ET-Plus 

models (Figure 4-7), so both impact head damaged models had the same number of 

nodes/elements as the undamaged model (17,943 nodes and 15,706 elements).  

 

Figure 4-7 Undamaged and minorly damaged ET-Plus models: a) Undamaged; b) M1; c) M2 

 

For the 3 severely damaged ET-Plus models (S1, S2, and S3), large deformation was observed in 

the impact head and rail parts but no failure was observed during the development phase (Figure 

4-8). For the S1 models, post #1 was broken, so 716 solid elements were removed. No failure 

09/2012  11/2016 08/2014 - 04/2016 

06/2012-05/2017 

a) 

b) 

b)  c)  a)  
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was observed in any posts beyond post #1. For the S2 and S3 models, no failure in any post 

element was observed. 

 

Figure 4-8 Severely damaged ET-Plus models: a) S1; b) S2; c) S3 

 

4.3.3 Evaluation of the safety performance of damaged ET-Plus  

Overall, in the vehicle-to-damaged ET-Plus collision simulations, higher average deceleration 

rates of vehicles (Table 4-3) and more severe vehicle local deformations (Table 4-4) were 

usually observed when compared with the vehicle-to-undamaged ET-Plus collision simulation 

results.  

The collision with M1 ET-Plus was more severe than the collision with an undamaged ET-Plus. 

This was likely caused by a secondary collision with the barrier (observed in the M1 case at 0.87 

s in the simulation) (Figure 4-9). Meanwhile, the vehicle model had a 43% larger yaw angle and 

a 22% shorter lateral distance (Table 4-3) compared with the angle recorded in the impact with 

an undamaged ET-Plus model. The separation velocity of the vehicle was also 28% higher. 

Almost all the measured vehicle deformations, except the floor pan and transmission tunnel 

areas, were larger than those observed in the vehicle model that impacted the undamaged ET-

Plus (Table 4-4).  

b)  

c)  

a)  
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Figure 4-9 Vehicle-to-ET-Plus collision simulations: a) undamaged ET-Plus; b) M1 ET-Plus 

Note: Fig. a) 1. Vehicle impacted undamaged ET-Plus; 2. Vehicle separated from the guardrail; 

3. Vehicle completely stopped. 

Fig. b) 1’ Vehicle impacted M1 ET-Plus; 2’. Vehicle separated from the guardrail; 3’: Secondary 

collision occurred. 

 

The vehicle model impacting the M2 ET-Plus had an 8% higher deceleration rate when 

compared with the impact with the undamaged ET-Plus (Table 4-3). Large deformations were 

observed in the side front panel (200 mm) and the floor pan and transmission tunnel areas (251 

mm). 

a) 

b) 
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In the impact cases with severely damaged end terminals, the vehicle models had higher average 

deceleration rates during collision, which resulted in lower structural adequacy. Specifically, the 

vehicle impacting the S1, S2, and S3 ET-Plus models decelerated 23%, 28%, and 52% faster 

than the vehicle impacting the undamaged ET-Plus model (Table 4-3). In addition, the separation 

velocities varied widely in each simulation with the severely damaged ET-Plus models. The 

vehicle models impacting the S1, S2, and S3 ET-Plus models had a 29% higher, 67% lower, and 

similar separation velocity relative to corresponding data from the vehicle-to-undamaged end 

terminal simulation (Table 4-3).  

The vehicle local deformations were also different between impact simulations with the severely 

damaged ET-Plus models and the undamaged ET-Plus (Table 4-4) model. In the collision 

simulations with the S1 ET-Plus and S2 ET-Plus, all the measured vehicle deformations were 

larger than those observed in the impact with the undamaged ET-Plus, except the vehicle roof 

deformation in the S2 ET-Plus simulation. In the S3 ET-Plus simulation, the maximum 

deformation of the windshield, A-pillars (lateral), B-pillars (lateral), and side front panel were 

larger than those measured in the simulation with the undamaged ET-Plus. 
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Table 4-3 Vehicle responses during collision simulations 

ET-Plus 

status 

Structural adequacy Occupant risk Vehicle trajectory 

Collision 

duration 

(s) 

Vehicle avg 

deceleration 

(g) 

Penetration 

occurs 

Vehicle 

remains 

upright 

Maximum 

yaw angle 

(degree) 

Velocity 

separated from 

guardrail (km/h) 

Secondary 

collision 

Maximum 

lateral 

distance (m) 

Undamaged 0.18 14.9 No Yes 152 15.37 No 4.23 

M1 0.3 7.89 No Yes 218 19.73 Yes 3.29 

M2 0.16 16.1 No Yes 152 16.13 No 4.23 

S1 0.135 18.3 No Yes 174 19.8 No 4.75 

S2 0.12 19.1 No Yes 97 5.08 No 3.71 

S3 0.12 22.6 No Yes 134 16.49 No 4.23 
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Table 4-4 Vehicle maximum deformations 

ET-Plus 

status 

Deformations by vehicle area (mm) 

Roof Windshield 
A-pillars 

(resultant) 

A-pillars 

(lateral) 

B-pillars 

(resultant) 

B-pillars 

(lateral) 

Side front 

panel 

Front side 

door area 

(above seat) 

Front side 

door area 

(below seat) 

Floor pan and 

transmission 

tunnel areas 

MASH 

limits 
102 76 127 76 127 76 305 229 305 305 

Undamaged 142 16 89 40 54 29 177 61 34 234 

M1 129 49 255 64 101 56 303 147 75 222 

M2 122 18 72 53 57 31 200 60 35 251 

S1 318 34 134 122 166 55 274 137 80 343 

S2 107 72 368 140 82 34 288 167 148 245 

S3 99 180 67 41 51 32 181 51 34 230 
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4.4 Discussion 

Although guardrail end terminals on highways are generally developed and tested for situations 

specified in crash testing guidelines, there are concerns about the in-service performance of these 

devices under real-world conditions (Joint AASHTO-FHWA Task Force on Guardrail Terminal 

Crash Analysis, 2015). Factors such as improper installation or maintenance could limit the 

performance of these devices. The study examined the conditions of a sample of in-service 

guardrail end terminals in the six NDS sites during 2011–2018, and found that 26% of the 1,000 

cases had minor or severe damage. Five damaged ET-Plus FE models were developed to 

investigate possible changes in their safety performance relative to an undamaged ET-Plus 

model. It was found that the performance of ET-Plus guardrail end terminals was adversely 

affected by the minor and severe damage examined. 

This study aimed to evaluate the effects of end terminal damages to the vehicle responses during 

crashes. Higher average vehicle deceleration rates were observed in simulated collisions with 

four of the five modeled damaged ET-Plus end terminals (except M1) compared with the 

undamaged ET-Plus. This suggests that these damaged ET-Plus end terminals do not absorb 

energy properly during collisions, and consequently could increase the collision severity [68, 

69]. While a lower average deceleration was observed in the collision with a minorly damaged 

ET-Plus (M1), a secondary collision with the guardrail was observed, which also would increase 

the collision severity relative to the undamaged end terminal [70, 71]. The large vehicle 

deformations recorded in the simulations indicated a higher risk of occupant injury during the 

collisions with damaged end terminals relative to collisions with undamaged end terminals [72, 

73].  

The vehicle-to-ET-Plus collision simulations in this study were developed for the crashes 

occurred on the nose of the device, which were also used during the validation of the end 

terminal model (NCHRP 350 test 3-30) [63]. While most of the validation results were shown in 

the previously published paper [63], supplementary data were shown in Appendix A, B, and C in 

the current study. While limited test data is available, the time histories of vehicle angles were 

compared. In the future, the vehicle accelerations are highly recommended to be used to model 

validation (once it is available) because they are the foundation of OIV and ORA. Meanwhile, 

the NCHRP 350 test 3-30 was recently updated according to the MASH guideline. While MASH 
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uses many of the same impact conditions as NCHRP 350, some conditions were revised, for 

example in test 3-30 the vehicles have different weights. In this study, a vehicle model weight of 

about 820 kg was used based on an NCHRP 350 guideline. Additional models for a passenger 

car weighing about 1,100 kg should be used in future simulations based on the MASH guideline 

[66]. Meanwhile, first the undamaged end-terminal model could be validated under more crash 

scenarios (e.g. NCHRP 350 test 31, 33-39) in future studies. Then, the performance of damaged 

models could be investigated in other conditions using validated vehicle models in these impact 

conditions.  For example, a pickup truck with a weight of 2,000 kg is required for NCHRP 350 

test 31and 33. Other velocities (e.g. 50 km/h for TL 1 and 70 km/h for TL 2 tests), angles (e.g. 

5°, 15°, and 25° used in MASH tests 32-37), and impact locations (e.g. barrier, and reverse 

direction used in MASH tests 34-37) could be incorporated into the future simulations as well 

[74]. 

In this study, occupant risks were evaluated based on the vehicle responses and maximum 

deformation during the collision simulations. However, this evaluation has some limitations. 

First, quantitative occupant risk measures such as OIV and ORA data was not used in this study 

due to some inaccuracies observed in the predicted acceleration of vehicle model’ CG during the 

crash caused probably by the model simplifications. Therefore, more refinement of vehicle 

model are suggested in future.  Second, the end-terminal was validated against NCHRP350 test 

data, without to quantify vehicle local deformations.  To get more confidence in the model, it is 

suggested performing a validation against MASH test data which should include detailed 

information about post-impact vehicle deformation when this data will be available.  In 

conclusion, while we consider valuable especially the comparison of the overall vehicle 

kinematics in the impact with undamaged and various damaged end terminal models, for more 

accurate predictions, especially at local level, more refinement of vehicles and model validations 

are suggested to be performed in future.  

Some human [75, 76] and dummy FE models [77-79] have been developed and validated in 

previous studies. They can be added to the vehicle model in the future so the occupant risk could 

be estimated more accurately. For example, by using these human and dummy models, the 

occupant risk of injury could be evaluated using specific metrics such as the Occupant Injury 

Measure (OIM) [80] and/or the Whole Body Injury Metric (WBIM) [79, 81].  



41 

 

There are several limitations of the damaged ET-Plus FE models developed in this study. Firstly, 

both wood and metal posts are used in the ET-Plus systems, but only wood posts were modeled 

in this study. Since the material of the posts is critical in an impact, developing ET-Plus models 

with metal posts is necessary in the future when validation data becomes available. Secondly, 

only five typical damage patterns focusing on impact head changes were investigated in this 

study.  Other damage patterns of impact head caused probably by no-vehicle impacts (e.g. 

vehicle impacting, snowplowing, mowing or paving, and exposure to the environment, etc. [82]) 

were also observed, and their investigation is recommended in the future. Additionally, the 

effects of other end terminal components (e.g. anchor cable, ground strut, and block-outs) in the 

damaged end terminal are also valuable to be evaluated in the future. Finally, only 298 in-service 

end terminals from six states were examined in this study. A larger sample from more areas is 

needed to better estimate the conditions of in-service end terminals along U.S. roads.  

