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Abstract
Each year roughly there are roughly 40,000 traffic-related fatalities. Common roadside
objects such as trees, poles, guardrails, embankments, culverts, and fences result account
for roughly 46% of these fatalities. Efforts to reduce to injury risk and risk exposure in
these crashes have been hampered by the difficulty in performing reconstructions.
To address the need for accurate reconstructions in order to assess injury risk, a vehiclespecific stiffness database was added to the WinSmash reconstruction program. This
single modification increased the average estimated delta-V by 8% and reduced error
from 23% to 13% on average. A method to extend the WinSmash energy-based
reconstruction approach to poles and trees that were damaged or broken was
implemented to provide delta-V estimates for these crashes. The error of the pole and
tree reconstruction component was roughly 44% but still represented a significant step
forward for these crashes which previously could not be reconstructed.
The use of strong-post w-beam guardrail along roadsides is the primary method by which
exposure to risk is reduced. Efforts to model guardrails using finite element methods
were hampered by the large number of unknowns and lack of knowledge about the
sensitivity of the crash outcome to each variable. Through a parametric study the soil
properties and rail mesh density were identified as the most significant influences in
simulation outcome. This knowledge was applied to finite element models of damaged
guardrail to identify when the damage compromises the guardrail ability to prevent risk
exposure. Models of guardrail with rail deflection, missing posts, and missing blockouts
identified rail deflection over 6 inches and any number of missing posts as hazardous
conditions. The removal of a single blockout was found to be acceptable if not desirable.
These findings have far-reaching implications. The enhanced WinSmash reconstruction
program has been adopted by NASS/CDS to generate delta-V estimates used by
researchers in all areas of transportation research. The identification of hazardous
guardrail was of great interest to transportation agencies responsible for prioritizing and
performing repairs of damaged guardrail.
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1.

INTRODUCTION

In 2008 alone, there were roughly 32,000 traffic-related fatalities recorded in the Fatality
Analysis Reporting System (FARS). 42% of these fatalities were attributable to crashes
between vehicles, making vehicles the largest source of traffic related fatalities. The
most common sources of fatalities are shown in Figure 1. Trees and poles represent the
3rd and 4th most common sources of fatalities, accounting for 13% and 5% of all fatalities
respectively. Despite being engineered to provide safety safety, guardrails came in as the
6th leading source of fatalities. This category included all types of longitudinal barriers
including the w-beam guardrail, concrete barrier, and cable guardrail.
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Figure 1. Most harmful object struck by vehicle in single vehicle crashes
It can be argued that simply looking at the number of traffic-related fatalities does not
provide an accurate picture because the various types of crashes do not occur with the
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same frequency. In Figure 2, the General Estimates System (GES) was used to examine
how frequently objects were struck, regardless of the resulting injuries. Crashes between
vehicles dominated the list at 66% of all reported crashes. The next most common crash
type was vehicle-to-pole crashes, which accounted for only 5% of all crashes. The
pronounced differences between Figure 2 and Figure 1 suggest that certain types of
crashes, such as pole and tree crashes, may be far more dangerous than the more common
vehicle-to-vehicle crashes.
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Figure 2. Most common objects struck
To determine which crashes were the most dangerous, all of the objects struck were
normalized by dividing the total fatalities attributed to the object by the number of total
crashes with the same object. The resulting risks associated with each object are shown
in Figure 3. Vehicles, which were #1 in both total fatalities and number of crashes,
dropped to the 6th most dangerous object struck. This means that the large numbers of
fatalities attributed to vehicles were caused by the large number of crashes rather than the
Hampton
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inherent danger of striking cars. The most dangerous type of crash was rollovers, which
result in 24 fatalities per every 1000 crashes. Trees were nearly as dangerous, causing 18
fatalities per 1000 crashes. Guardrails and poles both resulted in roughly 5 fatalities per
1000 crashes, making them the 3rd and 4th most dangerous crashes respectively.
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Figure 3. Most dangerous objects struck

Areas of Need
The causes of injury must first be understood in order to reduce the number of traffic
fatalities. The number of injuries and fatalities in crashes are well documented in many
traffic safety databases. Some of the most widely used databases are the Fatality
Analysis Reporting System (FARS), General Estimates System (GES) and the National
Automotive Sampling System / Crashworthiness Data System (NASS/CDS). However,
knowledge of the injuries alone does not provide sufficient information to understand the
events that led to the injury. Therefore, there was a great need for development of

Hampton

3

methods to determine the sources of injury in a crash and how such injuries can be
prevent or mitigated. Three methods were available to realize this goal:
•

Crash tests can be performed that offer detailed measurements of the vehicle
kinematics through which the risk of injury can be computed. The downsides of
crash tests are their prohibitive costs and narrow range of impact conditions.

•

The use of finite element (FE) modeling has become an increasingly acceptable
approach to evaluating a wide range of topics. Although the use of FE models
requires substantial development and computation time, it is far more economical
and flexible than crash tests. However, finite element models require large
amounts of information, i.e. material properties, geometries, and initial positions,
about the components of the model and may not be as economical for
investigating large numbers of non-similar crashes.

•

The final approach was accident reconstruction algorithms. These methods are
often designed for use by individuals who may or may not have a scientific
background. Reconstruction algorithms offer superior flexibility and ease of use
for working with large data sets. However, these methods often suffer from
limited applicability due to the many assumptions used to simplify the
calculations.

For the purposes of this dissertation the scope was narrowed to focus on the analysis of
risks associated with roadside objects (trees, poles, and guardrails) and vehicles, which
represent the greatest sources of danger and the greatest source of fatalities.
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Reconstruction Methods
Vehicles involved in accidental crashes into other vehicles or roadside objects are rarely
instrumented with equipment capable of measuring the severity of a crash. Crash
investigators instead collect information from the crash site and involved persons after
the crash has occurred. Information such as the vehicle damage, markings on the
pavement and barriers, and personal accounts of how the crash occurred are all used as
input data to reconstruct the events of a crash. These data are often used to compute a
delta-V, which is both a measure of crash severity and a reliable indicator of serious
occupant injury [Gabauer and Gabler, 2008].

The largest user of reconstruction algorithms is the NASS/CDS (National Automotive
Sampling System / Crashworthiness Data System). The NASS/CDS database contains
information on roughly 5000 crashes per year, reconstructed with the WinSmash
reconstruction software. These crashes are higher severity, requiring that at least one
vehicle require towing away from the scene, but do not necessarily involve a fatality.
Each crash is extensively investigated and weighted to reflect the frequency of
occurrence on a national scale.

Reconstruction techniques, including WinSmash, are limited by the assumptions they
make about the circumstances of the crash. In the case of the NASS/CDS database, a
large number of events have no associated delta-V. The delta-V may be unknown
because the reconstruction algorithms did not apply, it was not possible to separate a
single event from a multiple event crash, or there was too little information available.
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For the NASS/CDS 2008 case year, roughly 75% of events had no delta-V value as is
shown in Figure 4. In other words, only 800,000 of the roughly 3.6 million crash events
had an estimated delta-V available.
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Figure 4. Number of NASS/CDS events with known and unknown delta-V
Figure 5 shows the breakdown of unknown delta-V by the object struck. Delta-V
reconstructions were most readily available for vehicle-to-vehicle impacts. This was
expected as many of the assumption in WinSmash were made with vehicle-to-vehicle
impacts in mind. Crash events where the vehicle experienced a non-horizontal motion
never had a reconstructed delta-V, since this type of crash violated the assumption that
the crash occurred entire in two-dimensional space. Many other types of crashes such as
sideswipes and impacts with breaking objects violate assumptions as well. Referring
back to Figure 3, the crashes that were most likely to cause serious injuries were the
crashes to which the reconstruction algorithms were least applicable.
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Figure 5. Unknown delta-V by object contacted for all crash events
Even in situations where the delta-V estimates are available, there are questions about the
accuracy of the estimates. With the use of event data recorders (EDRs) becoming
widespread in the recent years, the accuracy of the WinSmash reconstructions could
finally be evaluated. The initial results indicated that WinSmash underestimated delta-V
by 20% on average [Niehoff and Gabler, 2006]. Therefore, reconstruction programs
suffer not only from limited applicability but also from inaccuracies.

Finite Element Methods
Finite element models represent an alternative method to evaluating injury risk and crash
dynamics. The use of finite element models was particularly beneficial when considering
crashes that fall outside the scope of more traditional reconstruction methods. A common
example of this would be the reconstruction of crashes into guardrails, such as the crash
between a strong-post w-beam guardrail and pickup truck shown in Figure 6.
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Figure 6. A finite element model of a crash test into strong-post w-beam guardrail
Many of the assumptions used in reconstruction algorithms are not present in finite
element models. For example, the finite element model can consider vertical as well as
planar forces. Parts of both the vehicle and the guardrail are represented more accurately.
Whereas a reconstruction algorithm such as WinSmash might provide simple estimations
of delta-V and impact speed, broken down by lateral and longitudinal directions, the
finite element model offers detailed information on the vehicle velocities and guardrail
condition at any point and time during the crash.

The downside of finite element models is the amount of time needed to develop and run
the models. Whereas a reconstruction algorithm can be run by a user with no familiarity
with the programming in less than a minute, finite element models can require days to run
and must be carefully developed by researchers with experience in modeling. A critical
limitation relevant to this study is that nearly all models available were focused on the
conditions required of crash tests such as the New Car Assessment Program (NCAP) or
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the National Cooperative Highway Research Program (NCHRP) Report 350 tests for
roadside hardware [Ross et al, 1993].

Objective
The WinSmash reconstruction program used for NASS/CDS delta-Vs was found to
underestimate delta-V in situations where use of the program was applicable. To develop
risk curves for occupant injury, accurate estimates of crash delta-V are needed.
Modifications to the current reconstruction program are needed so that the accuracy of
the program estimates meets the expectations of safety researchers.

There are limitations to the WinSmash program that prohibits use in many of the types of
impacts such as guardrail strikes and breaking trees/poles. These types of crashes carry
high risks of injuries but cannot be reconstructed by traditional methods. Alternative
reconstruction methods have been developed based on conservation of energy and
momentum to estimate the impact speed with a reasonable degree of accuracy. However,
the ability of these algorithms to calculate delta-V and injury risk has yet to be
demonstrated.

Finite element modeling offers the capability to assess many impact conditions that are
not within the scope of standard reconstruction methods. These finite element models
can be used to analyze crashes with roadside objects and generate relationships between
the initial conditions and the delta-V and risk of injury. Furthermore, the finite element
models can be used to determine the capacity of longitudinal barriers such as guardrail.
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Approach
This study will begin with an assessment of the reconstruction algorithm WinSmash
currently used for the NASS/CDS. The WinSmash reconstruction program will be
modified via the addition of a more detailed representation of vehicle stiffness with the
goal of reducing the error in delta-V prediction as compared to the original program. The
accuracy of WinSmash will also be assessed by comparing the delta-Vs with the delta-Vs
recorded by event data recorders (EDRs) for real world crashes. In crashes for which
post-impact scene information is available, the impact speed can also be computed and
compared to EDR data.

In 2009, a new energy based reconstruction method was proposed for pole and tree
impacts. Nearly all of these crashes are outside of the scope of programs such as
WinSmash due to either the yielding nature of the object struck or significant amounts of
non-horizontal motion and force. The effectiveness of these reconstruction methods will
be evaluated by using a combination of EDR data for the impacts that occur more
frequently and finite element analysis for the impacts that are rarer.

The use of finite element models requires that an effort be made to ensure that the finite
element models can realistically represent the roadside objects and vehicles. To
demonstrate this, a section of this study will be devoted to the validation of the models
against real data from crash tests and available crash data. Furthermore, the sensitivity of
the finite element results to certain parameters in the finite element model will be
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established. The findings of this section will be used to demonstrate the validity of using
finite element models to predict crash outcomes.

The remainder of the study will focus on employing finite element methods for guardrail
crashes with prior damage. The types of damage that will be considered are rail
deflection, missing posts, and missing blockouts. These types of damage are some of the
most common and are also considered to be dangerous enough to warrant prioritized
repair by many transportation agencies [Gabauer and Gabler, 2009]. The findings from
the simulations will be used to determine how each type of damage affects the capacity of
damaged and undamaged guardrail to contain and redirect vehicles away from hazardous
objects without causing injury.

This final chapter will summarize the findings of this study. The new and revised
reconstruction methods will be presented, along with the implications for future
researchers.
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2.

DEVELOPMENT AND EVALUATION OF AN IMPROVED
WINSMASH

Introduction
The NASS/CDS is a National Highway Traffic Safety Administration (NHTSA) database
containing records of crashes of sufficient severity to require towing of one or more
vehicles. One of the most crucial components of the database is the estimated change in
velocity (delta-V) for each vehicle. These delta-V values are generated with the
WinSmash crash reconstruction software and are used by NHTSA to analyze trends in
injury risks and vehicle safety performance.

WinSmash estimates delta-V values based on post-crash vehicle deformation and
stiffness values [Prasad, 1990; 1991a; 1991b; NHTSA, 1986; Sharma, et. al., 2007].
While the crush values can be easily measured by investigators, the vehicle stiffness is
more difficult to determine. In earlier versions of WinSmash the vehicle fleet was
divided into categories by vehicle wheelbase and body style. For each category,
WinSmash provided average stiffness values intended to represent the entire group of
vehicles. These stiffness values were referred to as categorical stiffnesses. The stiffness
values vary by the side of the vehicle struck, leading to different stiffnesses for the front,
back, and sides of the vehicle. The crush and stiffness values were used to calculate the
energy absorbed by the vehicle. The distribution of energy between two vehicles (or a
vehicle and fixed barrier) was used to estimate the delta-V of each vehicle.
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One criticism of this approach is that the stiffness values used for each category, which
were based on crash tests for vehicle models dating from 1974 to 1995, may not
accurately represent the diverse vehicle fleet of today. Previous research has also shown
that WinSmash underpredicts the delta-V by approximately 23% [Niehoff and Gabler,
2006]. WinSmash 2008, which was integrated into the NASS data entry system in
January 2008, offered an improved stiffness library with vehicle specific stiffness values
and updated stiffness categories with the intent of improving the accuracy of delta-V
predictions. This raised an important question: to what extent would the WinSmash
delta-V predictions change?
Description of WinSmash 2008
The WinSmash 2008 release included a new library of more than 5,000 vehicle specific
stiffness values for passenger vehicles of model years 1974-2008. There were also new
categorical stiffness coefficients to better reflect the current vehicle fleet. These new
stiffness values resulted in changes to some of the WinSmash delta-V predictions.

In addition to the changes made to the stiffness values, the stiffness selection process of
WinSmash 2008 was reformulated. The previous method of stiffness assignment used by
WinSmash 2007 required the assignment of a numerical stiffness category to each vehicle
based on the vehicle body style and wheelbase. One of the difficulties associated with
this method was that it relied on the user’s knowledge of the exact range of wheelbases
and body styles for each category.
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A new, automated stiffness selection process was added in WinSmash 2008 to reduce
some of the difficulties associated with WinSmash 2007. Rather than rely on the
assignment of a numerical stiffness number by the crash investigator, WinSmash 2008
automatically assigns stiffness values based on the vehicle damage side, wheelbase, and
body style without input from the user. WinSmash 2008 first attempts to retrieve vehicle
specific stiffness values from the new library of vehicle stiffness values. If this is not
successful, WinSmash 2008 will then automatically select the appropriate stiffness
category.

The changes made to WinSmash 2008 may have a significant effect on the NASS delta-V
distributions.

This change could have important policy repercussions, as the delta-V

predictions made by WinSmash and published in the NASS/CDS database are widely
used by NHTSA and other crash safety groups to define crash safety problems and
evaluate countermeasure effectiveness. If the delta-V distributions predicted by the new
WinSmash do not agree with the previous versions, the validity of research conducted
using the previous versions of NASS/CDS based on older versions of WinSmash may
need to be re-examined.

Objective
The objective of this study was to determine how the WinSmash 2008 enhancements will
affect the distributions of delta-V in NASS/CDS. Because the delta-V estimates for the
2007 case year were computed using WinSmash 2007, this study is effectively a
comparison of WinSmash 2007 and WinSmash 2008.
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Methods
The approach was to select one NASS/CDS case year and recompute all delta-Vs for that
case year with WinSmash 2008. The WinSmash 2008 results would then be compared to
the results stored in NASS/CDS. The NASS/CDS 2007 case year was selected as a
reasonably sized pool of cases upon which to run the WinSmash comparison. Results for
this case year were computed using WinSmash 2007. The raw data for 2,762 collisions,
involving 4,859 vehicles, were collected from the NHTSA Electronic Data System (EDS)
using the methods described in detail in Appendix A. The EDS is a database maintained
by NHTSA which contains information used to generate the publically available
NASS/CDS SAS tables. The EDS database contains all of the WinSmash input
parameters needed to compute delta-V for each NASS/CDS case.

To facilitate comparison of the two versions, each collision in NASS EDS that was
ranked as the most severe impact and for which WinSmash results were available was
reconstructed in both WinSmash 2007 and WinSmash 2008. The WinSmash versions
used for this study were WinSmash 2007 (v2008.1.10) and WinSmash 2008
(v2008.11.24.0). The WinSmash 2008 stiffness library release date was 5-15-2009.
Computing the WinSmash Results
After the collection and assembly of all the data elements needed to run WinSmash, the
next step was to calculate the WinSmash 2007 and WinSmash 2008 results for each run.
A program was developed with the ability to read a database containing the raw
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WinSmash data collected from the EDS. Then the program would run both WinSmash
2007 and 2008 on the data and assemble the results. Each result set contained the total,
longitudinal, and lateral delta-V, as well as the absorbed energy. For each run, this
program would report three sets of results: the original results as saved in NASS/CDS,
the WinSmash 2007 results as recalculated by the program, and the WinSmash 2008
results.

Both WinSmash 2007 and WinSmash 2008 possessed several options for calculating
delta-V, referred to as calculation types, which allowed a greater degree of flexibility in
situations where some vehicle information was missing. The available calculation types
(also called runs, which is analogous to collisions) were:

•

Standard Run – Two fully defined vehicles

•

Barrier Run – One fully defined vehicle and one fixed, non-deforming object

•

CDC (Collision Deformation Code) Only Run – One fully defined vehicle and
one CDC only vehicle

•

Missing Run – One fully defined vehicle and one missing vehicle

Fully defined vehicles are characterized by a CDC and a crush profile. A CDC only
vehicle is similar, but lacks the crush profile, which WinSmash approximates from the
CDC. Missing vehicles have the least information available as both the CDC and crush
profile are unknown. The amount of vehicle information available usually decides which
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calculation type will be used, i.e. if one vehicle is missing then only a missing run can be
calculated.

The WinSmash calculation type used to compute the delta-V for each run was not
recorded in the NASS EDS. Thus, it was necessary to find a way to determine which
calculation type (Standard, Missing, Barrier, or CDC Only) was used to generate the
results. Our approach was to try all possible calculation types until the correct type was
found (the matching process is further discussed in the validation section below).
Validation
Before any comparisons between the WinSmash 2007 and 2008 were made, the
recomputed WinSmash 2007 results were validated against the results saved in the
NASS/CDS tables. This step verified that the WinSmash 2007 input data were correctly
reassembled to reproduce the same results as were stored in NASS/CDS.

The first part of the validation was a comparison of the absorbed energies of both
vehicles in the collision. An arbitrary threshold of 2 Joules was used to account for
rounding errors and program precision. If even one vehicle energy value differed by
more than two Joules, then the reconstructed WinSmash run was considered invalid. All
runs for which the energies could not be matched were separated from the analysis. In
total, 89 runs were rejected due to the inability to reproduce the recorded energy values.

Due to flexibility in the assignment of stiffness categories by the investigators, the
energies of the vehicles as stored in the NASS/CDS was not always within 2 Joules of the
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recalculated energy for 109 runs. This had the greatest effect on utility vehicles and a
smaller effect on vans. Utility vehicles in particular were overrepresented in the group of
runs for which energies could not be matched, due mostly to deviances in stiffness
category assignment. Energy mismatches were biased toward both front and back
impacts. Utility vehicle side impacts were the least affected, most likely due to the
simpler stiffness category selection process. A small number of car impacts also made
this list, but the reasons could not be determined.

In addition to matching by energy, the NASS/CDS results were also verified by total
delta-V. Any run for which the recomputed WinSmash 2007 total delta-V did not exactly
match the NASS/CDS delta-V for all vehicles was removed from the analysis. A total of
423 runs were removed due to unmatched delta-V values, leaving 1,808 runs involving
3,201 vehicles with validated energies and delta-Vs.

With the NASS/CDS results validated, the final comparison between the NASS/CDS and
WinSmash 2008 delta-Vs could be made. For groups of vehicles, the percent difference
between the WinSmash 2008 total delta-V values and the WinSmash 2007 total delta-V
values was computed using a least squares fit to the data. All trendlines were linear and
forced to pass through the point (0, 0). The trendline equation takes the form of

y = mx
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Where the value of (m – 1) represents the average percent change in delta-V values
between NASS/CDS 2007 and WinSmash 2008.

Results
The make-up of the successfully matched WinSmash runs is summarized in Table 1 and
Table 2. The most common run type was standard runs at 41%. The majority of the
vehicles were cars (62.2%) and the most common general area of damage (GAD) was the
front. For slightly more than half of the vehicles (60.4%), the vehicle specific stiffness
values were used.

With the WinSmash 2007 and WinSmash 2008 results computed for all 1,808 runs, the
differences in the delta-V distribution were calculated. The resulting distribution is
shown in Figures 7 and 8. As shown in Figure 8, the delta-V predicted by WinSmash
2008 was found to be about 7.9% higher on average. This corresponded to a 1.9 kph (or
1.2 mph) increase on average for each vehicle.

Table 1. Composition of the dataset by WinSmash run type
WinSmash Run Type
Barrier
CDC Only
Missing Vehicle
Standard
Total
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Total

%

415
10
643
740
1808

23.0%
0.5%
35.6%
40.9%
100.0%
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Table 2. Composition of the dataset by vehicles
Total
3201

%

393
1930
878

12.3%
60.3%
27.4%

Body style
Cars
Pickup Trucks
Utility Vehicles
Vans

1990
403
594
214

62.2%
12.6%
18.5%
6.7%

Stiffness Source
Categorical
Vehicle Specific

1268
1933

39.6%
60.4%

Total # of Vehicles
General Area of Damage
Back (B)
Front (F)
Side (R, L)

The spread was very large for individual runs. Decreases of -50% and increases of
+100% were the largest observed. The more extreme values were typically associated
with the use of the WinSmash missing vehicle calculation type.
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Figure 7. Delta-V distributions for
WinSmash 2007 and WinSmash 2008
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Figure 8. WinSmash 2008 delta-V vs.
WinSmash 2007 delta-V

Previous research [Niehoff and Gabler, 2006] indicated that the accuracy of WinSmash
was dependent on vehicle type. Table 3 and Figure 9 show the breakdown for all vehicle
delta-Vs by vehicle type. Pickup trucks showed the smallest increase (3.3%) while utility
vehicles increased the most (9.6%). In previous versions of WinSmash, utility vehicles
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and vans were always lumped together into the same category, so it was not surprising
that both groups of vehicles showed similar increases.

Table 4. WinSmash delta-V changes by
WinSmash calculation type

Table 3. WinSmash delta-V changes by
vehicle type
% Change
Cars
Pickup Trucks
Utility Vehicles
Vans

8.3%
3.3%
9.6%
8.5%

Correlation
(R2)
0.918
0.889
0.899
0.916

Barrier
Standard
Missing Vehicle
CDC Only

# of Runs
415
740
643
10

% Increase
8.3%
8.7%
6.4%
13.1%
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Figure 9. Results by vehicle type
The data were next broken down by calculation type in Table 4 and Figures 10 - 13.
There was little variation in average delta-V change by run type. Barrier and standard
runs showed increases between 8.3% and 8.7%. Missing vehicle runs increased by 6.4%
on average despite large variations in individual crashes. CDC only runs were the
exception with a 13.1% increase, but there were very few CDC only runs.

Hampton

22

Most of the run types showed strong correlation between the WinSmash 2007 and
WinSmash 2008 delta-V (R2 above 0.93). The exception was the missing vehicle runs,
which showed a larger degree of variability, dropping the R2 score for these runs to 0.95.
From Figure 12, it can be seen that most of the greatest changes in delta-V were
associated with the missing vehicle run type.
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Figure 10. WinSmash 2008 vs. WinSmash
2007 delta-V for all barrier runs
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Figure 12. WinSmash 2008 vs. WinSmash
2007 delta-V for missing vehicle runs
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Figure 13. WinSmash 2008 vs. WinSmash
2007 delta-V for all CDC only runs

Delta-V by General Area of Damage
Vehicle stiffness values vary by the side on which the damage occurs (front, side, back),
called General Area of Damage (GAD) in NASS/CDS and damage side in WinSmash.
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Therefore, any difference in delta-V between the two versions of WinSmash could also
vary by GAD. WinSmash runs using the barrier calculation type were useful because
these crashes involve only one vehicle and thus there was no secondary vehicle to
influence the delta-V results of the first vehicle. The results for all 415 barrier runs are
shown in Table 5 and Figure 16. The delta-V results were found to vary greatly by the
GAD. Back impacts showed a small change (3.0%) while side impacts showed a larger
increase (11.5%) that was higher than the 8.0% average increase for frontal impact
barrier runs.

Table 5. Average delta-V increase by GAD and run type
Front Side Back
# of Runs
8.1% 8.3% 5.3%
1808
All Runs
8.0% 11.5% 3.0%
415
Barrier
8.6% 10.7% 4.6%
740
Standard
7.4%
3.9%
6.6%
643
Missing Vehicle
16.4% 7.8% 2.3%
10
CDC Only
Table 6. Average delta-V change for WinSmash runs (excluding barrier runs) by
damaged side pairs
F–F
F–S
F–B
S–S
S–B
Total Runs

All Types
9.0%
7.6%
6.2%
15.2%
-3.7%
1393

Standard
7.3%
11.1%
4.9%
15.2%
-3.8%
740

Missing Vehicle
13.4%
3.0%
7.4%
15.5%
-3.7%
643

CDC
21.5%
11.2%
1.4%
14.0%
0.0%
10

Total Runs
256
734
363
32
8
1393

All of the WinSmash runs as a whole showed delta-V trends that were similar to those for
barrier runs, although less pronounced. All side impacts increased by 8.3% on average
and back impacts increased only 5.3% on average. Front impacts increased by 8.1%.
Standard runs, also shown in Figure 17, showed similar increases.
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CDC only runs showed the largest increases in delta-V for frontal impacts. Delta-V
increases for missing vehicle runs were the most consistent across all GADs. Missing
vehicle runs were the largest contributors to delta-V increases in back impacts with a
6.6% increase. The largest increase in delta-V was from CDC only vehicles struck in the
front at 16.4%, but the results for CDC only vehicles were unreliable due to the small
sample size.

One limitation of analyzing the delta-V results by the GAD of one vehicle is that the
delta-V results are affected by the other vehicle in the crash. This was especially true for
missing vehicle runs, which rely heavily on the fully defined partner vehicle’s energy and
relative stiffness to generate the missing vehicle results. Table 6 was created to observe
the changes in delta-V by GAD pairings rather than by looking at individual GADs.

For standard runs, the data trends in Table 6 matched up with the trends shown in
Table 5, i.e. the greatest increases were observed for side impacts and the smallest
increases for back impacts. The data points for this analysis are shown in Figures 16 19. For standard runs, the increase in delta-V for all front-to-side crashes was 11.1%, less
than side-to-side crashes which increased by 15.2%, but higher than front-to-front crashes
which increased by 7.3%. Side-to-back impact was the only crash configuration to result
in a delta-V decrease, although this may have been due to the small sample size.

The delta-V breakdown for missing vehicles was not as clear. The results from
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Table 5 suggested that the delta-V increases would be fairly consistent for all of the
damage pairs. However, in Table 6 the changes in delta-V varied widely. The average
increases for front-front and side-side pairs were large (13.4% and 15.5% respectively).
However, the change in front-side pairs was well below that of any other run type. The
missing vehicle results might be explained by examining which vehicle a GAD is
associated with. To determine whether this was the case, the missing vehicle data were
examined in more detail.

Missing Vehicle
GAD

Table 7. Average delta-V change for missing vehicle runs by GADs
Fully Defined Vehicle GAD
Total Runs
Front
Side
Back
Front

13.4%
(n=82)

10.0%
(n=179)

-0.4%
(n=78)

8.9%
(n=339)

Side

-0.9%
(n=145)

15.5%
(n=18)

2.5%
(n=3)

-0.6%
(n=166)

12.6%
(n=137)
6.6%
(n=364)

-15.6%
(n=1)
9.9%
(n=198)

NA

12.3%
(n=138)

-0.3%
(n=81)

643

Back
Total Runs

Unlike standard runs, missing vehicle runs were asymmetric. In Table 7 and Figures 20 22, the results by missing vehicle GAD and the partner vehicle GAD are presented. The
delta-V increases varied by a large amount. For example, a missing vehicle struck in the
side by the front of a fully defined vehicle resulted in a 0.9% decrease in delta-V whereas
a fully defined vehicle struck in the side by the front of a missing vehicle resulted in a
10% increase in delta-V. The same pattern was observed for side-to-back and front-toback impacts as well. Thus, the missing vehicle runs were very asymmetric in that the
results were strongly dependent on which vehicles the GADs were associated with.
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Effect of Using Vehicle Specific Stiffness Values
Given that WinSmash 2008 used a different stiffness selection procedure than WinSmash
2007, it was possible that changes in the delta-V results could be biased toward vehicles
for which vehicle specific stiffness values were available. A subset of the data was
collected containing 774 runs including 1,265 vehicles. This group contained 675 unique
vehicles or roughly 13% of the vehicles in the library. The vehicles in this dataset used
vehicle specific stiffness values. All of these runs were recomputed in WinSmash 2008,
this time forcing the use of categorical stiffness values. Both sets of results (vehicle
specific and categorical) were compared against the original NASS/CDS results as
recomputed with WinSmash 2007.

The average delta-V changes (with respect to the NASS/CDS 2007 delta-Vs) were
broken down by the stiffness source, as shown in Table 8 and Table 9 shows the average
delta-V increases for vehicles using vehicle specific stiffness values in WinSmash 2008.
Table 9 shows the average delta-V changes for vehicles using categorical stiffness.

Table 8. Delta-V changes using vehicle specific stiffness
Average % Increase
# of Vehicles
All Vehicles
7.6%
1265
Standard Runs
7.2%
526
Barrier Runs
7.8%
283
CDC Only Runs
6.0%
4
Missing Runs
8.1%
452
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Table 9. Delta-V changes using categorical stiffness
Average % Increase
# of Vehicles
All Vehicles
7.7%
1265
Standard Runs
9.0%
526
Barrier Runs
8.1%
283
CDC Only Runs
6.0%
4
Missing Runs
5.1%
452
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Figure 14. Delta-V using categorical
stiffness in WinSmash 2008
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Figure 15. Delta-V using vehicle specific
stiffness in WinSmash 2008

Despite the potentially large differences in stiffness values between the vehicle specific
and categorical sources, the changes in the overall delta-V were small (7.6% vs. 7.7%).
The difference in average delta-V between the two groups was less than 0.3 kph. CDC
only and barrier runs showed the least change in delta-V. When using different stiffness
sources, the missing vehicle runs differed by 3%. When using categorical stiffness, the
largest increases were observed in standard runs, while the largest increases for vehicle
specific stiffness were associated with the missing vehicle runs.

One difference between the two sets of data that was not shown by the above table was
the range by which an individual case would differ from the average. In Figure 14, all of
the vehicle data used for the categorical analysis are shown. The correlation value, R2,
was 0.979 for this set of data, indicating that there delta-V predictions were consistent.