The study findings point to the need for in-service performance evaluations (ISPEs) and 

appropriate maintenance and repair practices of guardrail end terminals, to avoid degrading the 

performance of in-service end treatments. ISPEs of these devices are needed to ensure that these 

devices work effectively to reduce injuries and fatalities under various real-world conditions 

(National Academies of Sciences, Engineering, and Medicine, 2018). An ISPE uses detailed 

information on crashes, hardware installation and conditions, and site characteristics to assess 

and monitor the field performance of road safety devices. The evaluation helps highway agencies 

to determine if a device is functioning as expected, properly installed and maintained, or 

appropriate for the location. The evaluation also provides information for validating and refining 

existing crash test procedures. The causes of the observed damage to guardrail end terminals are 

not clear. Further investigation on how the damage occurs are recommended in future, to help 

road agencies devise strategies to reduce the occurrences. 

The impact simulation models developed in this study could be further specified and validated by 

using ISPE findings and crash test results to simulate additional crash scenarios involving 

roadside safety devices. These models could evaluate the device performance in crash situations 

that are physically impractical to test as well as the effects of various site characteristics on 

device performance (National Academies of Sciences, Engineering, and Medicine, 2018). The 

simulation models could also be used to supplement the crash tests to certify new hardware 
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designs. Designs of roadside safety devices, of which the impact performance is less affected by 

damage occurring in service, are encouraged. The numerical investigation presented in this study 

is the first step in investigating the effects of damaged end terminals to vehicle responses.  Future 

research examining the effects of various damage patterns on roadside safety devices by using 

validated models (especially car models) or crash tests is needed, to guide highway agencies’ 

maintenance and repair practices, and eventually to support developing criteria for the 

replacement of damaged end terminals. 

 

5. Injury assessment using dummy models during car-to-end terminal crashes 

 

This section is based in full on the previously published article  

“Meng, Y., Untaroiu, C. (2020). Numerical investigation of occupant injury risks in car-to-end 

terminal crashes using dummy-based injury criteria and vehicle-based crash severity metrics. 

Accident Analysis & Prevention, 145, 105700.” 

 

5.1 Introduction 

In the USA, in 2018, a total of 7,422 deaths resulted from a vehicle leaving the roadway and 

hitting a fixed object alongside the road (e.g. trees, utility poles, traffic barriers, etc.). While 

fatalities in these crashes decreased almost 16% in the latest decade, the percentage of these 

fatalities from total motor vehicle crash deaths remained almost constant (20%) [1]. To prevent 

or deter vehicle access to off-road areas, guardrails are usually installed along highways. 

However, crashes with guardrails cause 10% of deaths in fixed-object crashes (9% caused by 

guardrail barrier, 1% caused by guardrail ends), which suggests that these systems need 

improvements in safety performance [1].  

Guardrail end terminal safety performance is currently evaluated in the U.S based on tests 

according to the Manual for Assessing Safety Hardware (MASH) guideline [5]. While 

anthropomorphic test devices (ATD) are commonly used in other regulation crash tests (e.g. 

FMVSS) to evaluate occupant protection [10-12], no ATD data is measured during the MASH 
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tests [5]. Therefore, occupant injury risks of a certain body region cannot be evaluated, but only 

on a full-body injury risk based on the flail-space model (FSM). In this simplified injury model, 

the occupant is modelled as point mass based on a conservative assumption that the occupant is 

unrestrained during the crash [9].  

Availability of airbags (100%) in current vehicles and high seat belt usage rates (~90%) raise 

some questions regarding the validity of FSM model proposed in 1981, when there was only a 

20% seatbelt usage rate [13, 14]. Therefore, the relationship between vehicle responses during 

the crashes and the occupant injury probabilities was investigated based on real crash data [13, 

15, 16] and sled test data [83]. However, there is no consensus regarding the relationship 

between the vehicle-based criteria and occupant injury risks (especially at body region level). 

While several researches showed that the FSM has little ability to assess occupant injury [15, 

16], generally, it is accepted that the vehicle-based crash severity metrics provide a more 

conservative injury assessment than dummy-based criteria [17-19]. In addition, several previous 

studies showed that the occupant impact velocity (OIV) is related to the occupant injury [13] and 

the occupant ridedown acceleration (ORA) is a good predictor for head injuries [83].  Thus, to 

better understand the relationship between vehicle-based metrics (e.g. FSM) and dummy-based 

injury assessments, more research studies are required to be performed.  

The European procedures (EN1317) were developed for seatbelt restrained occupants. Two 

vehicle-based metrics, Acceleration Severity Index (ASI) and Theoretical Head Impact Velocity 

(THIV), are required in all the tests. Although several studies were performed to investigate the 

predictability of these criteria, most of them were developed based on the old version of ASI 

which was calculated based on 50-ms average accelerations [27, 84-90]. Little research was 

performed to investigate the influence of revised ASI, which is based on filtered vehicle 

accelerations. The studies involving revised ASI were either a case study without regression 

analysis [91] or only focused on the relationship between ASI and THIV [92]. Thus, the 

relationship between the revised EN1317 vehicle-based severity metrics and the dummy-based 

injury assessments need to be investigated as well. 

With recent updates in computational technology, numerical models became economical and 

repeatable alternatives to assess the potential for occupant injury risk. Dummy models were 

widely used to assess injuries on component levels in varied traffic crashes [24-28]. However, 
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there are no simulation-based studies developed to evaluate the occupant risk in the crashes 

involving a guardrail end terminal. The previous studies focused on either general safety 

performance of a guardrail [29-31] or the occupant risk assessments during the crashes with 

guardrail barriers (not end terminal systems) [25, 27, 32-34].  

The main objective of this study was to numerically investigate for the first time the injury risks 

of vehicle occupants during car-to-end terminal crashes with various pre-impact conditions using 

dummy-based criteria and to compare with the vehicle-based crash severity metrics. The driver 

injury probabilities using FE simulations on both full-body and component levels were 

calculated and the influence of pre-impact conditions on the injury probabilities were also 

assessed. Finally, the injury probabilities assessed by dummy-based injury criteria were 

compared to the FSM and EN1317 vehicle-based metrics.  

 

5.2 Methods 

5.2.1 FE simulations of car-to-end terminal crashes 

To assess the driver injury risk during vehicle-to-end terminal crashes, FE simulations were 

performed in LS-DYNA software (LSTC, Livermore, CA). A Toyota Yaris FE model, 

previously validated in varied crash tests [93], was used in all the simulations (Figure 5-1a). The 

vehicle model weighs 1100 kg which conforms to the MASH guideline requirements for a 

1100C test vehicle [94]. Vehicle interior parts, including the steering wheel and seats were 

modeled in detail. A seatbelt and airbag model were added to the original Yaris model in this 

study. The geometric and material parameters were taken from previously-published models [95, 

96]. A 50th percentile male (M50) Hybrid III dummy FE model was employed in the simulations 

(Figure 5-1b) [77, 96]. A preliminary simulation was performed to position the dummy model 

onto the driver seat. The vehicle model was supported by a rigid plate while the dummy model 

was dropped by gravity. A contact was defined between the vehicle seat model and the dummy 

model to avoid penetration. The preliminary simulation ran till the dummy stabilized on the seat 

and no penetration between the dummy head and vehicle hood was observed. The seat 

deformations, strains, and stress at the final time point were recorded from the preliminary 

simulations and were used as the initial conditions of the crash simulations. The seatbelt model 

was modified to fit the dummy model using LS-Prepost software (LSTC, Livermore, CA). A FE 
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model of ET-Plus end terminal, the most common energy-absorbing guardrail end terminal used 

along U.S. roads (Figure 5-1a). was used in all the simulations. The guardrail model was 

developed based on an installment height of 27 ¾ inches. Wood material was assigned to the 

post models. The model was previously validated [97] with passenger car-to-ET-Plus crash 

simulations and it showed the energy-absorbing capability during crashes.   

 

Figure 5-1 a) Vehicle-to end terminal crash setup b) FE dummy seated in the driver position 

Similar to the MASH guideline, the pre-impact velocity, impact angle, and impact offset were 

used to describe impact scenarios [5]. Five pre-impact velocities were assigned on the vehicle as 

65, 80, 100, 112, 120 km/h (which corresponding to 40, 50, 62, 70, 75 mph). The highest impact 

speed was assigned as 120 km/h since it is the maximum road speed limit in many U.S. states 

[98]. The median pre-impact velocity was assigned as100 km/h, which is the impact velocity in 

MASH guidelines. In two configurations, the impact angles and offsets were assigned based on 

MASH guideline (tests 30, 32). In one scenario, the impact angle was assigned as 0° and the 

offset was assigned as ¼ of vehicle width (test 30). In another scenario, the impact angle was 

assigned as 15° and no offset was used (test 32). Additional, two configurations using the same 

impact angles (0°, and 15°) and the same impact offsets (none, and ¼ of vehicle width) were 

used. As a result, four impact configurations (Figure 5-2) and a total of 20 vehicle-to-end 

terminal impact FE simulations were performed in this study. 

a)  b) 
Toyota Yaris 2010 

Hybrid III M50 

ET-Plus model 

Seatbelt 

Airbag 

x y 

z 
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Figure 5-2 Vehicle-ET-Plus impact scenarios 

Note: Pre-impact velocities of 65, 80, 100, 112, 120 km/h were assigned for each scenario 

5.2.2 Occupant injury assessments using dummy-based injury criteria  

In each simulation, the kinematic and kinetic responses of the dummy were recorded and the 

driver injury risks were assessed on body region levels (HIC15 and HIC36 for the head, Nij for the 

neck, maximum chest deflection and chest acceleration for the chest, and the maximum femur 

load for the thigh). All these injury criteria values were compared to the FMVSS 208 injury 

limits which were developed for the mid-size male during frontal crashes (Table 5-1) [99, 100]. 

Correlation coefficients were calculated to investigate the relationship between pre-impact 

conditions and the dummy-based injury criteria using LS-OPT software (LSTC, Livermore, CA).  