Hampton

28

Figure 15 readily showed much more scatter with R2 = 0.886. The greater degree of
variability was directly related to the greater variation in the vehicle specific stiffness
values. The runs with the largest changes in delta-V tended to be missing vehicle runs.
Missing vehicle runs were in general more susceptible to large changes in delta-V
because the missing vehicle energy was calculated from the stiffness values of the two
vehicles. However, the differences between the vehicle specific and categorical stiffness
approaches tended to disappear as the number of runs became large.
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Figure 16. WinSmash 2008 delta-V vs. WinSmash 2007 delta-V for
barrier runs by GAD
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Figure 17. WinSmash 2008 delta-V vs. WinSmash 2007 delta-V for standard runs
by GAD
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Figure 18. WinSmash 2008 delta-V vs. WinSmash 2007 delta-V for
missing vehicle runs by GAD

Hampton

0

10

20

30

40

50

60

WinSmash 2007 Total Delta-V (kph)

Figure 19. WinSmash 2008 delta-V vs. WinSmash 2007 delta-V for CDC only
runs by GAD
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Figure 20. WinSmash 2008 delta-V vs. WinSmash 2007 delta-V for
missing vehicle runs (GAD = F)
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Figure 22. WinSmash 2008 delta-V vs. WinSmash 2007 delta-V for
missing vehicle runs (GAD = B)
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Discussion
WinSmash 2008 was designed to have improved stiffness values and stiffness assignment
procedures. Use of this new version had raised the question as to how the delta-V
distributions of future NASS /CDS case years would differ from the previous years. To
answer this question, the results for 1,808 runs from the NASS 2007 case year were
recomputed using WinSmash 2007 and WinSmash 2008. The resulting data, shown in
Figure 7 and Figure 8, indicated that WinSmash 2008 predicted delta-Vs 7.9% higher on
average than WinSmash 2007, or 1.9 kph higher per case.

The spread was very large on an individual run basis, ranging between -50% and +100%.
Many of the more extreme variations were due to the new stiffness selection process.
Vehicle specific stiffness values, which pertain to only a single vehicle, can differ
enormously from categorical stiffness values created by averaging many vehicles.

In a previous study by Niehoff (2006), it was reported that older versions of WinSmash
underestimated the delta-V by 23% on average. When broken down by vehicle type, the
study found that pickup trucks were underestimated by 3%, vans and utility vehicles by
22%, and cars by 31%. With WinSmash 2008, the delta-V for all vehicle types has
increased. Pickup trucks, which experienced a 3.3% increase in delta-V, should now be
within 1% of the true delta-V. On the other hand, predicted delta-V for vans and utilities
were improved but were still underestimated by about 12% and cars were still greatly
underestimating the delta-V by 23%.
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GAD was found to have an important effect on the changes in delta-V for WinSmash
2008. An analysis by individual vehicles, summarized in Table 5, revealed that side
impacts tended to show the largest increases (8.3%) and back impacts generally showed
the smallest increases (5.3%). A critical problem with this approach was that the other
run types (standard, missing vehicle, and CDC only) all involve two vehicles, each of
which can influence the other vehicle’s results.

For runs involving more than one vehicle, the changes to the delta-V were broken down
further by damage pairs in Table 6. For standard runs, the results were as expected.
Delta-V in side-to-side impacts increased by 15.2%, while delta-V for front-to-frontimpacts increased 7.3%, and any configuration that involved a back impact showed the
lowest, or even a negative, change in delta-V. However, the results for missing vehicles
did not follow this pattern due to the asymmetric nature of the missing vehicle runs.

Unlike standard runs, both missing vehicle and CDC only runs were asymmetric, in the
sense that both types of runs involved a fully defined vehicle and another vehicle that was
missing some amount of information. Thus, the delta-V changes will be different
depending on which vehicle was struck in which side. It also depended on which vehicle
was fully defined and which was a CDC or missing vehicle. Table 7 shows the results for
missing vehicle, broken down by GAD permutations. It was assumed that the CDC only
runs would have shown a similar asymmetric distribution. However, there were only 10
CDC only runs available, which was not enough to perform the analysis.
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The use of the vehicle specific stiffness values had a minor effect on the overall change in
delta-V, although results for individual runs could vary greatly. This was an expected
result since the categorical stiffnesses were generated by averaging many vehicle specific
stiffnesses. There was also little variation by run type. Missing vehicle runs were the
most susceptible to extreme changes in delta-V. This was because the missing vehicle
results depend on the ratio of vehicle stiffness values.

Conclusions
The use of WinSmash 2008 resulted in an increase in the average delta-V when used to
recompute the results of the NASS/CDS 2007 case year. All of the results in NASS/CDS
2007 were originally computed with WinSmash 2007. For the 1,808 runs in this study,
the average increase in delta-V was 7.9% per vehicle. This was a 1.9 kph, or 1.2 mph,
increase. Given that previously published literature indicated that WinSmash underestimated delta-V by 23% on average, the changes in WinSmash 2008 represent an
improvement in the delta-V estimates, although WinSmash still underestimates delta-V
by roughly 15%.

•

The increases in delta-V were relatively consistent across all vehicle types, except for
pickup trucks. In order of magnitude, delta-V for utility vehicles increased 9.7%,
vans 8.5%, cars 8.3%, and pickup trucks 3.3%.

•

The results for barrier runs were broken down by general area of damage (GAD).
The changes to delta-V were found to vary greatly by the side of damage. Delta-V
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for side impacts increased the most (8.3%), followed by frontal impacts (8.1%). Back
impacts showed smaller increases in delta-V (5.4%). A similar pattern was observed
in the standard runs, but not in the CDC or missing vehicle runs.
•

The changes in delta-V varied widely by collision mode.

Side-to-side impacts

showed a large increase in delta-V (15.2%). Collision modes involving at least one
front impact showed more moderate increases (6.2% to 9.0%). Side-to-back impacts
were the only mode to show a decrease (-3.7%).
The changes in WinSmash 2008 will result in a discontinuity between the average deltaV in NASS/CDS 2008 and the earlier years.
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3.

THE ACCURACY OF WINSMASH DELTA-V ESTIMATES

Introduction
Delta-V, or the change in velocity of a vehicle, is a widely used indicator of crash
severity. It is also popular as a predictor of occupant risk due to its correlation to
occupant injuries [Gabauer and Gabler, 2008]. Delta-V estimates are usually obtained
from crash reconstruction programs such as CRASH3 or WinSmash. Numerous studies
of CRASH3 [Smith and Noga, 1982; O’Neill et al, 1996; Lenard et al, 1998] and
WinSmash [Nolan et al, 1998; Stucki and Fessahaie, 1998] have demonstrated that these
programs have substantial error in the delta-V estimates. An enhanced version of
WinSmash has been developed to address these inaccuracies.

A publicly available source of delta-Vs for real world crashes is the National Automotive
Sampling System / Crashworthiness Data System (NASS/CDS). This database provides
data from investigations of roughly 4,000 - 5,000 police reported tow-away crashes each
year. These delta-V estimates are used by researchers to assess vehicle safety, develop
vehicle test protocols, and perform costs and benefits analyses. The delta-V estimates in
NASS/CDS are produced using the crash reconstruction software, WinSmash. NASS
case years 2000 – 2006 were computed with WinSmash 2.42. Year 2007 was computed
with WinSmash 2007, which was computationally identical to WinSmash 2.42. Case
years 2008 onward were computed with the enhanced versions of WinSmash, the first of
which was WinSmash 2008.
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Early Crash Reconstruction
One of the earliest crash reconstruction programs was CRASH3. Estimates of vehicle
delta-V were calculated using the crush measured from a vehicle and representative
vehicle stiffness values obtained from crash tests to compute the energy absorbed by the
vehicle, which was in turn used to estimate the delta-V of all vehicles in a crash [Prasad,
1990, 1991a, 1991b; NHTSA, 1986]. Many modern reconstruction programs, including
the WinSmash software used for the NASS/CDS database, were descended from this
program.

The vehicle stiffness values in CRASH3 and early versions of WinSmash were
represented by assigning an individual vehicle to one of nine stiffness categories. These
categories were:
1. Mini Cars
2. Subcompact Cars
3. Compact Cars
4. Intermediate Cars
5. Full Size Cars
6. Large Cars
7. Vans and Four Wheel Drive Vehicles
8. Pickup Trucks
9. Front Wheel Drive Cars
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The majority of vehicles fell within one of four categories: compact cars, vans and four
wheel drive vehicles, pickup trucks, and front wheel drive cars.
The Appearance of Event Data Recorders
Event data recorders (EDRs) are devices installed in vehicles with the capability to record
the change in vehicle velocity during a crash. Niehoff et al [2005] showed that event data
recorders provided maximum delta-V values within 6% of the true maximum delta-V as
calculated from crash test instrumentation. The availability of EDR data for real world
crashes provided an opportunity to evaluate the accuracy of delta-V reconstruction
methods for conditions other than crash tests.

Using the EDRs as an objective measure of delta-V, Niehoff and Gabler [2006] examined
the accuracy of WinSmash 2.42 in predicting delta-V for real world crashes documented
in years 2000 – 2003 of NASS/CDS. Their findings indicated that WinSmash
underestimated the delta-V by 23% on average. The degree of underprediction varied
greatly by body type, i.e. car, pickup truck, van, or utility vehicle. Inclusion of vehicle
restitution and the use of vehicle specific stiffness coefficients were recommended as
methods to reduce the error in WinSmash delta-V estimates. The measurements of the
vehicle crush and principal direction of force (PDOF) are also possible sources of error.
However, the PDOF and crush are difficult to measure and the restitution is impossible to
collect when investigating a vehicle after the crash. The use of vehicle specific stiffness
values was the most feasible change since the stiffness values can be readily obtained
from government-mandated crash tests. This study examined the effect of enhanced
stiffness values on WinSmash delta-V estimates.
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Enhancements to WinSmash
In 2006, the National Highway Traffic and Safety Administration (NHTSA) initiated a
research effort to improve the accuracy of WinSmash. WinSmash 2008 was the first
version of WinSmash to include the vehicle specific stiffness approach. The
implementation required the creation of a library of vehicle specific stiffness values
representing stiffness data for over 5,000 vehicle years, makes, models, and body types to
be included with WinSmash to ensure ease of use and accessibility. The use of these
stiffness values was prioritized over the use of categorical stiffness values. Hampton and
Gabler [2009] showed that nearly 2/3 of all vehicles that are reconstructed by WinSmash
for NASS/CDS could be successfully matched with vehicle specific stiffness values.

WinSmash 2008 will automatically select the appropriate stiffness category for
reconstructions where the vehicle specific stiffness values were not available. The
stiffness values corresponding to the car categories were updated to improve the accuracy
of the delta-V estimates. Categories 7 – 9 were dropped. Vans and four wheel drive
vehicles, formerly category 7, were separated into their own categories, each of which
was further subdivided into large and small vehicles. Pickup trucks, formerly category 8,
were similarly split into two new categories for large and small trucks.

Hampton and Gabler [2009] showed that these changes to the WinSmash reconstruction
software resulted in delta-Vs 7.9% higher on average than the delta-Vs estimated using
WinSmash 2007, which was equivalent to WinSmash 2.42. The results were observed to
vary by body type, the side of the vehicle sustaining damage, and the object struck.
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After the enhancements were completed, a reevaluation of the sources of variability, such
as the vehicle body type, degree of structural overlap, and investigator confidence was
needed. The objective of this study was to provide this reevaluation by comparing the
delta-V estimated from the enhanced version of WinSmash to the maximum delta-Vs
recorded by EDRs.

Methods
Event Data Recorders
Data from 3,685 General Motors (GM) event data recorders (EDRs) were available for
this study. A total of 245 Ford EDRs were available but were not included because too
few were available for a thorough analysis. Other major automobile manufacturers such
as Toyota and Chrysler include EDRs with their vehicles. However, the EDR data from
these sources were not available or not readable. Therefore, the EDRs in the dataset were
comprised entirely of GM data.

Not all of the GM EDRs recorded data for deployment level events, i.e. an event of
sufficient severity to trigger the airbag deployment. A total of 1,944 EDRs were removed
because they did not record a deployment level event. Non-deployment events were
excluded from this study because the data recorded were not “locked in” and could have
been overwritten by a subsequent event. As noted by Niehoff and Gabler [2005], even if
the EDR records deployment-level data, it does not always record the complete crash
pulse.
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One additional EDR was removed because the crash was so severe that the EDR was
damaged. An additional 476 EDRs were removed because the crash pulse was not fully
captured. Completeness of the crash pulse was determined by calculating the vehicle
acceleration between the last two recorded delta-Vs. All pulses ending with greater than
2 G of acceleration were excluded. The remaining 1,265 EDRs represented data of
sufficient quality and severity to be used in this study.

All of the GM EDRs used in this study recorded delta-V data only in the longitudinal
direction. Because of this, the dataset for this study was restricted to frontal impacts
only.
Collection of WinSmash Data
Obtaining WinSmash delta-V predictions requires information about the vehicle. For
events where the EDR-equipped vehicle struck another vehicle, information for the other
vehicle and the orientations of both vehicles must be collected. The data needed
included:

•

Vehicle year, make, model, and body type

•

Dimensions of the vehicle

•

Crush profile (depth, width, location)

•

Vehicle headings and direction of force
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Fortunately, the data needed to compute WinSmash results were readily available from
years 2000 to 2008 of the National Automotive Sampling System / Crashworthiness Data
System (NASS/CDS). The methodology for assembling the WinSmash data is described
in Appendix A. As many reconstructions as possible were assembled to maximize the
chance of matching a reconstruction with an EDR.
Matching EDR and WinSmash Data
A key difference between the EDR data and NASS/CDS data was that EDRs recorded the
first event of sufficient severity to trigger the airbag deployment whereas the NASS/CDS
database documented the event of highest severity. For vehicles experiencing multiple
events in a crash, it can be a challenge to identify which event had been captured by the
EDR and whether other events overlapped with the recorded delta-V pulse.

To ensure the correct event was isolated, the number of events associated with each
vehicle was determined using the NASS/CDS database. A total of 530 EDRs were
removed from the dataset because the vehicles were involved in more than one event,
leaving 735 suitable crash pulses. Crashes with multiple events were permitted if the
EDR-equipped vehicle experienced a single event only. An additional 124 EDRs were
removed because there was no information or insufficient information to perform a
WinSmash reconstruction. This often occurred when the vehicle was involved in a crash
that could not be reconstructed in WinSmash such as a sideswipe or non-horizontal
impact. An additional 112 EDRs were removed because the EDR-equipped vehicle was
struck in the side. Finally, 20 EDRs were removed because the crush profiles
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documented in NASS/CDS were invalid, meaning that the damage was positioned
completely or partially outside the body of the vehicle. This left a total of 478 EDRs.
Computation of WinSmash Delta-V
Regardless of which year of NASS/CDS a crash was investigated, the delta-V for each
vehicle was computed using the enhanced WinSmash. Since the EDRs in the vehicles
recorded only longitudinal delta-V, all of the WinSmash results presented in this study
were the longitudinal delta-V rather than the total delta-V. Delta-Vs for vehicles that
struck or were struck by EDR-equipped vehicles were calculated but were not included in
the results, unless these vehicles also contained an EDR. There were 9 crashes in which
the EDR was available for both vehicles.
Statistical Analyses
All analyses of the delta-V results were performed with the Statistical Analysis Software
(SAS) version 9.2. The accuracy of the delta-V estimates were evaluated using linear
regression techniques with all curves passing through the origin. Variability of the data
was assessed by computing the R2 value and the root mean square error (RMSE).
Plotting of data was performed in Microsoft Excel. Note that the R2 values were
calculated by SAS and were not the same as the value that would be computed by
Microsoft Excel [Eisenhauer, 2003].
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Results
Composition of the Dataset
A total of 478 vehicles with both EDR data and WinSmash reconstruction data were
collected for this study. These vehicles represented crashes occurring in the years 2000 –
2008. Model years for the vehicles ranged from 1994 to 2008. Chevrolet and Pontiac
vehicles represented 68% of the vehicles. The remaining vehicles were other General
Motors (GM) makes such as Buick, Cadillac, GMC, Oldsmobile, and Saturn.

The make-up of the final dataset is summarized in Table 10. The dataset contained
mostly cars and all of the EDR-equipped vehicles were struck in the front. The principal
direction of applied force (PDOF1 in NASS/CDS), which is 0° for a perfectly frontal
impact and increases clockwise around the vehicle to a maximum of 350°, indicated that
most impacts were linear frontal impacts with a smaller number of angled frontal
impacts.

The majority of WinSmash reconstructions (67%) were standard or barrier
reconstructions. Most other crashes were reconstructed with the missing vehicle
algorithm (29%). The calculation type and its effects on delta-V are discussed in more
detail in the calculation type section.
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Table 10. Composition of the dataset
Total
478
All Vehicles

%

Body type
Cars
Pickup Trucks
Utility Vehicles
Vans

354
50
50
24

74%
10%
10%
5%

WinSmash Calculation Type
Standard
Barrier
Missing Vehicle
CDC Only

273
49
136
20

57%
10%
29%
4%

WinSmash Stiffness
Vehicle Specific
Categorical – Compact Car
Categorical – Other Car
Categorical – Minivan / Van
Categorical – Utility Vehicle
Categorical – Pickup Truck

316
86
26
11
29
10

66%
18%
5%
2%
6%
2%

Principle Direction of Applied Force (PDOF)
290° – 310°
11
320° – 340°
91
350° – 10°
276
20° – 40°
89
50° – 70°
11

2%
19%
58%
19%
2%

Delta-V Estimates from WinSmash 2008
The enhanced WinSmash delta-V estimates for all 478 events were plotted against the
event data recorder (EDR) maximum delta-V in Figure 23. The WinSmash
reconstructions underestimated the delta-V by 13.2% on average. While there was still
room for improvement, this represented a substantial improvement over the previously
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reported 23% underestimation. The root mean square error (RMSE) was 9.40 kph (5.84
mph) for the enhanced WinSmash, whereas the RMSE was 8.08 kph (5.02 mph) for the
NASS/CDS delta-Vs. This increase in variability was attributed to the wider range of
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stiffness values obtained from the vehicle specific stiffness approach.
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Figure 23. Enhanced WinSmash delta-V predictions for all 478 vehicles
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Figure 24. Changes to predicted delta-V due to WinSmash enhancements
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The total delta-Vs estimated by the enhanced WinSmash were compared to the total
delta-Vs recorded in NASS/CDS. The NASS/CDS delta-Vs from years 2000-2007 were
computed with earlier versions of WinSmash whereas the 12% of cases from 2008 were
computed with the enhanced WinSmash. The delta-Vs from only the enhanced
WinSmash were 8.1% higher than the NASS/CDS delta-Vs on average as shown in
Figure 24. This was similar to 7.9% increase reported by Hampton and Gabler [2009].
Vehicle Bodystyle
In a study of WinSmash 2.42 by Niehoff and Gabler [2006], the accuracy of the delta-V
varied greatly by the body type of the vehicle, primarily because the body type dictated
the stiffness category used. They reported that compact cars (category 3) underestimated
delta-V by 14%, vans and utility vehicles (category 7) by 22%, pickup trucks (category 8)
by 3%, and front wheel drive cars (category 9) by 31%. Since the enhanced versions of
WinSmash do not support category 9, the data from the two car categories (3 and 9) were
combined into a single group representing the majority, but not all, of the cars. For this
group, WinSmash 2.42 underestimated the delta-V by 27% on average.

The effects of the body type on the new WinSmash 2008 delta-V estimates are shown in
Figures 25 – 28 and summarized in Table 11. In brief, the delta-V for all cars was found
to be underestimated by 16.0% on average, 4.2% for pickup trucks, and 2.3% for utility
vehicles. Van delta-Vs were underestimated by 11.2% on average. Variability in
individual vehicle predictions remained similar across all body types except vans, for
which the correlation was high due to the small number of vans available. Lumping the
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vans and utility vehicles together, which was roughly equivalent to category 7 in older
versions of WinSmash, resulted in 5.2% delta-V error on average.

Table 11. Delta-V by Body Type
Enhanced WinSmash
% Error
RMSE (kph)
-13.2%
9.80
-16.0%
9.50
-4.2%
9.23

All Vehicles
Cars
Pickup Trucks
Utility
Vehicles
Vans

-2.3%

9.40

-11.2%

5.58

WinSmash 2.42
-23%
-27%
-3%
-22%

The enhanced WinSmash matched or improved upon the accuracy for all vehicle body
types. Vans and utility vehicles showed the greatest improvement, with the
underestimation reduced from -22% to -5% collectively. The average delta-V for cars
also substantially increased, with the error dropping by 10%. Pickup truck delta-Vs,
which were the most accurate body type in older versions of WinSmash, continued to be
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Figure 25. WinSmash Delta-V vs. EDR
Delta-V for Cars
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Figure 26. WinSmash Delta-V vs. EDR
Delta-V Pickup Trucks
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Figure 27. WinSmash Delta-V vs. EDR
Delta-V for Utility Vehicles
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Figure 28. WinSmash Delta-V vs. EDR
Delta-V for Vans

WinSmash Calculation Type
In both the early and enhanced versions of WinSmash the standard calculation type,
which reconstructed vehicle-to-vehicle crashes, was the default calculation type. This
calculation type required the most information, which included the crush profiles,
collision deformation codes (CDCs), and the orientations and directions of applied force
for both vehicles.

A limitation of the standard calculation type was that it did not apply to all crashes, nor
was there enough information available for qualifying crashes to be reconstructed using
the standard calculation type. The barrier calculation type allows for crash
reconstructions to be extended to vehicle-to-rigid object crashes. The CDC only and
missing vehicle calculation types were available to reconstruct crashes where information
about one vehicle in a vehicle-to-vehicle crash was not collected. The CDC only
calculation type reconstructed crashes by approximating unknown crush profiles using
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the CDC code. The missing vehicle calculation type was used to perform reconstructions
when information about one vehicle was unknown.

To evaluate each calculation type, a subset of 273 crashes for which all calculation types
could be applied was used. The missing vehicle and CDC only calculations were each
run twice: once with the EDR-equipped vehicle as a normal vehicle and a second time as
the CDC only / missing vehicle. The results are summarized in Table 12.

Standard and barrier reconstructions, which require the most information about the
vehicle, resulted in the best correlations with the EDR delta-Vs. Both calculation types
underestimated the EDR-reported delta-V by 13.3% and 15.4% respectively.

Calculations performed with a missing vehicle striking the EDR-equipped vehicle were
surprisingly accurate, underestimating the delta-V by only 7.4% while offering nearly the
same correlation to the EDR delta-V. The remaining calculation types offered relatively
poor correlation and were observed to overestimate the delta-V by more than 3 times in
some individual crashes. The CDC only reconstructions were the only calculation type to
consistently overestimate the delta-V.

Calculation Type
Standard
Barrier
Missing (Other)
Missing (EDR)
CDC Only (Other)
CDC Only (EDR)
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Table 12. Delta-V by Calculation Type
% Error
R2
-13.3%
0.92
-15.4%
0.89
-7.4%
0.88
-16.2%
0.82
+5.4%
0.82
+9.5%
0.82

RMSE (kph)
8.12
9.16
10.75
12.29
15.35
16.17
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Extent of Structural Overlap
To determine the amount of structural overlap for each vehicle, the NASS/CDS field
“Specific Longitudinal Location,” or SHL1, was used. This field is part of the Collision
Deformation Code (CDC) and provides a reasonable indicator of the width and location
of direct damage to the vehicle [SAE, 1980]. Values of C, L, and R were descriptors for
damage to less than half the length of the damaged side and were classified as partial
overlap. Values of Y, Z, and D applied to vehicles with damage to more than half the
length of the struck side and were classified as major overlap. The SHL1 field was not
available for 30 vehicles which were removed from this analysis.

Figures 29 and 30 show the delta-V predictions of the enhanced WinSmash plotted
against the EDR delta-Vs for vehicles with partial and major overlap. Both groups
underestimated the true delta-V. However, the vehicles with full or nearly complete
overlap, i.e. more than half the vehicle side sustaining direct damage, underestimated by
11.7% on average whereas vehicles with partial overlap or direct damage to less than half
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of the vehicle side underestimated by 24.1% on average.
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Figure 29. WinSmash Delta-V vs. EDR
Delta-V for Vehicles with Partial Overlap
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Figure 30. WinSmash Delta-V vs. EDR
Delta-V for Vehicles with Major Overlap
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These results were consistent with the findings of Nolan et al [1998] and Stucki and
Fessahaie [1998] in their studies of previous versions of CRASH3 and WinSmash. The
disparity between the two groups, 13.4% for WinSmash 2008, was greater than the
difference reported in earlier studies.
Confidence in Reconstruction
When delta-Vs are recorded in NASS/CDS, the investigators also record the degree of
confidence in the reconstruction in the DVConfid field. The EDRs were split into two
groups to determine the extent to which the delta-V errors were due to crashes with poor
confidence. The high confidence group contained all reconstructions recorded as
“reasonable,” whereas the other, low confidence group contained results marked as
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“appears high,” “appears low,” or “borderline.”
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Figure 31. WinSmash Delta-V vs. EDR
Delta-V for Low Confidence
Reconstructions
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Figure 32. WinSmash Delta-V vs. EDR
Delta-V for High Confidence
Reconstructions

The results for the low and high confidence groups are shown in Figures 31 and 32. Both
groups underestimated the delta-V by roughly 13% on average. The correlation between
the WinSmash and EDR delta-Vs was stronger for the high confidence group and weaker
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for the low confidence group. These results agree with previous research on the effects
of reconstruction confidence.
Low and High Delta-V Crashes
The stiffness values used by all versions of WinSmash were derived from crash tests
performed at speeds ranging between 48.3 – 56.3 kph (30 – 35 mph). Smith and Noga
[1982] showed that the accuracy was diminished as the crash delta-V deviated from the
test conditions. The error inherent in assumptions of purely plastic deformation, the
shape of the stiffness curve, and the speed at which no damage occurs were most
pronounced in low-speed crashes.

The EDRs were divided into a group with maximum reported delta-Vs less than 24.1 kph
(15 mph) and a second group consisting of EDRs with delta-Vs of 24.1 kph or greater
recorded. The 24.1 kph threshold was arbitrarily chosen to match the limit used in a prior
study of WinSmash 2.42. The results are shown in Figure 33 and Figure 34. The linear
regression for the low-speed impacts may appear to be quite accurate, but the correlation
was lower. The underestimation by the high-speed group was slightly worse than the
reported error for all vehicles in Figure 23 with a better correlation.

The error of the low delta-V group varied with the value of the delta-V threshold.
Changing the threshold by as little as 3 mph (5 kph) changed the average delta-V error by
as much as 20%. To illustrate this, the same analysis was performed with a threshold
value of 16.1 kph (10 mph) and 32.2 kph (20 mph). The results are summarized in Table
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13. The high-speed group remained consistent in both accuracy and correlation. For the
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low speed group there was no consistency in either.
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Figure 33. WinSmash Delta-V vs. EDR
Delta-V for Vehicles with Lower EDRReported Delta-Vs
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Figure 34. WinSmash Delta-V vs. EDR
Delta-V for Vehicles with Higher EDRReported Delta-Vs

Table 13. Regressions for Low/High Delta-V Crashes
Threshold (kph)
Error
R2
< 16.1
+23.9%
0.768
16.1
≥ 16.1
-14.6%
0.902
< 24.1
+1.5%
0.829
24.1
≥ 24.1
-16.3%
0.912
< 32.2
-5.5%
0.857
32.2
≥ 32.2
-17.7%
0.916

Categorical vs. Vehicle Specific Stiffness
Despite the large number of vehicle specific stiffness values available in the WinSmash
library, approximately a third of the vehicles could not be found and instead used
categorical stiffness values.

A subset of 316 vehicles, all of the EDR-equipped vehicles

for which vehicle specific stiffness values were used, were recomputed with the enhanced
WinSmash using the updated categorical stiffness values so that the relative accuracies of
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the two stiffness methods might be assessed. The resulting delta-Vs are shown in Figure
35 and Figure 36.

Both the vehicle specific and categorical approach to determining the vehicle stiffness
resulted in roughly the same result: the delta-V was underestimated by 12.3% on average.
The correlations were similar, with the categorical values appearing to be slightly more
consistent. However, the differences between the delta-V predictive abilities were not
significant (P=0.312 for two-tailed paired t-test). When the delta-Vs were plotted against
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each other, there was less than 1% error in the linear regression.
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Figure 35. WinSmash Delta-V vs. EDR
Delta-V when using Vehicle Specific
Stiffness
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Figure 36. WinSmash Delta-V vs. EDR
Delta-V when using Categorical Stiffness

Discussion
Changes from Previous Versions of WinSmash
The new vehicle specific stiffness approach and updated categorical stiffness values in
the enhanced WinSmash resulted in a 9.8% reduction in error for average delta-V of all
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vehicles compared to previous versions of WinSmash. Although the delta-V was still
underestimated by 13.2% as compared to the delta-V from event data recorders (EDRs),
this was still a substantial improvement. This was slightly higher than the delta-V
increase observed by Hampton and Gabler [2009] and was due to the dataset used in this
study being restricted to only frontal crashes.

Niehoff and Gabler [2006] showed that the error in WinSmash 2.42 delta-V estimates
was strongly dependent on the vehicle body type, which dictated which stiffness category
was used in WinSmash 2.42. The new stiffness selection process in WinSmash 2008
greatly reduced the error for many of the vehicle body types by raising the average
stiffness values. The average delta-V error for pickup trucks changed by 1% due to the
average stiffness values remaining similar between versions of WinSmash.

The 5 – 12% increases in stiffness for vans, utility vehicles, and cars resulted in
substantial reductions in the delta-V error for these vehicles. Vans and utility vehicles
average delta-V error was reduced to 5.2%. The division of vans and utility vehicles
from one stiffness category in WinSmash 2.42 to four categories in WinSmash 2008
provided more accurate representation for this diverse group of vehicles. The accuracy
for car delta-Vs was likewise improved and the underestimation was reduced to 16.0% on
average. This was a great improvement but showed that there was still room to improve.
The higher error for cars may possibly be due to cars having more stiffness variation due
to larger crush or override by other vehicles due to bumper height mismatches.
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The differences in delta-V error when using the vehicle specific stiffness values versus
the updated categorical stiffness values was assessed by computing the delta-Vs for a
subset of vehicles using both methods. The two methods of obtaining vehicle stiffness
values were found to be equal in terms of both delta-V accuracy and correlation to the
EDR reported delta-V. This removed a potential source of variability and implied that
the delta-V can be reasonably estimated for rare or extremely new vehicles with equal
confidence to that of more common vehicles.
Aspects Consistent with Previous Versions
The extent of vehicle structural overlap was identified as having influence on the ability
of WinSmash to estimate delta-V, with the delta-V predictions being better for vehicles
with major overlap of the damaged vehicle side. A study by Niehoff and Gabler [2006]
showed that reconstructions of vehicles with extensive overlap were more accurate. In
this study, overlap was assessed from the specific longitudinal location component of the
collision deformation code (CDC), which eliminated the other vehicle from the
calculation and allowed for the overlap to be assessed for single vehicle crashes. The
vehicles with direct damage to more than half of the damaged side underestimated the
delta-V by 11.7%, which was 12.4% better than the vehicles with partial overlap.
Because the vehicle stiffness values were obtained from crash tests that typically have
full structural overlap, it was not surprising that these types of crashes can be
reconstructed with more accuracy.

The recorded confidence for a reconstruction was found to have a strong effect on the
correlation of WinSmash delta-V predictions to the EDR delta-V predictions, but did not
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have an effect on the average error in delta-V. The correlation for the subgroup of lowconfidence reconstructions was among the lowest of all subgroups examined in this
study. Because only 23% of the crashes were low-confidence, the removal of these
vehicles from the dataset resulted in only a moderate improvement in correlation and no
change in the delta-V accuracy.

The accuracy of the delta-V for high and low delta-V crashes was examined through the
use of arbitrary delta-V thresholds ranging from 16.1 – 32.2 kph (10 – 20 mph). The
correlation between the WinSmash and EDR delta-Vs was much stronger for the highspeed group, regardless of what threshold was used. The correlations for the low delta-V
group were the lowest for any group and were observed to worsen as the delta-V
threshold was lowered. The error in the low speed group was attributed to the use of
stiffness values derived from higher speed crash tests, assumptions that restitution was
negligible, and the assumption that damage to the vehicle was purely plastic.

The errors in the average WinSmash delta-Vs were found to be dependent in the
calculation type employed as well. The best correlations to the EDR-reported delta-Vs
were obtained when using the standard and barrier calculations, which were also the
types that required the greatest amount of information about the vehicles. For crashes
with limited information available, the missing vehicle calculation type offered a better
correlation to the EDR delta-Vs than the CDC only calculation type.
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Implications for Current and Future Research
The changes to WinSmash will result in a step change to the average delta-V between the
NASS/CDS 2007 and earlier years and the newer years, making it more difficult to
compare data across the two year ranges. However, as more data are made available over
the following years, the WinSmash estimated delta-Vs can be expected to become
increasingly accurate.

The improvements in the delta-V estimates by vehicle body type have resulted in more
consistent delta-V estimates across the body types, particularly for vans, pickup trucks,
and utility vehicles. These changes will allow for more accurate comparisons of the
merits and risks associated with each type of vehicle.