 

Table 5-1 Dummy-based injury criteria and their injury threshold values 

Components Injury criteria Limits 

Head 
HIC36 1000 

HIC15 700 

Neck Nij 1 

Thoracic 
Chest deflection 63 mm 

Chest acceleration 60 g 

Thigh Femur load 10 kN 

a) impact angle = 0°; no offset b) impact angle = 0°; offset = ¼ of vehicle width 

c) impact angle = 15°; no offset d) impact angle = 15°; offset = ¼ of vehicle width 

Same as MASH test 30 

Same as MASH test 32 
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The risk of the occupant having a serious injury (AIS 3+) was estimated on both body-region and 

full-body using published injury probability functions (Equations below) [101-103]. A stochastic 

contribution analysis, based on Sobol’s indices approach [104-106], was then performed to 

investigate the influences of each pre-impact vehicle condition (pre-impact velocity, offset, and 

angle) to the injury probabilities The values of injury probabilities were also compared with the 

vehicle-based crash severity metrics.   

𝑃(𝐻𝑒𝑎𝑑) =  Φ(
ln(𝐻𝐼𝐶15)−7.45231

0.73998
)       (5-1) 

𝑃(𝑁𝑒𝑐𝑘) =  
1

1+𝑒
3.227−1.969×𝑁𝑖𝑗

       (5-2) 

𝑃(𝐶ℎ𝑒𝑠𝑡) =  
1

1+𝑒−(−7.125+0.08×𝐴𝑠+0.064×𝐶ℎ𝑒𝑠𝑡𝐷𝑒𝑓)     (5-3) 

𝑃(𝐿𝑒𝑔) =  
1

1+𝑒4.9795−0.326×𝐹       (5-4) 

𝑃(𝐴𝐼𝑆 3 +) = 1 − (1 − 𝑃(𝐻𝑒𝑎𝑑)) × (1 − 𝑃(𝑁𝑒𝑐𝑘)) × (1 − 𝑃(𝐶ℎ𝑒𝑠𝑡) × (1 − 𝑃(𝐿𝑒𝑔)) (5-5) 

In the above equations, the units of the chest deflection (ChestDef), the chest acceleration (As), 

and femur load (F) were mm, g, and kN, respectively. 

5.2.3 Occupant injury assessments using vehicle-based crash severity metrics 

The FSM is a vehicle-based injury criteria used in MASH [5] to predict occupant injury in the 

crash tests with roadside safety hardware. This US criteria assumes that the occupant injuries are 

related to the impact to the vehicle interior parts during the crash [9]. The unbelted occupant is 

allowed to flail 0.6 m longitudinally and 0.3 m laterally into the vehicle interior space. 

Accelerations of the vehicle’s center of the gravity in the longitudinal and lateral directions 

(𝑎𝑥,𝑦) are recorded and used to calculate flailed distance (𝑋, 𝑌) as follows: 

𝑋, 𝑌 = ∫ ∫ 𝑎𝑥,𝑦𝑑𝑡2𝑡

0

𝑡

0
       (5-6) 

Then the 𝑂𝐼𝑉 were calculated as 

𝑂𝐼𝑉𝑥,𝑦 = ∫ 𝑎𝑥,𝑦𝑑𝑡 𝑡∗

0
      (5-7) 
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where the time (𝑡∗) was calculated while either 𝑋 = 0.6 𝑚 or 𝑌 = 0.3 𝑚 was reached. 

The longitudinal and lateral ORA (𝑂𝑅𝐴𝑥,𝑦) were then calculated as peak 10 ms average 

acceleration of the vehicle after 𝑡∗. The recommended threshold values for OIV and ORA are 

12.2 m/s and 20.49 g, respectively for both longitudinal and lateral.  

To investigate the injury predictability of current vehicle-based evaluation methods, the 

calculated OIV and ORA were compared to the assessed dummy-based injury probabilities 

determined from FE simulations using non-linear regression in JMP (version 15.0.0, SAS 

Institute Inc., Cary, NC). The results were fitted to a logistic curve (Eq. 5-8).  

𝑦 =
1

1+exp (−𝑎∙(𝑥−𝑏))
      (5-8) 

where 𝑦 is the injury probability, 𝑥 is the vehicle-based crash severity metrics. The p-value of 𝑎 

and R2 were calculated. With a p-value < 0.05, the correlation between the vehicle metric and the 

injury probability is statistically significant [107]. Therefore, the vehicle metric can be used to 

predict injury probability. Meanwhile, R2 was used to measure how close the results are to the 

fitted regression curve. Higher the R2 is, more predictability the vehicle metrics has. 

Compared to FSM which was developed for unbelted occupants, the ASI, accepted mostly in the 

European standards [108, 109], was developed for belted occupants. Similar to the ORA, the 

ASI, was calculated based on vehicle CG accelerations (Eq. 5-9). 

𝐴𝑆𝐼 = max (√(
𝑎̅𝑥

𝑎̂𝑥
)

2

+ (
𝑎̅𝑦

𝑎̂𝑦
)

2

+ (
𝑎̅𝑧

𝑎̂𝑧
)

2

)      (5-9) 

where 𝑎̅ is the acceleration filtered with a four-pole phaseless Butterworth low-pass filter which 

has a cut-off frequency of 13 Hz. The limit acceleration, 𝑎̂, values are 12, 9, and 10 g for x, y, 

and z direction, respectively. The crash severity is classified as A, B, and C while the ASI is no 

more than 1.0, 1.4, and 1.9.   

THIV is another vehicle-based metrics accepted in the EN1317 guideline and can be calculated 

using the following equations (Eq. 10-13) [108]. The THIV is required to be less than or equal to 

44 km/h to pass the tests [110]. 
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{
𝑋̈𝐶 = 𝑎𝑥𝑐𝑜𝑠Ψ − 𝑎𝑦𝑠𝑖𝑛Ψ

𝑌̈𝑏 = 𝑎𝑥𝑠𝑖𝑛Ψ + 𝑎𝑦𝑐𝑜𝑠Ψ
      (5-10) 

{
𝑥𝑏 = (𝑥0 − 𝑋𝑐)𝑐𝑜𝑠Ψ + (𝑦0 − 𝑌𝑐)𝑠𝑖𝑛Ψ

𝑦𝑏 = −(𝑥0 − 𝑋𝑐)𝑠𝑖𝑛Ψ + (𝑦0 − 𝑌𝑐)𝑐𝑜𝑠Ψ
     (5-11) 

{
𝑥̇𝑏 =  −𝑋̇𝑐𝑐𝑜𝑠Ψ − 𝑌̇𝑐𝑠𝑖𝑛Ψ + 𝑦𝑏Ψ̇

𝑦̇𝑏 =  −𝑋̇𝑐𝑠𝑖𝑛Ψ − 𝑌̇𝑐𝑐𝑜𝑠Ψ − 𝑥𝑏Ψ̇
      (5-12) 

𝑇𝐻𝐼𝑉 = √𝑥̇𝑏(𝑡∗∗)2 + 𝑦̇𝑏(𝑡∗∗)2       (5-13) 

where 𝑎𝑥 and 𝑎𝑦 are the recorded longitudinal and lateral vehicle accelerations in local 

coordinates while Ψ is the angle between the vehicle midline and guardrail. The 𝑡∗∗ is the time of 

impact which was recorded while the occupant was moved 0.6 m forward or 0.3 m laterally. In 

this study, the longitudinal distance between vehicle CG and dummy head CG (𝑥0) was 

measured at the beginning of the crash simulation and recorded as -0.17 m while the lateral 

distance (𝑦0) was assumed to be zero as required in the guideline [108]. Similar to the metrics 

determined by the FSM, ASI and THIV were regressed to the assessed injury probabilities in 

JMP. 

5.3 Results 

5.3.1 Occupant injury assessments using dummy-based injury criteria  

In 20 car-to-ET-Plus crash simulations, the vehicle was smoothly redirected after the impact and 

no rollover events were recorded. No penetration was observed between the guardrail end 

terminal and the vehicle models. Seatbelt and airbag models were observed to work properly. A 

typical car-to-ET-Plus crash simulation is shown in Figure 5-3.  
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Figure 5-3 A car-to-ET-Plus crash simulation under MASH test 30 conditions (impact speed: 100 

km/h; impact angle:  0°; offset: ¼ of vehicle width) 

 

The values of dummy injury criteria values (Table D1) were under the FMVSS 208 limits. 

Strong correlations between pre-impact velocity and the head injury criteria (both HIC36 and 

HIC15) and chest deflection were observed (Table 5-2). The chest acceleration, which was 

measured on the spine [111],  was correlated with velocity positively and offset negatively. The 

Nij had a strong correlation with both pre-impact velocity and angle. Meanwhile, the femur load 

was observed to have a strong negative correlation with the offset between vehicle midline and 

the guardrail. The 95% confidence intervals of these correlation coefficients are shown in Figure 

E1. 

Table 5-2 Correlation coefficients between pre-impact conditions and dummy region-body injury 

criteria 

 Biomechanics injury criteria 

HIC36 HIC15 Nij ChestDef As Femur load 

Pre-impact 

conditions 

Velocity 0.49 0.52 0.56 0.75 0.57 0.36 

Angle 0.28 0.30 0.57 -0.26 -0.04 -0.37 

offset -0.30 -0.19 -0.06 -0.49 -0.66 -0.63 

 

a) time = 0 s b) time = 0.2 s c) time = 0.4 s 

d) time = 0.6 s e) time = 0.8 s 
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The mean occupant full-body serious injury (AIS3+) probability was estimated at 17%. The 

mean values of serious injury probabilities were estimated at 1%, 9%, 5% and 2% for the head, 

neck, chest, and thigh, respectively (Table 5-3). Based on the results of stochastic contribution 

analysis (Figure 5-4), the velocity had the highest influence for the change in almost all the 

injury probabilities (except thigh). The influences of vehicle velocity on the injury probabilities 

were recorded as 59%, 79%, 62%, and 44% in full-body, head, neck, and chest levels, 

respectively. Meanwhile, the offset between vehicle midline and the guardrail barrier had the 

highest influence on the thigh injuries (56%). 

 

Figure 5-4 The influences of pre-impact angle, offset, and velocity on dummy region-body injury 

probabilities 

 

5.3.2 Occupant injury assessments using vehicle-based crash severity metrics 

The values of injury risks predicted by the dummy-based approach and vehicle-based crash 

severity metrics were compared in Table 5-3. The OIV/ORA values recorded in 5 crash 

simulations were below maximum values suggested in MASH. 11 simulations pass only the 

ORA criteria, 1 simulation passes only OIV criteria and the other 3 failed both MASH criteria. 

The mean longitudinal and lateral OIVs were recorded to be 12.8 m/s and 1.5 m/s, respectively. 