The increase in average delta-V in the new NASS/CDS case years from the changes to
WinSmash may change the interpretation of previous research such as studies of the
relationship between delta-V and occupant injury, as well as the design and interpretation
of crash tests where the impact speed was based on NASS/CDS delta-Vs.
Limitations
The accuracy of the delta-Vs reported in this study did not include the error inherent in
the EDRs themselves. This error was reported to be 6% by Niehoff et al in their 2005
study. Other potential sources of error were the crush measurements, principal direction
of force, the assumptions inherent to the WinSmash reconstruction software, and the
simplified representation of vehicle stiffness.
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The EDRs used in this study were all obtained from GM vehicles involved in moderate to
severe frontal crashes. It is not known how these findings will generalize to other vehicle
types or crash modes. The GM EDRs only record crashes with a longitudinal component
sufficient to trigger airbag deployment. The dataset was not representative of all crashes
in NASS/CDS.

Conclusions
A total of 469 crashes involving 478 vehicles experiencing no more than a single event
and equipped with event data recorders (EDRs) that recorded complete delta-V pulses
were reconstructed using the enhanced WinSmash reconstruction software. Because GM
EDRs record only longitudinal delta-V, the dataset was composed of frontal and angled
frontal impacts only. Compared to the EDR maximum reported delta-V, the new version
of WinSmash underestimated the delta-V by 13% on average. This represented a large
improvement over the 23% underestimation reported for the older WinSmash 2.42 but
there is still room for improvement.

The variability in delta-V estimates caused by the body type of the vehicles was greatly
reduced in the enhanced WinSmash. Pickup trucks and utility vehicles were all within
5% of the EDR reported delta-V on average. Vans underestimated the delta-V by 11%.
All cars underestimated the delta-V by 16% which was an improvement over the reported
27% underestimation for WinSmash 2.42.

The accuracy of delta-V estimates was best for crashes with extensive overlap, high
degrees of investigator confidence, and higher delta-Vs, all of which was consistent with
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observations of previous versions of WinSmash. Delta-Vs obtained using the new and
updated categorical stiffness values were consistent with the delta-Vs obtained using the
new vehicle specific stiffness values.

Because of the changes to WinSmash, a step change in the average delta-V for
NASS/CDS may be expected. However, the overall accuracy of the delta-V predictions
will continue to improve as more crashes reconstructed with enhanced versions of
WinSmash (WinSmash 2008 and onward) are released for public use.
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4.

THE ACCURACY OF RECONSTRUCTION METHODS FOR
ROADSIDE OBJECTS

Introduction
Poles and trees are common roadside objects that motorists see everyday. Crashes into
poles and tree represent 25% of all roadside fatalities documented in the Fatality Analysis
Reporting System despite being only 19% of objects struck in the National Automotive
Sampling System / Crashworthiness Data System (NASS/CDS). An example of a pole
crash resulting in serious injury is shown in Figure 37. Understanding why poles and
trees cause a disproportionate number of fatalities depends on being able to provide a
measure of the crash severity. The vehicle change in velocity, or delta-V, is a popular
metric of crash severity owing to its relatively simple calculation and efficiency in
predicting injury (Gabauer and Gabler, 2008). NASS/CDS provides delta-V estimates
for many documented crashes. Unfortunately, more than 80% of pole and tree impacts in
NASS/CDS have no reconstructed delta-V available. A method to reconstruct pole and
tree crashes was needed.
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Figure 37. Guardrail with rail and post deflection
The crash reconstructions performed by NASS/CDS use a variant of the energy-based
methods proposed by Prasad (1990, 1991)(NHTSA, 1986). A major barrier to the
development of a viable reconstruction method for pole and tree impacts was the
relatively poor performance of these methods when applied to collisions with narrow,
fixed objects. However, efforts by many researchers have continued to reduce the error
of these reconstruction approaches, primarily through the representation of the vehicle
stiffness (Hampton and Gabler, 2008, 2009; Sharma et al, 2007, Niehoff and Gabler,
2006). Although the reductions in delta-V error have been demonstrated only for
aggregates of crashes into many types of objects, the improvements may also apply to
pole and tree impacts.

The second barrier in reconstructing pole and tree crashes was the need for a simple
method to calculate the energy absorbed by the pole or tree when damaged or completely
broken. An adaptation of the early pole reconstruction methods (Mak and Noga, 1981;
Lebra and Mak, 1980) was proposed in a recent study describing reconstruction methods

Hampton

66

for many roadside objects, including poles and trees (Mak et al, 2009; Coon and Sicking,
2009). These reconstructions required only the diameter of the pole or tree struck,
allowing the energy absorbed to be calculated through simple algebraic equations.

The goal of this study was to combine the recent advancements in vehicle reconstruction
with the proposed reconstruction methods for poles and trees so that the error when
reconstructing a vehicle-into-pole or tree crash could be identified. Part of this process
required that the error associated with each of the two halves of the reconstruction
process be identified as well. The sources of error were identified to provide guidance
for future efforts in the field of pole and tree reconstruction.

Methods
The reconstruction of pole and tree crashes with partial or complete fracture required that
the energy absorbed by the object struck be accounted for. Part of this reconstruction
process required computation of energy through the vehicle deformation. This approach,
first employed by CRASH3 and refined by following reconstruction algorithms such as
WinSmash, had its own associated error that is known to vary by many other factors
including damage side. To understand the error in computation of energy absorbed by
poles and trees, the error of the vehicle reconstruction must be known as well. Therefore,
a three part approach was employed:

1. The error of side impact vehicle reconstructions was identified using side crash
tests into rigid poles.
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2. The error of frontal vehicle reconstructions was identified using NASS/CDS
documented crashes where the object struck was not damaged.

3. Pole and tree crashes with partial or complete fracture can be reconstructed and
the error associated with the pole and tree portion can be separated from the
vehicle component and analyzed.
NHTSA Side Crash Tests into Rigid Poles
The National Highway Traffic Safety Administration (NHTSA) had performed and
published 11 crash tests in the validation side impact pole test series. In each test a
vehicle was run into a rigid pole at 31.1 kph (19.5 mph). The vehicle was oriented at a 75
degree angle relative to the direction of travel to represent the motion of a vehicle
skidding sideways into a pole like shown in Figure 38. The speed of the vehicle during
the crash was recorded with accelerometers and the post-impact crush was measured at
five different levels (side sill, occupant H-point, mid-door, window sill, and window top)
with 75 – 150 mm (3 – 6 inch) spacing.

Figure 38. Side Crash Test Setup
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The metal pole impacted by the vehicles absorbed little energy from the crashes, allowing
each crash to be treated as a collision with a fixed object. Such a crash can be
reconstructed using methods based on energy absorption such as Crash3 or WinSmash.
Each of these pole crash tests was reconstructed as a barrier crash using the latest version
of the WinSmash crash reconstruction code. The WinSmash program obtained stiffness
data for each of the vehicles automatically. The damage on the vehicle was resampled to
generate a 6-point crush profile from the test report profiles, which typically included 10
– 30 measurements across the damage length.

The end result of each reconstruction was an amount of energy absorbed by the vehicle as
it deformed against the pole. The energy absorbed was then turned into the speed lost by
the vehicle using the kinetic energy formula, V = sqrt(2*Energy/Mass). The vehicle
speed can be compared against the speed recorded by the vehicle instrumentation to
provide an assessment of how much error is inherent in the reconstruction of side impact
crashes into trees or poles.
NASS/CDS Pole and Tree Crashes without Damage
The crash tests performed by NHTSA were well documented but were only performed as
side impacts, meaning that another source of data was needed to evaluate frontal
reconstructions for pole and tree crashes. The National Automotive Sampling System /
Crashworthiness Data System (NASS/CDS) documents many impacts into poles and
trees under a wide range of initial conditions and many of these impacts were frontal
crashes. Crashes with a pole or tree of any size listed as the most harmful event in the
crash were selected. The list of cases was further restricted to crashes where the pole or
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tree was not broken or damaged, a necessary restriction since the WinSmash
reconstruction algorithm does not account for energy absorbed by the struck barrier.
These crashes were set aside for analysis in the following section. Crashes that were
considered to be sideswipes, determined by a direction of force nearly parallel to the
damage side, were also excluded because these crashes violate the assumptions of
common velocity inherent in most reconstructions.

An objective measure of the vehicle change in speed during each crash was needed in
order to determine the effectiveness of the reconstruction. Event data recorders (EDRs)
are devices installed in most vehicles starting in 1996 that record 150 – 300 ms of vehicle
change in velocity (delta-V) data when a deceleration of sufficient magnitude to trigger
an airbag deployment was detected. A study of EDR recordings of delta-V for controlled
crash tests indicated that the average EDR was within 6% of the true vehicle delta-V,
indicating that the EDRs were capable of approximating the vehicle delta-V in real
crashes (Niehoff et al, 2005). At the time of this study a pool of 3,685 EDRs were
available, although only a small number of these were pole or tree crashes. However,
these devices only provide measurements for crashes where the forces on the vehicle act
in the longitudinal direction, meaning that only frontal crashes can be evaluated.

Only deployment level events recorded by EDRs were used in this study. Because EDRs
have limited amounts of memory in which to store data, there was the possibility that
some did not record the complete crash pulse. These EDRs misrepresent the crash events
that have been measured as lower in severity than they truly were. The EDRs for which
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the vehicle acceleration was greater than 5 G at the end of the crash were excluded.
EDRs installed in vehicles experiencing high severity crashes can also be damaged or
lose power. These EDRs, identified recordings that terminate before the normal 150 or
300 ms recording time or suddenly begin recording no change in the vehicle delta-V,
were also excluded.

A total of 51 crashes were collected for which both valid EDR and reconstruction data
were available. In all of these crashes, a pole or tree was struck but not damaged. Each
crash was reconstructed using the same methods as described for the NHTSA side impact
tests. The energy absorbed by the vehicle was computed and this energy was turned into
a vehicle delta-V. The reconstructed change in vehicle speed was compared to the EDR
reported vehicle delta-V to identify the error associated with the energy based
reconstruction methods for frontal impacts.
NASS/CDS Pole and Tree Crashes with Partial Fracture or Breaking
The pole and tree crashes in NASS/CDS that were excluded from the analysis of frontal
impacts because a partial or complete fracture was documented were reconstructed using
the methods recommended by Mak and Noga (1981).

These equations for partial and

complete fracture, shown in Table 14, were developed as empirical curve fits using data
from tests with breakaway poles (Lebra and Mak, 1980). Examples of each type of
damage are shown in Figure 39. However, the breaking strength of wooden materials can
vary greatly by the species, size, and quality of the wood as well as the environmental
conditions.
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Table 14. Equations for Energy Absorbed by Poles and Trees
Pole Circumference, C (in)
Partial (ft·lb)
Complete (ft·lb)
C ≤ 26
½(20,000-1.4*10-2*C4.38)
20,000
-2
4.38
C > 26
½(1.4*10 *C -20,000)
1.4*10-2*C4.38

Figure 39. Field examples of a partially fractured tree (left) and a completely fractured
pole (right).
The reconstruction of pole and tree crashes with fractures started with the calculation of
the energy absorbed through the vehicle damage. However, the vehicle speeds calculated
from these energies alone were no longer valid since the non-negligible energy absorbed
by the struck object was not accounted for. To obtain this energy, the equations listed in
Table 14 were used. The circumference of the pole or tree struck was determined for
each case by examining the photography of the crash scene. For a small number of
crashes the diameter of the trees and poles was provided in the case description by the
investigator and the circumference was calculated assuming that the pole or tree
possessed a circular cross-section. Crashes with impacts into breakaway poles or large
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metal utility poles with fractures were excluded because the equations used do not apply
to these objects.

Only 13 crashes suitable for reconstruction with EDR data were obtained from the
NASS/CDS. These crashes were primarily frontal impacts with some side impacts. The
low number of crashes obtained for this portion was attributed to two factors. First, by
breaking a pole or tree, the vehicle can be assumed to still have some kinetic energy
remaining and additional objects will likely be contacted until this remaining energy was
dissipated. Even though only 13 crashes were considered, a total of 27 complete breaks
and 7 partial fractures were identified. Second, the fact that the pole or tree was broken
made it more likely that one of the following impacts into a less yielding object will be
recorded as the most harmful event. This presented a challenge because the NASS/CDS
only documents the post-impact condition of the highest severity tree or pole. The EDRs
do not always record long enough to capture all events, particularly if the events did not
occur in rapid succession. An example of this was one crash where a vehicle struck and
broke a utility pole and then continued to travel across several private driveways before
striking and coming to rest at a second utility pole.

The energy absorbed by the vehicle and poles and trees was added together to get an
approximation of the total vehicle energy dissipated in the crash. The delta-V of the
vehicle was computed using the equation for kinetic energy. The error associated with
these reconstructions could then be compared to the error identified for side impact
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reconstructions using the NHTSA pole tests and the frontal error using EDRs for frontal
crashes into poles and trees that were not damaged.

Results
NHTSA Side Impact Crash Tests
The crush measurements provided in the test reported were resampled to provide sixpoint profiles of the full damage length. This process was performed for each of the five
measurement levels for 11 tests, creating 55 different crush profiles. An example of this
process is shown in Figure 40, where 22 points were reduced down to six.
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Figure 40. Resampled crush profile
The total area of vehicle crush was different for each of the measurement levels. The
largest areas were obtained from measurements at the mid-door level while the smallest
areas were measured from the window tops. The average area at each measurement level
is shown in Table 15, along with the average difference and standard deviation in area
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when the resampled profile was used. The reconstructed vehicle delta-V was directly
dependent on the calculated area of the crush and varied with the profile used.
Table 15. Crush area from test measurements and reconstruction profiles
Standard Deviation
Avg Test Area
Avg Error (mm2)
2
(mm2)
(mm )
Side Sill
318082
11025
7999
Occupant H-Point
368704
12917
5781
Mid-door
380069
10251
10483
Window Sill
332775
27122
19645
Window Top
98403
12999
9510
The vehicle delta-Vs computed using each of the resampled profiles are shown in
Table 16. The profiles measured at the height of the mid-door resulted in the highest
delta-Vs. Although all of the crash tests were performed at 31.2 – 31.8 kph (19.4 – 19.8
mph), the reconstructed vehicle delta-Vs ranged from 7 kph (4.3 mph) to 46 kph (28.6
mph). The profiles measured from the mid-door level offered the best reconstructions of
impact speed and were used to compute the error. The average difference between the
reconstructed delta-V and test initial speed was 5.4 kph (3.4 mph). This corresponded to
an average error of 17% when reconstructing side impacts.

6654
6656
6657
6720
6725
6730
6735
6738
6740
6741
6747

Hampton

Table 16. Reconstructed Speeds for NHTSA Side Impact Tests
Test
Side Sill
Occ HMid-door
Window
Window
Speed
(kph)
Point
(kph)
Sill (kph)
Top (kph)
(kph)
(kph)
31.2
28.4
31.5
31.6
27.1
13.1
31.6
39.7
43
42.9
40.4
25.4
31.7
40.2
45.6
43.2
46
17
31.7
24.5
27.1
26.8
24.2
10.5
31.4
31
35.8
34
35
17
31.1
23.8
25.6
25.6
16.6
7
31.8
35.2
38.8
39.5
36.7
15.3
31.1
23
28.6
28.2
26.1
9.1
31.4
28.8
31.5
31.3
30.6
10.7
31.2
21.1
24.8
24.2
24.7
10.9
31.4
41.4
44.2
45
40
20
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NASS/CDS Pole and Tree Crashes without Fracture
A total of 32 frontal, single event crashes into non-breaking poles and trees with EDR
data were reconstructed. The results are shown in Figure 41. Because there was no
consistent impact speed between the crashes, the methods used for the previous section
were no longer applicable. A linear curve fit with the line forced through the origin was
used to compute the average error. The frontal reconstructions of pole and tree crashes
tended to underestimate the compared to the EDR delta-V by roughly 16% and the
average root mean square error (RMSE) was 8.7 kph. The shaded area of the plot
represents the 5% confidence interval for the linear trendline. Many of the data points
fall outside the confidence interval, indicating that the pole reconstruction method was
not as robust as hoped and may not apply to all types of pole crashes.