Additionally, the mean longitudinal and lateral ORAs were recorded to be 13.06 g and 6.43 g, 

respectively. The majority of recorded THIVs (14 out of 20) exceeded the limits suggested in 

European criteria (EN1317). Meanwhile, only two simulations failed the ASI criteria while all 

the others had an ASI ≤ 1.9. The average THIV and ASI were recorded as 47 km/h and 1.6. 
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Table 5-3 Injury probabilities assessed by dummy-based and vehicle-based crash severity 

metrics 

Pre-impact conditions Injury probabilities assessed by 

dummy-based criteria 

Vehicle-based crash severity metrics 

Velocity 

(km/h) 

Offset Angle 

(°) 

Full-

body 

Head Neck Chest Thigh OIVx 

(m/s) 

OIVy 

(m/s) 

ORAx 

(g) 

ORA

y (g) 

ASI THI

V 

(km

/h) 

65 1/4 0 8% 0% 6% 2% 1% 12.5 0.3 16.47 3.87 1.5 43 

65 1/4 15 11% 2% 8% 1% 1% 10.6 2.0 3.45 5.07 1.0 44 

65 0 0 9% 0% 6% 2% 2% 12.8 0.4 16.43 1.98 1.5 46 

65 0 15 9% 0% 6% 2% 1% 13.1 2.7 6.09 3.54 1.7 49 

80 1/4 0 8% 0% 5% 2% 1% 12.1 0.2 12.28 3.67 1.3 44 

80 1/4 15 16% 0% 13% 1% 1% 11.2 2.7 3.72 4.86 1.4 47 

80 0 0 9% 0% 5% 3% 2% 12.7 0.5 12.88 2.87 1.6 56 

80 0 15 10% 0% 7% 2% 2% 13.2 2.7 11.72 5.25 1.6 47 

100 1/4 0 12% 0% 8% 2% 2% 11.9 0.2 19.60 7.10 1.2 46 

100 1/4 15 14% 1% 10% 2% 1% 12.0 2.6 6.32 8.51 1.6 49 

100 0 0 21% 4% 10% 6% 2% 13.0 0.6 25.30 7.01 1.7 58 

100 0 15 18% 0% 11% 7% 2% 13.4 2.5 12.18 7.77 1.6 53 

112 1/4 0 11% 0% 7% 3% 2% 12.2 0.3 20.69 9.21 1.5 45 

112 1/4 15 22% 4% 16% 2% 1% 12.8 2.7 3.89 3.20 1.7 39 

112 0 0 25% 5% 7% 14% 2% 14.6 0.3 23.27 8.98 2.0 46 

112 0 15 28% 5% 13% 10% 2% 12.7 2.3 8.95 6.55 1.8 48 

120 1/4 0 9% 0% 5% 3% 2% 12.6 0.3 19.50 7.94 1.4 44 

120 1/4 15 20% 4% 14% 2% 1% 13.1 3.0 9.22 16.78 1.8 42 

120 0 0 43% 2% 12% 32% 3% 16.2 0.6 22.86 9.21 2.1 46 

120 0 15 31% 2% 18% 12% 2% 14.2 2.8 6.47 5.13 1.9 48 

Average  17% 1% 9% 5% 2% 12.8 1.5 13.06 6.43 1.6 47 

Limits  12.2 12.2 20.49 20.49 1.9 44 

 

OIV longitudinal was identified as a good predictor for full-body injury probability (p-

value <0.0001) (Table 5-4). The full-body injury probabilities matched the fitted curve with an 

R2 of 0.61 (Figure 5-5a). Meanwhile, the curve showed a good agreement with a previously 

published curve which was developed based on real crash data (Figure 5-5b). The real crash data 
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were collected by EDRs in a previous study [86]. Meanwhile, the predictability of ORA, ASI, 

and THIV to the injury probabilities were evaluated (Table 5-4).  

 

Figure 5-5 Correlation between OIV longitudinal and AIS 3+ dummy injury probability 

 

Table 5-4 Correlations of vehicle-based severity metrics and the injury probabilities assessed by 

dummy-based criteria 

Vehicle-based 

severity metrics 

Injury 

probabilities 

assessed by 

dummy-based 

criteria 

a b p-value of 

a 

R2 

OIVx (m/s) Full-body 0.3979 17.0699 <0.0001 0.62 

Head 0.2162 32.5275 0.2516 0.07 

Neck 0.0969 36.1951 0.2221 0.07 

Chest 0.7227 17.2739 <0.0001 0.91 

Thigh 0.1477 41.0257 <0.0001 0.59 

ORAx (g) Full-body 0.0136 131.3400 0.5325 0.02 

Head -0.0084 -494.2429 0.8520 0.00 

Neck -0.0287 -66.2585 0.0524 0.17 

Chest 0.0995 44.2423 0.0532 0.19 

Thigh 0.0195 225.9959 0.0030 0.33 

ASI Full-body 2.4603 2.3074 <0.0001 0.75 

Head 2.3219 3.4692 0.0191 0.30 

Neck 0.8531 4.2617 0.0182 0.24 

a) b) 
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Chest 6.2174 2.2351 <0.0001 0.92 

Thigh 0.5546 9.0897 0.0017 0.33 

THIV (km/h) Full-body 0.1064 62.8157 <0.0001 0.62 

Head 0.0804 100.3388 0.0986 0.13 

Neck 0.0299 122.7241 0.1496 0.10 

Chest 0.2203 62.3675 <0.0001 0.86 

Thigh 0.0350 165.9634 <0.0001 0.46 

 Note: 1. Bold numbers are the ones less than 0.05 (good correlation) 

          2. Shaded body-region can be predicted by vehicle-based severity metrics 

 

The OIV longitudinal was found to have little correlation to head and neck injuries since the p-

values were 0.25 and 0.22, respectively. On the other hand, good correlations between OIV 

longitudinal and chest/femur injuries were observed (p-values <0.0001, R2=0.91 for chest, 0.59 

for femur) (Figure 5-6). The ORA was identified as a weak predictor for all the injuries except 

thigh (p-value = 0.0030) (Figure F1).

 

Figure 5-6 Correlation between OIV longitudinal and dummy region-body injury probabilities: 

a) head; b) neck; c) chest; d) femur 

The ASI was observed to be a good predictor for all the injuries since all the p-value are less than 

0.05 (Figure G1). However, the assessed head, neck, and thigh injury probabilities fitted the 

a) b) 

c) d) 
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curves with a R2 around 0.30, which is much lower than the ones recorded in the curves for full-

body (0.75) or chest (0.92). The THIV has a good correlation with full-body, chest, and thigh 

injury probabilities while it has a poor correlation with the others (Figure H1). 

5.4 Discussion 

The safety performance of ET-Plus under the MASH test conditions (no. 30 and 32) was 

investigated using numerical methods for the first time. It was observed that ET-Plus would only 

pass MASH test 30. The recorded value of OIV longitudinal in MASH test 32 (13.4 m/s) was 

larger than the 12.2 m/s limit. This result indicated that the pass of the National Cooperative 

Highway Research Program (NCHRP) tests cannot guarantee the pass of the MASH tests. 

Therefore, it is recommended to test the NCHRP-tested end terminals under the MASH test 

conditions in the future. While our ET-Plus model was validated only under NCHRP conditions 

[63], a limitation of this study is the lack of validation of ET-Plus model under MASH 

conditions, which  is recommended to be performed when the corresponding test data will be 

available.   

In the car-to-end terminal crash FE simulations, the offset between vehicle mid-line and barrier 

was found to have the most prominent effect on occupant thigh injury risk. Similar trends were 

observed in a previous study [112] which was developed based on crash data. In the previous 

study, the leg injury risk (AIS 2+ and 3+) was observed to be higher in left-offset crashes than in 

frontal impact crashes while the other body-region injuries (arm, thorax, head) have a similar 

injury risk in all the crashes. Meanwhile, vehicle pre-impact velocity was observed to have the 

most influence on full-body, head, neck, and chest injuries. The positive relationship between 

vehicle velocity and full-body injury agreed with a previous study which was developed based 

on real-world fixed-object crashes [113]. In the previous study, a positive exponential 

relationship was found between speed limit and fatality rate. On the other hand, the relationship 

between vehicle velocity and body-region injuries was rarely evaluated. Although positive 

relationship was found between the change of velocity (del-v) and body-region injuries in several 

studies [114, 115], the effects of the pre-impact velocity to occupant risk in crashes with fixed-

objects was evaluated quantitatively for the first time in the current study.  

The injury assessed by vehicle-based crash severity metrics was observed to be more 

conservative than the ones determined by dummy-based injury criteria. Specifically, all the 
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dummy-based injury criteria values (Table D1) were observed to be under the FMVSS 208 limits 

whereas only a small proportion of the results pass either MASH or EN1317 criteria (5 of 20 

crashes pass MASH criteria, 6 of 20 crashes pass EN1317 criteria). Similar difference was 

reported in previous studies [18, 19]. In particular, it was suggested that to account for the 

difference, ORA should be used to evaluate occupant risk during crashes with fixed-objects and 

the allowable limit of ORA longitudinal should be set as 31 g instead of 20.49 g [19]. In this 

study, the maximum ORA longitudinal was recorded as 25.30 g which is less than the suggested 

value. If the suggested limit was considered, the occupant injury risks evaluated from vehicle-

based crash severity metrics and dummy-based injury criteria showed agreement.  

The regression curve for OIV longitudinal and full-body injury probability showed good 

agreement with previously published EDRs data [86]. Therefore, the reliability of the numerical 

injury assessment method was verified. Both studies used logistic curves, which are a statistical 

model commonly used to predict injury probabilities [116, 117]. The discrepancies observed 

between the curves generated by our simulation results and EDR data may be caused by the 

different vehicle type used in each study: GM cars in the EDR study and a Toyota Yaris car 

model in the current work. In addition to showing similar trends compared to the real-world 

crash data, our current numerical approach has the advantage of being flexible in terms of 

choosing the crash conditions (e.g. velocity, angle, vehicle type, guardrail type) and having 

higher repeatability.  

While the vehicle-based crash severity metrics have predictability for full-body injury risk, they 

have weak correlation to body-region injuries. This could be caused by the unconstrained 

occupant condition used in calculating the vehicle-based crash severity metrics, while the effects 

of seatbelt and airbags were considered in the dummy-based injury criteria. For example, the 

usage of airbags may decrease head and neck injury probability [118]. The U.S. criteria (OIV 

and ORA) were observed to correlate to only chest and thigh injuries. A stronger correlation was 

found between the European criteria (ASI and THIV) and injury probabilities because the ASI is 

correlated to all the body-region injuries. Meanwhile, it should be mentioned that ASI could not 

be used to make a precise prediction of head, neck, or thigh injuries because of the low R2 [119]. 

Although chest injuries were considered to be unpredictable by the change of vehicle velocity in 

a previous study [17], our observations showed that chest injuries can be predicted by vehicle 
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responses (OIV longitudinal and ASI). In sum, this study showed that most of the body-region 

injuries (except chest injury) are not predictable by vehicle-based crash severity metrics but only 

by dummy-based injury criteria.  

Other than the full-body injury probabilities presented in Sec. 5.3.2, Pjoint was used by US New 

Car Assessment Program (NCAP) to estimate the occupant injury risk during 5-star rating 

crashes tests [120]. Therefore, the Pjoint is also worth investigation. With similar statistical 

regressions performed, the OIV longitudinal, ORA longitudinal and THIV were observed to be 

poorly correlated to the Pjoint because of high p-values (0.11, 0.14, and 0.06, respectively). 

Nonetheless, the ASI was observed to be a good predictor for the Pjoint (p-value = 0.01). It 

indicated that Pjoint is harder to be predicted comparing to the full-body injury probability. 

Therefore, studies focusing on the relationship between US NCAP criteria and vehicle-based 

metrics are needed in the future, which is out of the scope of this study. 

Overall, the numerical evaluation method developed in this study has several advantages. It can 

be used for various impact conditions, and the detailed injury probabilities can be assessed on 

component levels. However, this study has several limitations and could be improved in the 

future. First, the crash conditions used in the simulations were simplified from real crashes. Only 

one vehicle and one end terminal model were used in the simulations which cannot stand for all 

the crashes. Other than the sedan vehicle considered in this study, a pickup truck (2270 kg) could 

also be employed in the MASH tests. Meanwhile, the pre-impact velocity was selected from 65 

to 120 km/h in the simulations because they are in the range of the speed limits used along U.S. 

roads. The crashes with a low impact speed were not studied although they may occur [121].  

Second, a Hybrid III dummy model was used in all vehicle-to-end terminal FE simulations in 

this study. The dummy-based occupant injuries were estimated based on the FMVSS 208 injury 

criteria which is developed for frontal barrier impact. For the dummy involved in a crash with a 

guardrail end terminal, especially the oblique crashes, the maximum allowable values may vary 

somewhat from the FMVSS208 thresholds. In this study, the FMVSS 208 criteria were used 

because there is no direct criterion established for the occupant injury in crashes with a guardrail 

end terminal. The FMVSS 208 was considered to be acceptable in this study since the maximum 

allowable values were developed for the Hybrid III M50 dummy specifically [99, 100]. Another 
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limitation of this study is that the dummy model was assigned to drive seat only while the 

passengers may face a different risk in the crashes. 

The numerical model presented in this study is the first step in evaluating occupant injuries in 

crashes with guardrail end terminals, which can support the current evaluation methods based on 

crash tests. In the future, other guardrail models, other vehicle models, and/or the dummy models 

assigned to different positions may be incorporated into the current simulations. Pickup truck 

models, especially the ones that conform to the MASH requirements, are recommended to be 

used in the future. Considering a wider range of velocities, offsets, and/or angles may help 

investigate the influences of pre-impact conditions to the occupant injuries. Additional 

improvements to this study may be the acceptance of other dummy-based injury criteria 

parameters (thoracic trauma index, combined thoracic index, pelvic acceleration, etc.), which can 

assist occupant injury assessments [122, 123]. Meanwhile, an EDR study focusing on vehicle-to-

fixed object crashes is recommended to be performed in the future. With more data provided, the 

simulations would be better validated, the dummy injury probabilities would be better predicted, 

and the safety performance of vehicle and roadside safety hardware would be better evaluated. 

 

5.5 Conclusion 

Car-to-end terminal crash FE simulations involving a dummy model were performed for the first 

time in this study. The driver injury risks during a crash with ET-Plus were evaluated on both 

full-body and component levels. The pre-impact velocity was observed to influence the driver 

injuries the most. Statistical analysis was performed to compare the vehicle-based crash severity 

metrics and dummy-based injury criteria based on 20 crash simulations. The ASI was identified 

as the best vehicle-based severity metric, which is correlated to all the injuries probabilities. The 

results pointed out the limitations of the current vehicle-based injury prediction methods, which 

are accepted by MASH or EN1317, that head, neck, and thigh injuries cannot be predicted. The 

numerical dummy-based injury assessment methodology was recommended to be added to the 

current injury evaluation methods. The models could also supplement the development of new 

crash tests with various impact conditions and the optimization of the design of guardrail end 

terminals. 
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6. Injury assessment using GHBMC occupant model during car-to-end terminal 

crashes 

The content of this section was submitted on June 22, 2022 to Accident Analysis & Prevention 

6.1 Introduction 

A total of 8,603 fatalities were caused by fixed-object crashes in 2020 in U.S. which represent 

22% of total traffic fatalities and increased by 14% last decade (7,529 fatalities recorded in 2010) 

[124]. Guardrails were developed to reduce the impact severity of the roadway departure crashes. 

In U.S and Europe, the guardrail end terminals safety performance are currently assessed 

according to either the Manual for Assessing Safety Hardware (MASH) guideline [5] or the 

EN1317 guideline [108]. In both guidelines, the crash severity is evaluated in full-scale crash 

tests based on vehicle-based metrics, developed based on vehicular velocities and accelerations. 

While test data recorded by Anthropomorphic Test Devices (ATDs, also known as crash 

dummies) are used to evaluate the occupant injury risks under varied impact conditions such as: 

frontal impact [125, 126], rear impact [127], and side impact [125, 128], no ATD data are 

available in the guardrail tests.  

Computational simulations are currently performed to analyze vehicles’ and occupants’ dynamic 

performance during a crash [129]. In these simulations, ATD models and human body models 

are widely-used to assess the occupant injury risks [26, 27]. Especially, human body models 

could provide detail local load/stress distributions, and consequently predict the risk of injuries 

on various human body-regions [130]. However, the use of human body models in the 

simulations of vehicle to guardrail end terminal crashes were not reported in literature.   

In this study, for the first time, a human body FE model is used in the simulations of car-to-end 

terminal crashes to assess risk of occupant injuries and to develop a better understanding of 

injury mechanisms. The effects of impact velocity, angle, and offsets on occupant injury risks 

were also evaluated using both the vehicle-based severity metrics[5, 108] and ATD 

biomechanics injury measures [131]. Then, the correlation between vehicle-based metrics and 

occupant injury risks were investigated as well. 
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6.2 Method 

To perform vehicle-to-end terminal crash simulations, a Global Human Body Models 

Consortium (GHBMC) occupant model, a Toyota Yaris model, and an ET-Plus model were 

integrated in LS-DYNA software (Ansys, Canonsburg, PA). The geometry of the GHBMC 

model (M50-OS, version2-2) was based on the data measured from a 50th percentile male 

volunteer (174 cm in height and 79 kg in weight) [132, 133]. The model was validated in body-

region and full-body levels under various impact conditions, such as frontal impact and lateral 

impact, and was observed to have capabilities to assess occupant injury risks [134-137]. A 

Toyota Yaris (model year 2010) model was used in all the crash simulations since it corresponds 

to the sedan vehicle 1100C used in the MASH tests [138]. Meanwhile, an ET-Plus model was 

used in this study since it is the most common energy-absorbing guardrail end terminal used in 

U.S [139]. All these models were validated and had good capabilities to predict their kinetic and 

kinematic during the crash simulations [87, 134, 138, 139]. 

A simulation was initially performed to position the GHBMC model onto the driver seat (Figure 

6-1). A contact between GHBMC outer surface and vehicle interior surfaces (seat and floor 

surfaces) were defined, and then the human body model was dropped by gravity until it settles 

into the seat model. At the end of each settle simulation, the deformed geometries and 

corresponding strains were exported using a “dynain” file in the software LS-DYNA, and then 

were used as the initial conditions in the crash simulations. A seatbelt model was also developed 

and routed around the positioned GHBMC model [140]. 
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Figure 6-1 GHBMC model seated in driver position 

 

Design of Experiments (DOE) is a useful tool to investigate the effects of inputs on the outputs 

of a system [141]. The inputs of this study include the pre-impact velocity, impact angle, and 

impact offset. Pre-impact velocity, assigned on the vehicle model, range from 65 to 120 km/h 

(Figure 6-2) and includes the pre-impact velocity used in the MASH tests (100 km/h) [5]. Two 

impact angles (0° and 15°) and two impact offset (0 and ¼) were used in the simulations (Figure 

2). The impact angle was measured between the midline of the vehicle and the midline of the 

guardrail model. The offset was defined as the percentage of the vehicle width between these 

midlines. Overall, a total of 20 vehicle-to-end terminal crash simulations (5 velocities, 2 offsets, 

2 angles) were performed in this study. 
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Figure 6-2 Setup of vehicle-to-end terminal crash simulations 

Note: Pre-impact velocities of 65, 80, 100, 112, 120 km/h were assigned for each scenario 

 

The kinetics and kinematics of GHBMC model were recorded to assess driver injury risk on both 

body-region and full-body levels. The GHBMC recorded responses include head accelerations 

and angular velocities, neck force and moment, chest deflection, and femur loads. Injury 

measures were calculated for each body region: head (HIC15) , brain (BrIC), neck (Nij, Nt, and 

Nc), chest (CD), thigh (FF), and leg (FUT, FLT, and RTI)  (Table 6-1) [142, 143]. The injury risks 

were then assessed based on each injury measure using well-defined injury probabilities (Table 

I1) [103, 144-146]. To make the full-body injury risk (OIM) comparable to the previously-

published dummy results [131], the OIM was defined as the accumulation of head, neck, chest 

and thigh injury risk.  

a) impact angle = 0°; no offset b) impact angle = 0°; offset = ¼ of vehicle width 

c) impact angle = 15°; no offset d) impact angle = 15°; offset = ¼ of vehicle width 

Same as MASH test 30 

Same as MASH test 32 
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Table 6-1 GHBMC Injury measures [142, 143] 

Body 

region 
Injury measure 

Values associated to 

25% percentage 

injury risk 

Values associated to 

50% percentage 

injury risk 

Head Head injury criteria (HIC15) 1047 1724 

Brain Brain injury criteria (BrIC) 0.8 1.0 

Neck 

Neck injury criteria (Nij) 1.1 1.6 

Neck tension force (Nt) 4.2 kN 4.6 kN 

Neck compression force (Nc) 4.2 kN 4.6 kN 

Chest Chest deflection (CD) 49.1 mm 62.3 mm 

Thigh Femur force (FF) 11.9 kN 15.3 kN 

Leg 

Upper tibia force (FUT) 5.9 kN 7.3 kN 

Lower tibia force (FLT) 5.2 kN 6.8 kN 

Revised tibia index (RTI) 1.0 1.2 

Meanwhile, vehicle-based severity metrics were recorded and calculated based on the U.S and 

Europe guidelines. Specifically, Occupant injury velocity (OIV) and Occupant Ridedown 

Acceleration (ORA), Acceleration Severity Index (ASI), and Theoretical Head Impact Velocity 

(THIV) were calculated [5, 108, 131]. The correlation between vehicle-based severity metrics 

and model-based body injury probabilities was investigate using JMP software (SAS, Cary NC). 