Reconstructed Delta-V (kph)

120

y = 1.2833x
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RMSE = 14.84 kph

100
80
60
40
20
0
0

20

40

60

80

100

120

EDR Longitudinal Delta-V (kph)

Figure 41. Reconstruction of delta-V for poles and trees without fracture

Hampton

76

NASS/CDS Pole and Tree Crashes with Fracture
The final component of this study was to reconstruct the crashes in which at least one
pole or tree was fractured. The 13 reconstructed delta-Vs are shown below in Figure 42.
The data plot was fitted with a linear curve passing through the origin to determine the
error associated with the combined reconstruction of the vehicle damage and tree and

Reconstructed Speed Change (kph)

pole damage. The shaded region represents the 5% confidence interval for the linear fit.
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RMSE = 14.84 kph
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Figure 42. Reconstruction of delta-V for crashes with fracture
On average, the reconstructions tended to overestimate the delta-V by 28% in comparison
with the EDR delta-V. The RMSE was 14.8 kph (9.2 mph) which was 70% higher than
for the reconstructions of vehicle damage alone. The average EDR delta-V was 37.5 kph
(23.3 mph), meaning that the error in the pole and tree reconstructions was substantial.
The total percentage of initial energy absorbed by the poles and trees struck varied
between 17% and 90%. The average vehicle dispersed roughly 40% of its initial kinetic
energy through crush and 60% by damaging or breaking struck objects.
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In the two previous studies the reconstruction of the crash energy absorbed through
vehicle deformation was found to be 16-17% lower than the true energy. The
reconstruction of the pole and tree crashes overestimated the energy absorbed by the trees
and poles which resulted in the vehicle delta-V being overestimated by 44% on average.
The pole and tree reconstruction also introduced greater variability in the results
manifested as a 70% increase in the RMSE.

Discussion
Side Crash Tests
The resampling of the test-reported crush measurements to produce a 6 point profile
compatible with the WinSmash reconstruction program preserved the area of crush on the
vehicle to within 8% of the original measured area on average. This was initially
surprising because the resampling process often did a poor job of capturing the point of
maximum crush. However, the loss of area near the peak deformed was usually
countered by overestimation of the crush area at the edges of the damage profile.

Out of the five levels at which the crush measurements were provided, the use of the
profile measured at the mid-door provided reconstructions with the least error.
Reconstructions performed using the highest profile measured at the top of the vehicle
window greatly underestimated the delta-V, often by more than 50%. All of the vehicles
tests widest at the mid-door, meaning that the profiles measured at this level provide the
most realistic approximation of the true vehicle crush whereas the measurements taken at
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the top of the vehicle window ignored all of the deformation needed to allow the pole to
engage the upper portion of the vehicle. This agreed well with the height of the profiles
provided in the NASS/CDS cases used for the remaining studies where the investigators
tend to measure profiles between the side sill and mid-door level.

Using WinSmash to reconstruct 11 side impact crash tests performed by NHTSA, using
the mid-door crush profiles, resulted in the delta-V being underestimated by 17% on
average. However, this represented the error of the reconstruction assuming perfect
knowledge of the circumstances of the crash. Realistically, both the impact speed and
vehicle restitution, manifested as the rebound velocity, are unknown and contribute to the
error in the reconstructed delta-V. All of the crash tests were performed with the pole
striking the vehicle near the center of gravity, a condition that does not adequately
represent all side impacts. In a more realistic field crash, impacts can occur near the ends
of the vehicle which would impart a significant rotation. Furthermore, such impacts
would violate the assumption of common velocity between the striking and struck object
made by most energy-based reconstruction methods. All of these aspects combined
imply that the error of side impact reconstructions for more varied impact conditions,
such as those found in NASS/CDS, would likely be higher than 17%.
Frontal Tree and Pole Crashes without Fracture
A total 32 frontal, single event crashes into trees or poles without fracture were
reconstructed and the results indicated that the delta-V for the vehicle was underestimated
by 16% on average. While this initially seemed comparable to the error for the side
impacts, the frontal reconstructions were actually better on average since studies have
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shown that EDRs are themselves subject to error in crashes (Niehoff et al, 2005). The
EDRs selected also include the restitution portion of the crash, whereas the
reconstructions calculate the delta-V between impact and the time of common velocity
which ignored restitution effects.

Roughly half of the reconstructed crashes were identified as pole or tree impacts to an
off-center location on the vehicle. The further off-center the impact, the greater the
amount of rotation imparted to the vehicle. As the offset became extreme, the
reconstruction error increased because the reconstruction did not account for energy of
vehicle rotation. The most extreme offset impacts also resemble sideswipe-type crashes
which violate the assumptions about a common velocity being reached and result in large
errors. All of these factors combined indicated that the 16% error for frontal impact may
be a reasonable to conservative estimate of the error associated with pole and tree
reconstructions, assuming that no partial fracture or breaking occurred.
Pole and Tree Crashes with Fracture
A total of 13 crashes with 34 documented complete breaks or partial fractures were
reconstructed using combined WinSmash reconstruction and pole or tree reconstruction.
These reconstructions overestimated the delta-V of the crash by 28% on average. Since
the WinSmash portion of the reconstruction has been shown to underestimate the delta-V
by 16% on average, the portion of the reconstruction addressing the loss of vehicle speed
from interactions with the trees and poles overestimated the delta-V component by 44%.
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The overestimation of the energy dissipated through the objects struck was attributed
primarily to the assumption of constant, diameter-independent fracture energy for small
diameter poles and trees. Many of the broken poles and trees documented in the 13
crashes were below the 26 inch (66 cm) threshold. The majority of broken objects were
poles of either 2-3 inches (5-8 cm) in diameter, typically used for mailboxes or small
signs, or utility poles and trees, typically 28 cm (11 inches) in diameter. When these
objects were broken, a constant energy of 27,116 Joules (20,000 ft·lb) was assumed to be
absorbed by the object. The partially damaged objects were governed by a different
equation that predicted the energy of fracture decreased as the diameter increased,
reaching nearly zero as the diameter approached the 26 inch threshold. A more logical
treatment of objects with smaller diameters that allows for the absorbed energy to go to
zero as the diameter approaches zero may help to remedy the overestimation of energy
absorbed and vehicle delta-V.

Obtaining accurate measures of the pole or tree diameter can be difficult since this
information is rarely documented in a crash report. Often, the size of the tree or pole
must be determined from photographs at the crash scene. Even in the limited number of
crashes available, there were several poles identified as having rectangular cross-section
instead of circular cross sections. The energy needed to break these poles may not be the
same as for circular poles and may depend on the direction of impact.

Conclusions
Pole and tree crashes, both with and without complete or partial breakage, were
reconstructed with modern reconstruction techniques to measure the average area of
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reconstruction. The error in the reconstructions was evaluated by comparing the
estimated delta-V of the vehicle to objective measures of vehicle delta-V. The study was
broken up into three parts:

•

11 side impacts into rigid, unbreakable poles were reconstructed to provide an
indication of the error associated with the CRASH3 energy-based
reconstructions using vehicle crush area and stiffness. The reconstructions
underestimated the delta-V by 17% on average. This was a best case estimate
because many side impact crashes in the field occur under different conditions
than the test setup.

•

32 single event frontal crashes into poles and trees, with minimal or no damage
to the struck object, from NASS/CDS were reconstructed. The average
underestimation of delta-V was 16% and was considered to be a realistic to
conservative estimate of real pole and tree crashes.

•

13 crashes from the NASS/CDS, all of which documented at least one partial
fracture or complete break, were reconstructed through a two part method
proposed by Coon and Sicking (2009). The reconstructed crashes tended to
overestimate the delta-V by 28%. Removing the 16% error associated with the
vehicle reconstruction portion revealed that the pole and tree reconstructions
overestimate the delta-V by 44% on average. The error was attributed to
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assumption that objects with very small diameter absorb a set amount of energy
without considering the size of the object.

The error when reconstructing pole and tree impacts was still much larger than the error
for crashes into other vehicles or large, fixed objects. However, many areas of
improvement remain to be explored. The calculation of the energy absorbed by poles and
trees in the process of being damaged continued to be one of the largest sources of error.
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5.

SENSITIVITY OF W-BEAM GUARDRAIL PERFORMANCE TO
VARIABILITY IN SYSTEM COMPONENTS

Introduction
Creating a finite element model to represent a crash test or pendulum test of strong-post
w-beam guardrail can be a challenging proposition because there are a large number of
unknowns. In many situations, these unknowns have a surprisingly large effect on the
results of the simulation. Parameters such as the material properties of the soil, rails, and
posts are almost never documented as part of the test procedure. Even if properties can
be obtained from other researchers, the specimens tested are not guaranteed to have the
same properties as the materials in the test being modeled. In some situations, there may
be no information available at all, as is often the case when modeling the soil at a specific
location.

In most situations, it is impossible or infeasible to perform retroactive studies to
determine the material properties needed to develop a model. Thus, developing a finite
element model depends on collecting material information that is available and
modifying it to match the test being modeled. Knowledge of the sensitivity or
indifference of the model to changes in certain parameters can be crucial in the timely
development of a quality finite element model. Therefore, this study endeavors to
identify the aspects of finite element modeling that have a disproportionate influence on
the predicted outcome or influence the numerical stability.
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Methods
Because of the large scale of this study, it was broken up into several studies. Each study
examined a selected aspect of the full-scale pendulum model in order to better understand
the contribution of each system part to the behavior of the system as a whole. The
following studies were performed:

1. A study of soil sensitivity to material parameters
2. An examination of mesh density effects on model stability and deflection
3. The determination of soil material properties and the selection of rail and post
steel properties from literature to match the results of a full-scale pendulum test.
Parametric Study of Soil Deflection Sensitivity
The soil into which guardrail posts are embedded can greatly affect the performance of
the guardrail by resisting the deformation of the post under loading. High-strength soils
allow little deflection and force the post to yield under extreme loads whereas very weak
soils offer little resistance and allow the post to rotate and translate without bending.
Unfortunately, the type of soil used in most tests is rarely measured and documented in
the crash test report. Furthermore, the fluid-like behavior of weaker soils can be
challenging to reproduce in finite element solvers due to mesh degradation and element
instabilities under large deflections.

An LS-DYNA soil model capable of accurately simulating the deflections observed in
pendulum tests was needed. Pendulum test 03-2, a pendulum test performed by Gabauer
et al (2010) in a study of damaged guardrail, was selected for this purpose.
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Unfortunately, the soil properties were not measured when these tests were performed.
The best alternative was to use an existing LS-DYNA soil model and adapt the model to
represent the soil used in the pendulum tests. Two such material models were found in
the existing literature that could be used for this study.

The first soil material model was provided with the NCAC finite element model of
strong-post w-beam guardrail, but the source for the material properties was not provided.
This material model represents the soil as a simple, soft foam material for which the
volume and stress depend on pressure. The presence of pressure vs. strain data suggested
that the material was characterized through testing of an unknown soil sample. Another
undocumented material model was available in a finite element model made available
through the NCAC finite element library by Bligh et al (2004). This material used the
Drucker-Prager model which is specific to soil rather than general foamy materials. The
material properties proposed in each model are summarized in Table 17. Additional
properties of the material that were not changed from their default values and optional
parameters that were not used are not shown.

Ideally, a small-scale component test would be conducted to characterize the performance
of the soil alone and allow for validation of a finite element model. Unfortunately, only
full-scale pendulum tests including the combined contributions of the posts, rails, and soil
were available. Therefore, a parametric study with a simple finite element model to
determine the sensitivity of the soil to each of its parameters was the most feasible
alternative.
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Table 17. Material Properties for Soil Models
NCAC Soil
TTI Properties (Mow strip study)
Material Type
MAT5
Material Type
MAT193
3
-9
3
Density (Mg/mm )
1.7E
Density (Mg/mm )
1.922E-9
Unloading Bulk
185
Elastic Shear
9.0
Modulus (MPa)
Modulus (MPa)
Shear Modulus (MPa)
49.5
Poisson’s Ratio
0.40
-2
Yield Function: A0
1.201E
Shape Parameter
0.80
Yield Function: A1
0
Angle of Friction
0.75
Yield Function: A2
0
Cohesion
0.01
-1
Pressure Cutoff
-1.724E
Dilation Angle
0.0
Strain
Pressure
Point 1
0
0
Point 2
0.01
0.958
Point 3
0.016
1.875
Point 4
0.02
2.565
Point 5
0.03
4.398
Point 6
0.3
5.398
The simplest model that could provide a measure of the soil stiffness under impact was a
single post embedded into the soil. A small-scale model was developed to represent a
single steel W150x13 post embedded in a 1.6 meter (5.25 ft) diameter and 2.1 meter (6.9
ft) deep soil bucket. Both of these parts were obtained without modification from the
full-scale pendulum models by removing the unneeded components. A 2000 kg (4400 lb)
mass was added to the model that struck the top of the post at 20 kph (12.4 mph). The
mass was constrained to have no motion in the vertical axis but could move freely in both
the X and Y planes. The final model is shown in Figure 43.
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Figure 43. Single post and soil bucket model
Each of the parameters listed in Table 17 was varied by 1/10, ½, 2, and 10 times its
original value and the effects of the parameter change on the resulting post motion at the
ground level and top of the post were measured. This was repeated for each property
individually. All of the strain-pressure points for the NCAC soil model were grouped
together as a single variable and the pressure was scaled to the desired value. This
resulted in 6 unique variables for the NCAC material model and 6 for the TTI model. A
total of 62 simulations were needed to assess the significance of each property.
Fortunately, the small size of the soil and post model allowed each simulation to be
completed in less than 15 minutes each on a single processor desktop computer.

For each model, the deformation of the post was assessed by measuring the deflection of
three different nodes. One node was on the center of the front flange of the post at the
ground level and was used to assess the deformation in the soil. The motion of this node
relative to the nodes in the top of the post was used to determine whether the post
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yielded. The other two nodes were both on the top of the post, one on the center of the
front flange and the other on the center of the rear flange. These two nodes were used to
determine both the deflection at the top of the post and the degree of post twisting under
impact. Displacements were reported as the total distance between the original and final
position and the angles were Z-axis projections.
Material Properties of Rails and Posts
The w-beam rails in a strong-post w-beam guardrail are the first components to be
engaged by striking objects and absorb a portion of the crash energy. Three different sets
of material definitions were obtained for w-beam rail steel. Another set of three material
definitions were found for the steel strong posts. Although all of the material definitions
fell under the piecewise elastic-plastic material archetype, each possessed different values
for basic properties such as density, yield stress, and the stress-strain relationship.
Table 18. Publicly available LS-DYNA material models for w-beam rail steel
NCAC Properties
WPI Properties
TTI Properties
Material Type
Density (Mg/mm3)
Modulus (MPa)
Poisson’s Ratio
Yield Stress (MPa)
Failure Strain
Strain Hardening
Stress-Strain Pt. 1
Stress-Strain Pt. 2
Stress-Strain Pt. 3
Stress-Strain Pt. 4
Stress-Strain Pt. 5
Stress-Strain Pt. 6
Stress-Strain Pt. 7
Stress-Strain Pt. 8
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MAT24
7.89E-9
200,000
0.30
298
1.10E8
Yes (C=90, P=4.5)
Strain
Stress
0.00
298
0.02
340
0.04
370
0.08
415
0.16
480
0.32
575
0.64
810

(Wright & Ray, 1997)

(Reid & Sicking, 1998)

MAT24
7.86E-9
200,000
0.33
415
0.66
No
Strain
Stress
0.00
415
0.02
415
0.08
548
0.165
575
0.33
585
0.49
595
0.66
600
1.00
0

MAT24
7.86E-9
200,000
0.28
450
None
No
Strain
Stress
0
450
0.025
508
0.049
560
0.072
591
0.095
613
0.140
643
0.182
668
0.750
840
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The w-beam rail material definitions were provided by (1) the National Crash Analysis
Center (NCAC), (2) a mechanical tension study of coupons performed by Wright and
Ray (1997), and (3) a study on coupons performed by Reid and Sicking (1998). Each
proposed material is summarized in Table 18. Fundamental properties such as the
modulus of elasticity, density of the steel, and Poisson’s ratio remained identical or very
similar between each of the material definitions.