6.3 Results 

The vehicle models were smoothly redirected after the impact and no rollover events were 

recorded in all 20 car-to-end terminal crash simulations. Seatbelt and airbag models worked 

properly, so no impact between head and vehicle headliner was observed. The GHBMC 

occupant performances can be roughly classified into two types, depending on the occurrence of 

an occupant-vehicle interior impact. For the simulation without occupant-vehicle interior impact, 

the occupant model was observed to move forward, hit the airbag and rebound (Figure 6-3a). In 



64 

 

other simulations, the occupant model also hit the airbag first, then it hit either the windshield, 

the window, or the headrest model (Figure 6-3b-d). 

GHBMC kinematics data were recorded in each body region. High amount of variabilities were 

observed in head acceleration (74 ± 45g), and femur force (0.7 ± 0.3 kN) while the head angular 

velocity, neck force, chest deflection, and tibia forces spread in relative small ranges (Table 6-2).  

Table 6-2 GHBMC kinematics data recorded in the simulations 

Pre-impact conditions GHBMC kinematics data (Max. value) 

Velocity 

(km/h) 
Offset 

Angle 

(°) 
𝑎𝑟𝑒𝑠 (g) 

 𝜔𝑟𝑒𝑠 

(rad/s) 
Nt /Nc (kN) 

CD 

(mm) 
FF (kN) 

FUT 

(kN) 

FLT 

(kN) 

65 1/4 0 25 26 0.7 25 0.4 2.0 3.1 

65 1/4 15 66 31 0.9 26 0.5 1.5 2.8 

65 0 0 47 37 1.3 34 0.4 1.5 2.5 

65 0 15 56 33 1.2 31 0.4 1.6 2.5 

80 1/4 0 41 32 1.2 37 0.5 2.1 2.9 

80 1/4 15 81 40 1.1 33 0.8 1.3 2.4 

80 0 0 50 40 1.4 43 0.5 1.9 2.5 

80 0 15 54 32 0.9 28 0.5 2.2 3.0 

100 1/4 0 50 38 1.5 31 1.0 2.4 3.7 

100 1/4 15 83 39 1.3 35 0.8 2.0 3.3 

100 0 0 53 37 1.6 36 0.6 2.7 4.6 

100 0 15 54 37 1.1 38 0.6 3.0 5.0 

112 1/4 0 203 30 1.3 35 0.7 2.6 3.5 

112 1/4 15 85 38 1.1 36 0.6 1.8 3.3 

112 0 0 64 30 1.4 47 0.9 3.1 5.3 

112 0 15 46 35 0.8 39 0.8 3.6 5.4 

120 1/4 0 200 31 1.3 46 0.7 2.3 3.6 

120 1/4 15 94 37 1.0 42 0.7 3.5 4.8 

120 0 0 59 37 0.9 45 1.8 3.2 5.1 

120 0 15 76 30 1.1 45 0.9 3.2 5.7 

Average 74 35 1.2 37 0.7 2.4 3.8 

Standard Deviation 45 4 0.2 6 0.3 0.7 1.1 

Note: 𝑎𝑟𝑒𝑠: head resultant acceleration; 𝜔𝑟𝑒𝑠: head angular velocity; Nt /Nc: Neck tension/ 

compression force; CD: chest deflection; FF: femur force; FUT: upper tibia force; FLT: lower tibia 

force  
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Figure 6-3 GHBMC performances during crash simulations 

The effects of the pre-impact conditions on each injury measures were assessed using the 

Correlation Metrix. The values of maximum femur load (FF < 1.8 kN) were much lower than the 

a) No occupant-vehicle interior impact (65 km/h, ¼ offset, 15° angle) 

t = 0 s t = 0.15 s t = 0.4 s 

c) Head-window impact (112 km/h, ¼ offset, 0° angle) 

t = 0 s t = 0.1 s t = 0.4 s 

d) Head-headrest impact (112 km/h, ¼ offset, 15° angle)   

t = 0 s t = 0.1 s t = 0.4 s 

b) Head-windshield impact (112 km/h, no offset, 0° angle)  

t = 0 s 
t = 0.1 s t = 0.3 s 
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corresponding values of 25% injury risks (11.9 kN), so FF was removed from the correlation 

analysis. Positive correlations were observed between pre-impact velocity and all the body-

region injury risks (Table 6-3). Therefore, a higher pre-impact velocity would increase all the 

body-region injury risks. In a crash with a larger offset, the occupant may face higher head, 

brain, and neck injury risks (increased HIC15, BrIC, and Nij). Meanwhile, the BrIC and lower 

tibia force had positive correlations with pre-impact angles.  

Table 6-3 Correlations between pre-impact conditions and injury measures 

 GHBMC injury measures 

HIC36 HIC15 BrIC Nij Nt Nc CD FUT FLT 

Pre-impact 

conditions 

Velocity 0.53 0.56 0.17 0.09 0.09 0.22 0.74 0.77 0.77 

Offset -0.07 0.36 0.44 0.09 -0.09 -0.18 -0.31 -0.33 -0.38 

Angle -0.46 -0.18 0.56 -0.43 -0.45 -0.15 -0.2 -0.01 0.06 

 

Vehicle-based crash severity metrics were then assessed based on the equations shown in Table 

I1. Only 3 simulations passed all the MASH criteria (OIV < 12.2 and ORA < 20.49). Among all 

the cases, 15 simulations had a OIVx exceeded the MASH threshold, and 6 simulations were 

observed to have a large ORAx (Table 6-4). Meanwhile, all the 15 simulations which have a high 

OIV were observed to fail the THIV criteria indicated that the thresholds used in the U.S (OIV) 

and Europe (THIV) guidelines showed good agreements.  

 

Table 6-4 Injury probabilities and vehicle-based crash severity metrics from the simulations 

Pre-impact 

conditions 

Injury probabilities assessed by GHBMC 

kinematics data 

Vehicle-based crash severity metrics 

Velocit

y 

(km/h) 

Offs

et 

Angl

e (°) 
Head Neck Chest Thigh 

Full-

body 

OIVx 

(m/s) 

OIV

y 

(m/s

) 

ORA

x (g) 

ORA

y (g) 
ASI 

THIV 

(km/h) 

65 1/4 0 0.00% 5.44% 2.54% 0.79% 8.56% 10.5 0.4 12.16 6.18 1.0 38 

65 1/4 15 0.05% 5.86% 2.89% 0.80% 9.36% 10.9 0.9 3.60 6.84 1.0 40 
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65 0 0 0.19% 6.77% 7.05% 0.78% 14.18% 12.5 0.6 17.07 3.37 1.4 45 

65 0 15 0.23% 6.95% 5.13% 0.77% 12.60% 13.0 2.2 7.04 4.82 1.6 48 

80 1/4 0 0.05% 7.27% 9.27% 0.80% 16.58% 12.5 0.6 11.86 4.05 1.4 45 

80 1/4 15 1.25% 6.49% 6.55% 0.89% 14.47% 10.7 2.3 4.32 6.18 1.3 39 

80 0 0 0.36% 6.84% 15.76% 0.80% 22.43% 12.6 0.3 14.93 2.98 1.5 45 

80 0 15 0.15% 6.16% 3.58% 0.80% 10.38% 12.3 2.9 10.61 4.78 1.4 45 

100 1/4 0 0.26% 8.02% 5.47% 0.94% 14.09% 11.9 0.1 21.46 10.15 1.3 43 

100 1/4 15 1.35% 7.16% 7.58% 0.87% 16.09% 12.4 3.0 6.89 9.56 1.6 47 

100 0 0 0.76% 7.75% 8.54% 0.83% 16.97% 13.2 0.0 29.59 8.82 1.8 47 

100 0 15 0.06% 6.85% 10.55% 0.82% 17.41% 13.6 3.2 11.11 7.21 1.6 50 

112 1/4 0 9.26% 7.31% 7.64% 0.86% 22.98% 11.8 0.4 23.47 10.73 1.5 42 

112 1/4 15 1.84% 5.90% 8.75% 0.84% 16.43% 13.6 1.6 9.37 14.93 1.8 49 

112 0 0 1.30% 6.64% 20.97% 0.91% 27.85% 14.8 1.0 28.51 8.35 2.0 53 

112 0 15 0.00% 5.77% 10.93% 0.90% 16.82% 13.3 2.5 6.19 4.75 1.9 50 

120 1/4 0 15.31% 7.54% 20.51% 0.85% 38.28% 12.3 0.0 21.63 9.50 1.6 45 

120 1/4 15 3.68% 6.22% 14.51% 0.85% 23.43% 14.5 2.0 10.96 20.00 1.8 53 

120 0 0 0.52% 5.99% 18.65% 1.22% 24.85% 15.1 0.6 22.37 6.80 2.1 54 

120 0 15 0.54% 6.11% 19.22% 0.93% 25.27% 13.0 3.2 5.73 7.84 1.7 48 

Avera

ge 

 1.86% 6.65% 10.30% 0.86% 18.45% 12.7 1.4 13.94 7.89 1.6 46 

Limits  12.2 12.2 20.49 20.49 1.9 44 

Note: 1. OIVx/ORAx: OIV/ORA longitudinal; OIVy/ORAy: OIV/ORA lateral 

          2. Bold numbers are the ones exceed the limits. 

 

To quantify the contributions of the pre-impact conditions on the injury risks, Sobol’ 

indices were calculated for body-region and full-body injury probabilities (Figure 6-4). Overall, 

the pre-impact velocity had the highest influence for the change in almost all the injury 

probabilities (except brain and neck). The pre-impact angle had the highest influence on the neck 

injuries (88% and 92% for the injury risks predicted by Nij and Nt, correspondingly). The brain 

injuries were mainly affected by pre-impact offset (50%) and angle (49%). Overall, the OIM 

were affected by velocity, offset, and angles by 90.5%, 0.3%, and 9.1%. 
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Figure 6-4 The influence of the pre-impact velocity, offset, and angles to GHBMC injury risks 

Note: The injuries with * were used to calculate the OIM  

 

The assessed full-body and body-region injury risks were regressed to each vehicle-based 

injury metrics using the non-linear regression (Eqn. 6-1). A univariance logistic regression was 

performed was performed in software JMP, where the vehicle metrics was defined as the 

independent variable and the injury risk (either body-region or full-body level) was defined as 

response variable [147-149]. 

𝐼𝑛𝑗𝑢𝑟𝑦 𝑟𝑖𝑠𝑘 =  
1

1+𝑒−𝑎∙(𝑉𝑒𝑐ℎ𝑖𝑙𝑒 𝑚𝑒𝑡𝑟𝑖𝑐𝑠−𝑏)
     (6-1) 

Several regressed curves (e.g. OIVx vs. neck injury) had a negative a, which indicated 

that the injury risks was decreased while the vehicle metrics was increased. These curves were 

considered as unrealistic and were marked as NA in Table 6-5. The p-value of a was used to 

evaluate the correlation between vehicle-based injury criteria and biomechanics injury risks. A p-

value less than 0.05 was considered as good correlation (Figure 6-5). Overall, all the vehicle-
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based severity metrics had good correlations to full-body injury risks (Table 6-5). In terms of 

body-region injury risks, the OIVx, ASI, and THIV had good correlations to chest, thigh, up 

tibia, and lower tibia injuries. Meanwhile, the ORAx was observed to have a good correlation to 

the neck injury which was assessed based on Nij. A certain trend toward significance was 

observed between ORAx and chest injury risk (p-value = 0.09). 

 

Figure 6-5 A comparison of good and weak correlations 

Table 6-5 Correlations of vehicle-based injury criteria with the injury probabilities assessed by 

biomechanics injury measures 

Vehicle-based 

severity metrics 

Injury probabilities 

assessed by dummy-

based criteria 

a b p-value of a 

OIVx (m/s) 

Full-body 0.1785 21.1259 0.0270 

Head 0.0060 652.4542 0.9864 

Brain 0.0005 2656.9751 0.9976 

Neck NA   

Nt NA   

Chest 0.3326 19.4109 0.0004 

Thigh 0.0466 114.4755 0.0140 

Up Tibia 0.3106 25.2846 0.0002 

a) Good correlation: p-value = 0.0004 

(ASI vs. Chest) 

b) Weak correlation: p-value = 0. 9065 

(ASI vs. Neck) 
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Low Tibia 0.4057 17.5057 0.0004 

ORAx 

Full-body 0.0265 70.4749 0.0252 

Head 0.0559 85.8150 0.2781 

Brain NA   

Neck 0.0074 369.4307 0.0080 

Nt NA   

Chest 0.0279 92.1987 0.0903 

Thigh 0.0041 1172.1495 0.1969 

Up Tibia 0.0110 362.5655 0.5081 

Low Tibia 0.0184 115.3702 0.3886 

ASI 

Full-body 0.9181 3.2082 0.0082 

Head 0.3900 11.7451 0.8233 

Brain NA   

Neck 0.0111 240.5456 0.9065 

Nt 0.0336 180.0736 0.9464 

Chest 1.5520 3.0073 0.0004 

Thigh 0.2249 22.6714 0.0050 

Up Tibia 1.5463 4.1082 0.0001 

Low Tibia 2.2394 2.4639 <.0001 

THIV (km/h) 

Full-body 0.0485 77.2233 0.0323 

Head 0.0011 3656.0774 0.9920 

Brain NA   

Neck NA   

Nt 0.0635 145.3980 0.1613 

Chest 0.0941 70.0119 0.0005 

Thigh 0.0125 427.3879 0.0187 

Up Tibia 0.0972 86.7020 <.0001 

Low Tibia 0.1245 62.1057 <.0001 

Note: 1. Bold numbers are the ones less than 0.05 (good correlation) 

           2. Shaded body-region can be predicted by vehicle-based severity metrics 
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6.4 Discussion 

Currently, the safety performances of end terminals in terms of the occupant injury risks are 

evaluated in standard crash tests based on the flail-space model in U.S. In this approach 

developed in early 1980s [5, 9], the occupant is assumed to be unbelted [9]. In last four decades, 

several occupant safety features (seatbelt, airbags, etc.) were installed in late vehicles [150], so 

there are concerns about the validity of the flail-space model in current impact conditions. In this 

study, FE simulations of vehicle-end terminal crashes involving belted human body model was 

performed for the first time.  

In the vehicle-end terminal crashes, the pre-impact velocity was observed to have the 

largest effect to occupant injury risks. The positive correlation between velocity and full-body 

injury risk agreed with previous studies [86, 113, 114]. Based on police crash data, a positive 

correlation was observed between the speed limit and fatality rates [113]. Additionally, positive 

logistic correlations between delta-v and occupant injury risks were found for occupant injury 

risks at different severity levels [86, 114]. Meanwhile, positive correlations were observed 

between pre-impact offset and head, brain, and neck injury risks which may be caused by the 

higher probability of head-vehicle interior impact, especially with the window and the headrest 

models. 

Regarding the injury prediction, all the vehicle-based metrics showed capability to 

predict the whole GHBMC full-body injury risk (OIM) while the ASI had the best performance 

(p-value as 0.0082). Meanwhile, the chest injury risk showed to be well predicted by the OIVx, 

ASI, and THIV, but not so well by ORAx (p = 0. 0903). These correlations were also proved 

using dummy models in several previous studies [27, 131, 151]. Therefore, in the future, it is 
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recommended to employ ATDs in the certification tests of new end terminals, or at least to 

propose more advanced vehicle-based metrics into the current guidelines. A numerical 

simulation developed based on the current study could be used to validate these new vehicle-

based metrics. 

In the occupants involved in end terminal crashes, the brain and tibia injury risks were 

assessed numerically for the first time, and the neck injuries were assessed based not only Nij but 

on also axial forces. Therefore, more correlations between GHBMC and vehicle-based injury 

metrics were identified in this study comparing to the previously-published study using the 

Hybrid III dummy model [131].  

Comparing the full-body injury regression curves between the GHBMC and the dummy 

study, agreements were observed in the OIV, ASI, and THIV although a difference was observed 

in ORA (Table 6-6). The dummy full body injury probability cannot be predicted by ORAx 

while a good correlation was observed in GHBMC. Meanwhile, comparing the identified 

regression curves, a lower a value was observed in the GHBMC ones which indicated that the 

predicted occupant injury risks grew slower in the human body model when the same vehicle-

based metrics were used (Figure 6-6). 

Table 6-6 Correlations of vehicle-based injury criteria with full-body injury risks assessed by 

biomechanics injury measures 

Vehicle-

based 

severity 

metrics 

Occupant 

model 
a b 

p-value 

of a 
Correlation 

OIVx (m/s) 
GHBMC 0.1785 21.1259 0.0270 Yes 

Hybrid III 0.4918 16.4192 0.0361 Yes 
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ORAx 
GHBMC 0.0265 70.4749 0.0252 Yes 

Hybrid III 0.0136 131.3400 0.5325 No 

ASI 
GHBMC 0.9181 3.2082 0.0082 Yes 

Hybrid III 2.1749 2.4338 0.0165 Yes 

THIV (km/h) 
GHBMC 0.0485 77.2233 0.0323 Yes 

Hybrid III 0.1247 60.7197 0.0100 Yes 

 

 

 

Figure 6-6 Correlations between vehicle-based metrics vs. Full body human/ATD injury 

probabilities: a) OIVx b) ORAx c) ASI d) THIV 

This study had some limitations such that related to usage of only one end terminal 

model, and only one vehicle model. In future, models of a vehicle with light weight and/or 

pickup truck could be investigated based on current numerical approach as well. The current 

a) 

c) 

b) 

d) 
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scenarios were developed based on MASH guidelines (0 or 1/4 in offset, 0° or 15° in angle). 

Once the distributions of pre-impact conditions of the real-life crashes will be identified, the 

study could be repeated using a different DOE to better identify their contributors of the crash 

severity and occupant injury risks.  

6.5 Conclusion 

Twenty FE crash simulations involving end terminal, vehicle, and belted human body 

model was performed in this study. It was observed that current vehicle-based assessment 

methods, can predict full-body occupant injury risks and certain body-region injury risks while 

no head and brain injury can be predicted. Therefore, additional investigations are suggested for 

improving the current assessment guidelines of new end terminals. The numerical method 

developed in this study could help investigate the safety performance of new end terminals. 

 

7. Summary 

7.1 Conclusion 

Guardrail end terminals are important to roadway safety, but limited research has been 

performed on them.  The possibility of decrease of their performances in-service due to improper 

installation or minor damages due to impacts is unknown.  This study investigated the 

performance of both non-damaged and damaged end terminals. Meanwhile, guardrail end 

terminal safety performance is currently evaluated in the U.S based on tests according to MASH 

guideline, in which the occupant is modelled as point mass based on a conservative assumption 

that the occupant is unrestrained during the crash. This study aimed to fill these knowledge gaps 

and had innovations as follow: 

(1) An energy-absorbing guardrail end terminal FE model was developed and validated 

for the first time. The developed model could evaluate the end terminal performance in 

crash situations that are impractical to the physical tests as well as the effects of various 

pre-impact conditions on device performance. 
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(2) The distributions and the common damage patterns of in-service end terminals was 

investigated. The distribution data summarized in the study offers preliminary 

information on the status and the damages of in-service guardrail end terminals. The 

effects of the damaged end terminals on both vehicle responses and occupant injury risk 

were evaluated using simulations. While all the previous studies focused on well-

maintained guardrail end terminals, this study pointed for the first time to the 

performance evaluation of in-service end terminals. 

(3) The driver injury risks during a crash with ET-Plus was assessed on component 

level quantitatively for the first time. DOE studies were performed to investigate the 

relationship between crash conditions and occupant injury probabilities. The pre-impact 

velocity was observed to influence the driver injuries the most in both dummy and 

GHBMC simulations.   

(4) The correlations between vehicle-based metrics and occupant injury probabilities 

were determined. Statistical analysis was performed to compare the vehicle-based crash 

severity metrics and dummy-based injury criteria based on 20 crash simulations. The 

correlation between crash severity metrics and the component level injury probabilities 

were identified for the first time. The ASI was identified as the best vehicle-based 

severity metrics which is correlated to all dummy injury probabilities and most of the 

GHBMC injury probabilities. 

7.2 Limitations and future work 

In this study, a FE model was developed for an energy-absorbing guardrail end terminal which is 

commonly used along U.S. roads. The whole FE model was validated, and it showed robustness 

in various crash simulations. However, several limitations should be acknowledged as follows: 

First, the end terminal model was only validated under sedan-to-ET-Plus crash conditions. More 

investigations and validations were recommended to be performed in future studies, especially 

with a larger vehicle (e.g. SUVs and pickup trucks).  