Each material model treated the stress and strain capacity of the w-beam rails differently.
Wright and Ray (1997) were the only group to explicitly state that their specimens were
tested to the point of failure, recommending a plastic strain limit for rail steel of 66%.
Only the material definition proposed by Wright and Ray (1997) included a failure
criterion for the rail steel, a plastic strain limit of 66%. The NCAC material model
proposed strain hardening parameters. Each material model possesses its own unique
stress vs. strain curve and yield stress, illustrated in Figure 44. The material model
proposed by Reid and Sicking (1998) was both the stiffest and most elastic of the
material models. The NCAC material model was the softest, but in a crash simulation the
material will behave stiffer due to the strain hardening parameters.
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Figure 44. W-beam rail stress vs. plastic strain curves
The steel posts used to support the rails in a guardrail are made of a different type of steel
than the rails, and therefore have different properties. The three material definitions
available are summarized in Table 19. Wright and Ray (1997) identified the posts used
for their study as AASHTO M-180 Class A Type II steel. They performed coupon tests
on post steel and found the properties to differ from those of the rails. The NCAC
provided a material definition for the posts that was identical to the rail material
definition. Hamilton (1999) performed quasistatic tension tests on coupons of bridge rail
steel posts.
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Table 19. Publicly available LS-DYNA material models for guardrail post steel
TTI Properties
NCAC Properties
WPI Properties
Material Type
Density (Mg/mm3)
Modulus (MPa)
Poisson’s Ratio
Yield Stress (MPa)
Failure Strain
Strain Hardening
Stress-Strain Pt. 1
Stress-Strain Pt. 2
Stress-Strain Pt. 3
Stress-Strain Pt. 4
Stress-Strain Pt. 5
Stress-Strain Pt. 6
Stress-Strain Pt. 7
Stress-Strain Pt. 8

MAT24
7.89E-9
200,000
0.30
298
1.10E8
Yes (C=90, P=4.5)
Strain
Stress
0.00
298
0.02
340
0.04
370
0.08
415
0.16
480
0.32
575
0.64
810

(Wright & Ray, 1997)

(Hamilton, 1999)

MAT24
7.86E-9
200,000
0.33
315
0.625
No
Strain
Stress
0.00
315.0
0.019
315.0
0.05
427.0
0.165
500.8
0.33
504.3
0.495
506.5
0.625
400.0
1.00
0

MAT24
7.86E-9
200,000
.290
336
No
No
Strain
Stress
0.00
336.0
0.024
336.7
0.042
401.2
0.050
434.3
0.141
537.2
0.213
589.6
0.250
675.0
0.259
677.0

Like the rail material models, the post material models had very similar moduli of
elasticity, Poisson’s ratios, and densities and very different values for the strain
hardening, failure plastic strain, and stress vs. strain points. The similarities of the yield
stresses and divergence in the yield stress and stress vs. strain curves are shown in Figure
45. The NCAC material model was again the softest, but subject to hardening based on
the load rate, and the material model proposed by Hamilton (1999) was the stiffest.
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Figure 45. W-beam post stress vs. strain curves

Finite Element Modeling of Pendulum Test
Gabauer et. al (2010) performed a series of pendulum tests. Test 03-2 was a pendulum
test of a normal, undamaged guardrail segment using standard w-beam rail and post
components. The pendulum was conducted at an initial speed of 32.2 kph (20 mph) with
the resulting rail deflection measured at 741 mm (29.2 inches).

A pendulum model was developed to reproduce Test 01-2, and the material properties
assigned to the rails, posts, and soil was varied until the deflection measured in the
pendulum test was reproduced. This model, shown in Figure 46, contains the two posts,
two shortened rail sections, two soil buckets, the semi-rigid end terminals, and the 2000
kg (4400 lb) pendulum mass suspended by cables. The initial speed of the pendulum was
32.2 kph (20 mph).
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Figure 46. Pendulum model of Test 03-2
Multiple simulations were planned to fully test each of the material models provided for
the rails and posts, and identify the proper soil parameters needed. The full set of
simulations is shown in Table 20. The rail and post materials were published as pairs by
the same agencies (Hamilton and Reid were both associated with the Texas
Transportation Institute), so there were no simulations with materials from different
agencies. This resulted in three simulations per each soil definition, i.e. all NCAC
materials, all Wright and Ray materials, and the Reid, Sicking, and Hamilton materials.
Because the other two models did not use strain hardening, another set of materials based
on the NCAC material definitions without strain hardening were added. Since two
different values for the soil parameter A0 were considered, the total number of
simulations performed for this study was eight.
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Table 20. Planned simulations to identify correct material definitions
Rail Material
Post Material
Soil Parameter A0
Simulation 1
NCAC
NCAC
0.009
Simulation 2
NCAC, no hardening
NCAC, no hardening
0.009
Simulation 3
Reid and Sicking
Hamilton
0.009
Simulation 4
Wright and Ray
Wright and Ray
0.009
Simulation 5
NCAC
NCAC
0.003
Simulation 6
NCAC, no hardening
NCAC, no hardening
0.003
Simulation 7
Reid and Sicking
Hamilton
0.003
Simulation 8
Wright and Ray
Wright and Ray
0.003
Each simulation was evaluated for its ability to contain the striking pendulum mass.
Stability of the finite element solver while running the simulation was also considered.
The maximum deflection of the rail was measured and compared to the deflection of the
real pendulum test. The material models used in the simulations predicting a maximum
rail deflection closest to the 741 mm deflection of the real pendulum test were selected
for future pendulum and crash test modeling studies.
Finite Element Mesh Density
A key difference between prior studies using the strong-post w-beam guardrail model and
the current study was that failure of the rail elements by rail rupture was possible. The
mesh in the original NCAC model of strong-post w-beam guardrail was designed with
the intention of modeling crash tests in which failure was not expected. Realistically,
failure by either rail tearing or splice joint rupture could occur. However, the coarse
mesh used in the finite element model may not be able to adequately represent such
complex behavior in the rails.
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Ray et al (2001) performed a quasistatic axial loading test of a small rail section and
observed splice ruptures occurring in the range of 400 – 440 kN (90 – 99 kip). In the
three tests that were performed, all of the failures occurred via the splice bolts deforming
the splice holes and pulling through the rails. The finite element mesh of the rail and
splice joint must be fine enough to accurately reproduce this type of failure in order to
use finite element modeling as a predictor of failure or non-failure in a crash scenario.

Figure 47. Test setup used by Ray et al (2001) and the finite element reproduction
A finite element model of the physical component tests performed by Ray et al (2001)
developed to determine if the finite element method was capable of representing failure
via splice bolt pull-through. The model consisted of two 610 mm (2 ft) rail sections
joined by a standard splice held together by eight splice bolts. All of the parts used in the
model were obtained from the original NCAC finite element guardrail model. The
washers that were present on the splice nuts were removed because washers are not
required components of a guardrail installation. This model, with the original mesh
density, is shown in Figure 47. The right edge of the right rail was fixed (no translation
or rotation) and the left edge of the left rail was loaded with a linearly increasing axial
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force. The applied tension started at 0 at the beginning of the simulation and ramps up to
600 kN (135 kip) by the end of the simulation at 1000 ms.

A total of four different mesh densities were developed as shown in Figure 48. Each new
mesh was created by splitting each element in the previous mesh into four elements,
starting with the original mesh and ending with the ultrafine mesh. A single, 3.8 meter
(12.5 ft) rail section with the original mesh had 4,036 elements, the fine mesh had 16,144
elements, the superfine mesh had 64,576 elements, and the ultrafine mesh had 258,304
elements. Although the finite element simulations will predict more realistic behavior as
the number of elements increases, the amount of real time needed to complete the
simulation will also increase.

Original Mesh

Fine Mesh

Superfine Mesh
Ultrafine Mesh
Figure 48. Four different rail meshes
Each of the finite element meshes was evaluated by three different criteria. First, the
contact models between the rails and splice bolts should be stable. Unstable contacts
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cause unrealistic energy growth and may cause the bolts to phase through the physical
rails or even terminate the simulation prematurely. Second, the failure of the splice joint
via the bolts pulling through the rail should be correctly predicted at the correct time in
the loading sequence (between 666 and 733 ms). Finally, the simulation should be able
to complete in a reasonable amount of real time. Computational costs will continue to
increase as more rail sections and other objects are added to the finite element model.

Results
Sensitivity of Soil Models to Parameter Changes
Table 18 summarizes the results from the simulations in which the shear modulus was
varied. Increasing or decreasing the value of the shear modulus had only a limited effect
and changes of tenfold resulted in only 20% changes in the ground line deflection.
There was an upper threshold as well, where increases above 2x to the shear modulus had
little effect on the results of the simulation.
Table 21. Results for simulations varying the shear modulus
Angle,
Middle of top Front flange Middle of top
at ground
of rear flange
+CCW
of front
(Degrees)
flange
Shear Modulus, 10x
618.6
160.7
474.7
-82.6
Shear Modulus, 2x
618.6
154.3
487.2
-79.5
Original
564.1
188.8
440.1
-87.8
Shear Modulus, 0.5x
560.7
172.5
420.5
82.7
Shear Modulus, 0.1x
489.0
226.8
458.9
38.4
The results when varying the pressure cutoff, which controls when tensile fracture in the
soil occurs, are shown in Table 22. The pressure cutoff had slightly more effect on the
soil deformation than the modulus. A tenfold decrease in the pressure cutoff increased
the ground line deflection by 40% or 73.5 mm (2.9 inches). Increases in the cutoff value
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had little effect on the deflection, indicating that the cutoff value had become so high that
none of the soil elements were reaching this value.

Table 22. Results for simulations varying the pressure cutoff value
Middle of top Front flange Middle of top
Angle,
of front
at ground
of rear flange
+CCW
flange
(Degrees)
Pressure Cutoff, 10x
523.7
176.6
479.8
38.0
Pressure Cutoff, 2x
618.4
149.4
483.7
-81.0
Original
564.1
188.8
440.1
-87.8
Pressure Cutoff, 0.5x
485.5
203.6
428.6
-55.4
Pressure Cutoff, 0.1x
558.6
262.3
519.9
-38.8
The results for the soil density simulation series are shown in Table 23 and Figure 49.
Increases in the soil density resulted in decreases in the soil deflection at the ground line,
and vice versa. The rotation of the post during impact appeared to be random. In the
simulations using 10, ½, and 1/10th of the original density the post twisted in the counterclockwise direction. However, for 2x and 1x the original density the rotation occurred in
the opposite, clockwise direction. When the soil density was low, the post experienced
large deflections due to rotation in the soil. If the density was high however, the
deformation was limited to the post and upper surface of the soil.

Density, 10x
Density, 2x
Original
Density, 0.5x
Density, 0.1x
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Table 23. Results for simulations varying soil density
Middle of top Front flange at Middle of top Angle, +CCW
of front flange
ground level
of rear flange
(Degrees)
538.0
148.5
401.4
89.5
608.7
169.5
437.2
-101.9
564.1
188.8
440.1
-87.8
583.1
225.8
438.0
87.3
528.2
234.8
454.5
59.3
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Figure 49. Post positions after impact for the soil density simulations. From left to right
in order of 10x, 2x, 0.5x, and 0.1x.
The results of the bulk modulus simulation series are in Figure 50 and Table 24. Once
again, the rotation of the post was very inconsistent between simulations with the
majority rotating on the clockwise direction. The value of the bulk modulus had little
effect on the post deflections. There was a lower threshold between ½ to 1 times the
original bulk modulus after which any further decreases had no effect at all on the post
deflection and twisting.
Table 24. Results for simulations varying bulk modulus
Middle of top Front flange Middle of top
at ground
of rear flange
of front
flange
Bulk Modulus, 10x
517.6
168.5
445.5
Bulk Modulus, 2x
499.9
206.4
492.7
Original
564.1
188.8
440.1
Bulk Modulus, 0.5x
476.5
211.8
446.9
Bulk Modulus, 0.1x
476.5
211.7
446.9
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Angle,
+CCW
(Degrees)
66.7
8.5
-87.8
37.8
37.8
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Figure 50. Post positions after impact for bulk modulus simulations. From left to right in
order of 10x, 2x, 0.5x, and 0.1x.
Table 25 and Figure 51 show the changes in the simulation results as the strain-pressure
curve for the soil was changed. The post rotations were again random. As the pressure
associated with a given strain increased, the soil deformed less under loading. This can
be observed in Figure 51, where the post bends as the pressure values are increased and
the soil envelope moved more as the pressure decreased. The overall deflection of the
upper portion remained consistent between the simulations as the increased deflection by
the soil was countered by less bending in the post.
Table 25. Results for simulations varying pressure and strain curve
Middle of top Front flange Middle of top
Angle,
at ground
of rear flange
+CCW
of front
(Degrees)
flange
Pressure-Strain, 10x
645.2
121.6
475.5
97.5
Pressure-Strain, 2x
528.8
191.5
523.8
40.0
Original
564.1
188.8
440.1
-87.8
Pressure-Strain, 0.5x
484.6
189.4
401.8
-63.8
Pressure-Strain, 0.1x
504.2
248.0
499.3
6.8
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Figure 51. Post positions after impact for strain-pressure simulations. From left to right
in order of 10x, 2x, 0.5x, and 0.1x.
The final variable to be examined was A0, which was a constant that controlled the
calculation of soil yield stress from the pressure. The results can be seen in Figure 52 and
Table 26. The variable A0 was the most influential of all the variables and two extra
simulations were added to provide a clearer picture. Motion of the post at the ground was
strongly affected by the value of A0. When A0 was raised to 10x the original value, the
soil was so stiff that only deflected 59.4 mm (2.3 inches) and the deflection was nearly all
yielding of the post. When A0 was lowered to 1/10th the original value, the post did not
deform at all and the soil was so weakened that the ground level displaced by a massive
459.4 mm (18.1 inches). The value of A0 ceased to have an effect once the value of A0
exceeded 10x the original value, which is also shown in Figure 53. Values of A0 above
12x resulted in unstable simulations as the massive deformation of the soil elements
degraded the quality of the soil mesh.
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Table 26. Results for simulations varying plastic yield function constant A0
Middle of top
Front flange
Middle of top Angle, +CCW
of front flange
at ground
of rear flange
(Degrees)
Constant A0, 12x
479.4
70.4
360.4
74.8
Constant A0, 10x
586.0
59.4
428.8
-84.8
Constant A0, 6x
560.2
89.0
398.8
-88.0
Constant A0, 2x
568.6
131.5
414.4
86.8
Original
564.1
188.8
440.1
-87.8
Constant A0, 0.5x
583.6
308.7
576.2
-10.7
Constant A0, 0.1x
820.3
459.4
808.2
6.5

Figure 52. Post position after impact for the simulations with A0 modified. 10x original
value on left and 0.1x on right.

Figure 53. The ground line displacement as a function of A0
After completing all of the simulations for the NCAC soil material, the simulations for
the TTI soil material were run. However, significant difficulties were encountered in
using the Drucker-Prager soil model to represent the large magnitudes of deflection
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needed for this study. Because the Drucker-Prager soil material was much softer than the
foam model used by the NCAC, the deformations were so large that the soil elements
became unstable. The majority of the simulations for the TTI soil model ended
prematurely due to due to artificial negative volumes in the elements.
Material Property Effects on Rail Deflection
All of the planned simulations completed successfully without any signs of numerical
instability. The maximum measured rail deflections are listed in Table 27. Figure 54
shows each simulation using a value of A0 = 0.003 at the time of maximum recorded
deflection. Each set of material properties for the rail, soil, and posts resulted in different
amounts of rail deflection even though the initial speed and mass of the pendulum
remained the same.