Second, the distributions of the damaged end terminals were investigated based on 1,000 

selected cases in six states. While differences in damage patterns were observed in various states, 

it was recommended to include more samples, especially from uninvestigated areas, in future 

studies.  
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Third, all the damaged ET-Plus models were evaluated under the NCHRP test 3-30 scenarios. 

The performance of these models could be further investigated under various conditions. For 

example, different vehicles, velocities, angles, and impact locations could be incorporated to 

current simulations. 

Fourth, only driver injury risks were assessed in the crash simulations with a dummy/human 

body model. A passenger model was recommended to be added in future crash simulations since 

it may face a different injury risk in the crashes. 

7.3 Publications and copyright 
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Appendix 

Appendix A Information for crash test and simulation 

Table A.1 Basic information for crash test and the validation simulation 

General Information Known Solution 

(Crash test) 

Analysis Solution 

(FE simulation) 

Test Number: 27-30 NA 

Vehicle: 1999 Geo Metro 1997 Geo Metro 

Impact Conditions 
  

Vehicle Mass: 796 kg 813 kg 

Speed: 102.5 km/h 102.5 km/h 

Angle: 0.1 degree 0.1 degree 

Impact Point: Impact head of ET-Plus; ¼ 

offset 

Impact head of ET-Plus; ¼ 

offset 
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Appendix B Energy-time histories for Geo-Metro simulations 

 

Figure B.1 Plot of global energy-time histories for Geo-Metro-undamaged ET-Plus crash 

simulation 
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Table B.1 Analysis solution verification table for the validation simulation 

Verification Evaluation Criteria* Change (%) Pass? 

Total energy of the analysis solution (i.e., kinetic, potential, 

contact, etc.) must not vary more than 10 percent from the 

beginning of the run to the end of the run. 

3.20 Yes 

Hourglass Energy of the analysis solution at the end of the run is 

less than five percent of the total initial energy at the beginning 

of the run. 

2.39 Yes 

The part/material with the highest amount of hourglass energy at 

any time during the run is less than five percent of the total 

initial energy at the beginning of the run. 

0.84 Yes 

Mass added to the total model is less than five percent of the 

total model mass at the beginning of the run. 
0 Yes 

The part/material with the most mass added had less than 10 

percent of its initial mass added. 
0 Yes 

The moving parts/materials in the model have less than five 

percent of mass added to the initial moving mass of the model. 
0 Yes 

There are shooting nodes in the solution? No Yes 

There are solid elements with negative volumes? No Yes 

* The criteria are based on Procedures for Verification and Validation of Computer Simulations 

Used for Roadside Safety Applications [64] 
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Appendix C Quantitative evaluation of the validation simulation 

Table C.1 Quantitative evaluation of the validation simulation 

Verification Evaluation Criteria Pass? 

Sprague-Geer Metrics 
M 

(Criteria =40) 

P 

(Criteria =40) 
 

Yaw angle -2.7 0.9 Yes 

Roll angle -23.3 37.4 Yes 

Pitch angle -22.3 27.2 Yes 

ANOVA Metrics 
Average 

(Criteria =5) 

SD* 

(Criteria =35) 
 

Yaw angle -1.8 2.5 Yes 

Roll angle 28.5 25.2 No** 

Pitch angle 8.1 26.4 No** 

  Note: *SD: Standard Deviation; ** Roll and pitch angles only match the test data at the 

beginning of the crash [63] 
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Appendix D Dummy-based injury criteria recorded in each simulation 

 

Table D.1 Dummy-based injury criteria recorded in each simulation 

Pre-impact vehicle 

conditions 
Dummy-based injury criteria 

Velocity Offset Angle HIC36 HIC15 Nij 

Chest 

Deflection 

(mm) 

Chest 

Acceleration 

(g) 

Femur 

load (kN) 

65 1/4 0 67 31 0.21 20 21 1.8 

65 1/4 15 353 353 0.41 15 17 1.6 

65 0 0 289 169 0.25 19 23 2.7 

65 0 15 105 55 0.23 22 23 2.1 

80 1/4 0 88 88 0.15 20 21 2.3 

80 1/4 15 219 219 0.69 15 22 1.9 

80 0 0 242 155 0.19 24 24 2.5 

80 0 15 125 69 0.31 22 26 2.6 

100 1/4 0  * 96 50 0.41 27 21 2.5 

100 1/4 15 308 308 0.52 23 24 2.2 

100 0 0 465 465 0.55 29 31 3.0 

100 0 15** 198 133 0.56 29 33 3.0 

112 1/4 0 113 85 0.32 28 22 2.7 

112 1/4 15 457 457 0.80 24 24 1.1 

112 0 0 412 492 0.36 35 38 2.8 

112 0 15 523 523 0.69 34 35 3.0 

120 1/4 0 111 99 0.16 29 22 2.7 

120 1/4 15 481 481 0.73 22 24 1.5 

120 0 0 441 351 0.65 39 48 4.3 

120 0 15 412 397 0.86 32 38 3.1 

FMVSS 208 limits 1000 700 1 63 60 10 

Note: * Corresponding to the test conditions used in the MASH guideline (test 30) 

          ** Corresponding to the test conditions used in the MASH guideline (test 32)  
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Appendix E Coefficient of correlation plot between pre-impact conditions and dummy 

body-region injury criteria 

 

 
Figure E.1 Coefficient of correlation plot between pre-impact conditions and dummy body region 

injury criteria: a) HIC36; b) HIC15; c) Chest deflection; d) Chest acceleration; e) Femur load 

 

 

  

a) HIC36 b) HIC15 

c) Chest deflection d) Chest acceleration 

e) Femur load 
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Appendix F Correlation between ORA longitudinal and dummy body-region injury 

probabilities 

 

Figure F.1 Correlation between ORA longitudinal and dummy body-region injury probabilities: 

a) full body; b) head; c) neck; d) chest; e) femur 

a) b) 

c) d) 

e) 
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Appendix G Correlation between ASI and dummy body-region injury probabilities

 
Figure G.1 Correlation between ASI and dummy body-region injury probabilities: a) full body; 

b) head; c) neck; d) chest; e) femur 

 

 

 

a) b) 

c) d) 

e) 
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Appendix H Correlation between THIV and dummy body-region injury probabilities 

 
Figure H.1 0-2Correlation between THIV and dummy body-region injury probabilities: a) full 

body; b) head; c) neck; d) chest; e) femur 

 

 

a) b) 

c) d) 

e) 
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Appendix I GHBMC injury risks equations 

Table I.1 Equations to assess GHBMC injury risks 

Body 

region 
Injury risks 

Injury 

severity 
Reference 

Head 𝑃(𝐻𝑒𝑎𝑑) =  Φ(
ln(𝐻𝐼𝐶15) − 7.45231

0.73998
) AIS 3+  [103] 

Brain 𝑃(𝐵𝑟𝑎𝑖𝑛) =  1 − 𝑒−(
𝐵𝑟𝐼𝐶−0.523

0.513
)1.8

 AIS 3+  [146] 

Neck 

𝑃(𝑁𝑒𝑐𝑘) =  
1

1 + 𝑒3.227−1.969×𝑁𝑖𝑗
 AIS 3+  [103] 

𝑃(𝑁𝑒𝑐𝑘𝐹𝑜𝑟𝑐𝑒) =  
1

1 + 𝑒10.9745−2.375∗𝑁𝑡 𝑜𝑟 𝑁𝑐
 AIS 3+  [103] 

Chest 𝑃(𝐶ℎ𝑒𝑠𝑡) =  
1

1 + 𝑒10.5456−1.568∗𝐶𝐷0.4612 AIS 3+  [145] 

Thigh 𝑃(𝑇ℎ𝑖𝑔ℎ) =  
1

1 + 𝑒4.9795−0.326×𝐹
 AIS 3+  [144] 

Upper 

tibia 

𝑃(𝑈𝑝𝑝𝑒𝑟 𝑇𝑖𝑏𝑖𝑎) =  
1

1 + 𝑒0.5204−0.0819∗𝐹𝑈𝑇+0.0686∗𝑚𝑎𝑠𝑠
 

In which, mass =79 kg 

AIS 2+ [144] 

Lower 

tibia 
𝑃(𝐿𝑜𝑤𝑒𝑟 𝑇𝑖𝑏𝑖𝑎) =

1

1 + 𝑒4.572−0.67∗𝐹𝐿𝑇
 AIS 2+ [144] 

Leg 𝑃(𝐿𝑒𝑔) = 1 −  exp (−𝑒
ln(𝑅𝑇𝐼)−0.2728

0.2468 ) AIS 2+ [144] 

Full-

body 

𝑂𝐼𝑀 = 1 − (1 − 𝑃(𝐻𝑒𝑎𝑑)) × (1 − 𝑃(𝑁𝑒𝑐𝑘))

× (1 − 𝑃(𝐶ℎ𝑒𝑠𝑡)) × (1 − 𝑃(𝑇ℎ𝑖𝑔ℎ)) 

NA [131] 
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Appendix J Copyright from Accident Analysis and Prevention 

The papers “An examination of the performance of damaged energy-absorbing end terminals” 

and “Numerical investigation of occupant injury risks in car-to-end terminal crashes using 

dummy-based injury criteria and vehicle-based crash severity metrics” were published on 

Accident Analysis and Prevention. A copyright description is shown below, no copyright 

permission is required to republish the contents in dissertation.  

 

Author:  

Yunzhu Meng,Wen Hu,Costin Untaroiu 

Publication:  

Accident Analysis & Prevention 

Publisher:  

Elsevier 

Date:  

November 2020 

© 2020 Elsevier Ltd. All rights reserved. 

Journal Author Rights 

Please note that, as the author of this Elsevier article, you retain the right to include it in a thesis 

or dissertation, provided it is not published commercially. Permission is not required, but please 

ensure that you reference the journal as the original source. For more information on this and on 

your other retained rights, please visit: https://www.elsevier.com/about/our-

business/policies/copyright#Author-rights 

 

https://www.elsevier.com/about/our-business/policies/copyright#Author-rights
https://www.elsevier.com/about/our-business/policies/copyright#Author-rights
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Appendix K Copyright from SAE International Journal of Commercial Vehicles 

The paper “Finite Element Modeling of an Energy-Absorbing Guardrail End Terminal” was 

published on SAE International journal of commercial vehicles. The copyright license is as 

below: 

 



98 

 

 



99 

 

 



100 

 

 



101 

 

 



102 

 

 



103 

 

 