The NCAC definitions for the rails and posts with strain hardening were the stiffest
material models and resulted in the lowest deflections. The measured deflections of
583.6 mm (23 inches) and 613.1 mm (24 inches) were well below the 741 mm deflection
in pendulum Test 01-2. Both simulations using the material models proposed by Wright
and Ray predicted that the splice joint would fail as the elements around the bolts eroded
even though this was not observed in the real test. The modeled pendulum was able to
penetrate through the rail, resulting in extremely large deflection reaching as high as 1247
mm (49 inches). The Hamilton post material and the Reid and Sicking rail material
resulted in deflections slightly higher than the NCAC strain hardened model but were not
the highest.
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The largest deflections observed in the simulations, without any splice failure, were from
the simulations that used the NCAC materials without the strain hardening parameters.
These simulations predicted 653.6 mm (26 inches) of rail deflection when the soil
parameter A0 was set to 0.009 and 669.6 mm when A0 was 0.003. Removing the strain
hardening from the NCAC materials cut the maximum deflection error in half, reducing it
to 9.6% below that of pendulum Test 01-2.
Table 27. Maximum simulated rail deflections
Soil parameter A0 = 0.009 Soil Parameter A0 = 0.003
NCAC
583.6 mm (23.0 in)
613.1 mm (24.1 in)
NCAC, no hardening
653.6 mm (25.7 in)
669.6 mm (26.4 in)
Hamilton, Reid, Sicking
605.1 mm (23.8 in)
634.2 mm (25.0 in)
Wright and Ray
1247.0 mm (49.1 in)
1053.9 mm (41.5 in)

NCAC properties

NCAC properties with strain hardening

Hamilton, Reid, and Sicking properties
Wright and Ray Properties
Figure 54. Simulated pendulum tests at time of maximum deflection
For the simulations where rail rupture did not occur, the restitution of the rail varied. The
greatest restitution was observed when using the NCAC materials with strain hardening.
The rails in these simulations recovered 20% and 26% of their maximum deflection when
using the higher and lower values of A0 respectively. The simulations using the NCAC
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materials without strain hardening recovered the least, reclaiming only 12% of the
maximum deflection for either value of A0. The simulations using Hamilton material for
the posts and Reid and Sicking material for the rails fell in between, recovering 16% and
18% for A0 values of 0.009 and 0.003 respectively.
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Figure 55. Rail deflection with soil parameter A0 set to 0.009 (left) and 0.003 (right)
The highest rail deflection observed in a simulation without rail failure was still 9.6%
lower than the deflection in Test 01-2. Simulations using the NCAC material definitions
without the strain hardening were attempted with lower values of A0 to attempt to
increase the rail deflection further. However, at extremely low values of A0 the stability
of the simulation degrades. Because the soil was softer, the deflections increased until
the simulation terminated with negative volume errors for the solid bricks making up the
soil bucket.
Effects of Mesh Density on Rail Performance
In the three quasistatic axial tests performed by Ray et al (2001), the splice joint failed
because the splice bolts pulled out of the rail. Examples of these failures are shown in
Figure 56. The splice bolts and nuts remained together in all of the tests. The motion of
the rails relative to each other was limited and never exceeded 25 mm (1 inch) before the
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failures occurred. Some tearing was observed in the longitudinal direction, an example
of which can be seen in the bottom left splice bolt in the left image of Figure 56. Tears
occurring in the lateral direction were not observed in any of the tests.

Figure 56. Failure of the splice by bolt pullout (left) and a close-up view (right)
All four simulations completed successfully. As expected, the total time needed to
complete each simulation increased as the number of elements in the simulation
increased. The details of each simulation are shown in Table 28. The time needed to
complete the simulation only doubled between the original and fine mesh simulations
despite the having four times as many elements. However, the same increase in elements
between the superfine and ultrafine simulations resulted in a 5.6x increase in the wall
time.

Original Mesh
Fine Mesh
Superfine Mesh
Ultrafine Mesh
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Table 28. Results of the mesh density simulations
End Time (ms)
Splice Failure
Wall Time for 1000 ms
700
No
20 min
1000
No
41 min
1000
No
2 hour, 31 min
1000
No
13 hour, 54 min
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The model did not predict failure of the splice joint even though the load on the splice
joints reached 600 kN (135 kip) which was well in excess of the reported tension in the
real tests. Images at the end of each of the simulations are shown in Figure 57. The bolts
in the original mesh simulation did not rotate within the splice holes. Instabilities in this
simulation also developed as the load reached the level of expected failure and the
simulation self-terminated due to errors. Rotation was observed in the bolts in all of the
finer meshes. However, the mesh refinement from the superfine to ultrafine mesh did not
offer any further improvement in the bolt behavior.

Original mesh at 700 ms
45 mm splice sep

Fine mesh at 1000 ms
85 mm splice sep

Superfine mesh at 1000 ms
Ultrafine mesh at 1000 ms
75 mm splice sep
85 mm splice sep
Figure 57. Mesh quality simulations at completion
Despite the rotation observed in the finer meshes, the bolts in the finite element model
were not able to pull through the splice holes. Instead, the metal of the rail underwent a
ductile strain in the axis of loading. This was particularly pronounced in the narrow
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strips of rail between the splice bolts and resulted in roughly 80 mm (3 inches) of relative
rail motion at the splice.

The simulation using the original mesh was plagued with large zero-energy growth
modes (called hourglassing in LS-DYNA). This energy growth was the cause of the
checkerboard pattern in the top left image of Figure 57. The energy growth observed
with each of the meshes is shown in Figure 58. Refining the mesh from the original to
the next highest quality reduced the hourglass energy to only 17% of its original value.
The next finest meshes, the superfine and ultrafine meshes, reduced the hourglass energy
to only 7% and 1% of the original mesh respectively. However, using the superfine and
ultrafine meshes carried a substantial cost in terms of time needed to run a simulation.
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Figure 58. Growth of hourglass energy in mesh quality simulations
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Discussion
Sensitivity of Soil Models
The greatest limiting factor in modeling soil was the need for a stable model that could
accommodate the large deflections expected in a crash scenario. Unfortunately, the TTI
soil model utilizing the Drucker-Prager soil model was not well suited for these large
deformation situations. The soft soil represented by this model was apparently wellsuited to the model from which it was obtained, where the deflection was limited by mow
strips on the top of the soil. However, without the mow strips to support the posts the soil
deflections were too large and caused the soil elements to invert, leading to the
simulation terminating due to negative volume errors.

The remaining soil model, obtained from the NCAC model, was much stiffer than the
TTI’s soil model. Deflection at the level of the w-beam rails tended to occur because the
post steel yielded and the post bent at the ground level rather than the soil deforming.
The stiffness of the soil was beneficial with respect to the model stability, since all of the
simulations with this soil model were successful.

The sensitivity of the ground level post deflection to increases or decreases in each
parameter for the NCAC soil model is shown in Table 29. The variable A0, which relates
the soil yield stress to the pressure, was the most influential on the deflection of the soil.
A tenfold increase in A0 resulted in a 143% increase in the ground line deflection,
whereas a tenfold decrease led to a 63% reduction in deflection. The deflection was also
sensitive to decreases in the pressure cutoff and both an increase or decrease in the
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pressure components in the pressure vs. strain curve. Increases to these parameters
allowed the soil elements to fail under tension earlier than in the original simulation,
shifting the full impact load to soil elements behind the post and causing these elements
to compress further. The two moduli and the density had limited effects on the overall
deflections because these parameters did not affect the calculations to determine when the
soil had failed under tension.
Table 29. Ground level deflection sensitivity to parameter changes for NCAC soil model
Parameter
Effectiveness of
Parameter
Effectiveness of
10x Increase
10x Decrease
Yield Function, A0
-63%
Yield Function, A0
+143%
Strain-Pressure Pts
-36%
Pressure Cutoff
+39%
Density
-21%
Strain-Pressure Pts
+31%
Shear Modulus
-15%
Density
+24%
Bulk Modulus
-11%
Shear Modulus
+20%
Pressure Cutoff
-6%
Bulk Modulus
+12%
Since each parameter has an effect on the overall deflection of an embedded post, it can
be difficult to decide which parameters to modify in order to match the deflections
observed between real tests and simulations. Certain parameters of the foam soil model,
such as density, shear and bulk modulus, the pressure cutoff, and the pressure versus
strain points can be determined through material testing and therefore should not be
modified unless the soil being modeled is known to be different from the test specimen.
This leaves the parameter A0. The A0 value was an artificial parameter used to define an
equation relating the soil pressure and the yield stress of the element. Therefore,
modifying this parameter represents the most reasonable choice when attempting to make
justified changes to a soil model.
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Rail and Post Material Properties
The value of the soil parameter A0 had a substantial effect on the maximum deflection
observed in the pendulum simulations. Lowering the value of A0 from 0.009 to 0.003
increased the maximum deflection by 20 - 30 mm (roughly 1 inch) for each simulation in
which rail failure was not observed. However, there was a floor for A0 created by the
need for numerical stability in the model. Attempted simulations with A0 set to 0.001 or
lower resulted in soil elements so soft that the elements tended to invert upon themselves,
causing the entire simulation to terminate with errors. Setting the value for A0 to 0.003
represented the best value for maximizing the rail deflection while maintaining the
simulation stability.

Each set of materials for the rails and posts resulted in different outcomes. The failure
plastic strain value used in the material model from Wright and Ray (1997) illustrated
both the benefits and dangers of using failure criteria in a finite element model. The use
of a failure strain allows for the model to predict failure of components when loaded
beyond their capacity. However, the failure criteria must be carefully defined to avoid
predicting error in situations where it should not occur. This problem was best illustrated
in the study by Wright and Ray, where the coupon specimens being tested failed at
roughly 30% elongation. However, the failure strain recommended when using a finite
element model to reproduce the test was 66%. Because failure was not observed in the
pendulum test, the material models without failure limits performed better.
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The rail deflection observed in the simulations did not exactly reflect the values defining
the stress vs. strain curves for each material. The material models of Hamilton, Reid, and
Sicking were the stiffest materials according to their stress-strain curves but were second
in maximum rail deflection. The NCAC material without strain hardening was the
closest to the true test deflection. However, removing the strain hardening also lowered
the restitution of the rail, resulting in a higher static deflection measurement. For two of
the simulations, the restitution of the rails increased when the soil A0 value decreased,
indicating that the soil plays a role in the motion of the rail even though it does not
physically contact the rail. However, since the maximum rail deflection was the
measurable criteria of greatest interest, the NCAC material without strain hardening was
the best material overall.
Mesh Density
The mesh quality study demonstrated clearly that both the original mesh and the ultrafine
mesh were not ideal for expansion to larger finite element models. The original mesh
was ruled out because of contact instabilities and a failure to represent the rotation of the
splice bolts under failure-level loading. The ultrafine mesh was able to predict splice bolt
rotation and remained stable. However, the ultrafine mesh did not offer much
improvement over the superfine mesh despite taking nearly 6 times longer in real time to
run the full simulation.

Both the fine and superfine meshes predicted that the splice bolts would rotate in the
splice holes during loading. Neither model showed bolt pullout but instead predicted that
the rail would begin to fail in a ductile manner. The most likely explanation was a lack
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of failure criteria for the rail steel. For example, in the right image of Figure 56, some
small tears were evident on both the of the rail sections where the loading from the bolt
forced. Widening of the bolt hole in the lateral direction and some tearing in the
longitudinal direction were considered key in achieving failure in the correct manner.

Since neither the fine nor superfine meshes correctly predicted the failure, the selection of
which mesh to use depended on the representation of bolt rotation versus the amount of
real time needed to complete the simulation. Because guardrail spans for a crash test are
typically 53.6 m (176 ft) in length and require 14 sections of 3.8 m (12.5 ft) rails, there is
a strong incentive to reduce the number of elements in each rail segment to the lowest
value that will still realistically represent the geometry and function of the rails.
Minimizing the total real time needed to complete a simulation was a critical priority of
this study, leading to the selection of the fine mesh over the superfine mesh.

Conclusions
Each of the studies conducted offered insight into one of many aspects of developing a
finite element model for general use in simulating pendulum and crash tests. The
variables that influence the simulation performance and stability and the material
definitions that best represent the actual test components were identified.

•

The soil properties for tests are rarely documented but are also highly variable.
Replication of the test results may require potentially large modifications to soil
models to correctly reproduce the soil behavior. The soil model was most
sensitive to the A0 parameter and reductions to a tenth the original value
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increased the soil deflection by 143%. When adjusting the soil for the models in
this study, the A0 parameter was varied to obtain the needed deflection.

•

Three material models each for the rail and post steel were tested in a pendulum
simulation to identify the most realistic material definition. The material
definitions for rails and posts provided by NCAC, with the strain hardening
effects removed, allowed for the most accurate simulation. The value of A0 for
the soil was lowered to a value of 0.003, which was the lowest possible value that
maintained the stability of the model. The final error in predicting the maximum
pendulum deflection was -9%.

•

The quality of the mesh used on the rails had a strong influence on the stability of
the contact models and the growth of undesirable energy modes. The fine mesh
created by splitting each element in the original mesh into four elements each
reduced hourglass energy by 83% and removed contact instabilities at the cost of
doubling the real time needed to complete a simulation. The inclusion of a failure
strain of 0.66 for the rails was needed to predict the failure of the splice joint
under extreme loading.

When designing a finite element model for crashworthiness studies, it was recommended
to use the material models provided by the NCAC without the strain hardening, but to
add the failure strain limit of 0.66 defined by Wright and Ray if failure is a possibility. If
material properties of the soil are not available, then the parameter A0 can be modified to
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increase or decrease the deflection to match test values. Values lower than 0.003 were
not recommended for crash simulations. Finally, the quality of the mesh should be
increased from the original mesh to both minimize the growth of energy and improve
contact performance.
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6.

THE PERFORMANCE OF W-BEAM GUARDRAIL WITH
DEFLECTION DAMAGE

Introduction
Strong-post w-beam guardrail is widely used as a roadside barrier throughout the United
States and other countries. Guardrail is tested to ensure that it is capable of safely
containing and redirecting errant vehicles in accordance with NCHRP Report 350
(National Cooperative Highway Research Program Report 350 – Recommended
Procedures for the Safety Evaluation of Highway Features) before being approved for use
along roadways [Ross et. al., 1993]. However, in the act of redirecting a vehicle, the
guardrail itself will inevitably sustain some amount of damage that will remain until the
guardrail can be repaired. No tests have ever been performed to show that guardrail with
minor damage can safely redirect vehicles. Although there are many different types of
minor damage, this study is concerned with the examination of impacts into guardrail
with prior deflection of the rails and posts.

Rail and post deflection is one of the most prevalent types of damage in guardrail, most
often caused by a lower severity crash. An example of this damage type is shown in
Figure 59. Impacts in which the vehicle speed or angle of impact are lower may result in
localized minor deflection. Depending on the impact angle, the deflection may be
incurred only to the rail element, with minimal or no deflection of the supporting posts
and soil. Impacts with a higher speed but shallower angle can also cause more distributed
rail and post deflection.
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Figure 59. Guardrail with rail and post deflection
The amount of deflection that can be sustained by guardrail before its safety is
compromised is a major concern. Maintenance crews and highway agencies are often
forced to balance the expense of continual repairs against the potential liability if the
damaged guardrail is struck again. A recent survey of U.S. states and Canadian
provinces has revealed that very few agencies have quantitative criteria underlying the
decision of when to replace deflected guardrail [Gabler et. al., 2009 and Gabauer et. al.,
2009]. Among those agencies that do, the threshold deflection was most commonly set at
6 inches (152 mm) of deflection. This is also the recommended repair threshold for
minor deflection specified by the (FHWA) Federal Highway Association [FHWA, 1990].
Individual agencies had thresholds as low as 3 inches (76 mm) or as high as 12 inches
(305 mm) [Gabler et. al., 2009 and Gabauer et. al., 2009]. This study is intended to test
the performance of guardrail with rail and post deflection to support a unified repair
threshold for deflection based on quantitative data.

Currently, all guardrail systems are thoroughly crash tested according to the testing
procedure and thresholds specified in NCHRP Report 350 [Ross et. al., 1993]. NCHRP
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Report 350 laid out a variety of measurable criteria with which the performance of the
guardrail could be assessed. These criteria were divided into three categories: structural
adequacy, occupant risk, and post impact vehicle trajectory. Guardrail meeting the
requirements of all three categories should be accepted by the FHWA for installation on
the national highway system. However, guardrail systems that have suffered minor
deflection damage may no longer meet the same criteria and would require repair to
restore functionality.

Methods
The ideal method to test the safety of strong-post w-beam guardrail would be to perform
crash tests with varying levels of prior damage. However, the cost of doing so for the
range of conditions under consideration would be prohibitive. Additionally, no existing
literature on the crash performance of deflected guardrail was found that might be used to
reduce the number of tests needed. To conduct a thorough evaluation while containing
cost a two part approach was employed, consisting of (1) a full scale crash test with a
level of prior damage that might reasonably be expected to fail, and (2) finite element
modeling to predict the outcome if crash tests had been performed with lower levels of
damage.
Full Scale Crash Tests
Two crash tests were performed by the MGA Research Corporation for NCHRP Project
22-23 “Criteria for Restoration of Longitudinal Barriers” to evaluate the performance of
guardrail with rail and post deflection [MGA Research Corporation, 2008a and 2008b].
These two crash tests represented successive impacts to one point on a guardrail. In
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accordance to NCHRP Report 350 guidelines, the guardrail was installed at a 25 degree
angle relative to the incoming vehicle trajectory. Since neither the towing system nor the
guardrail could be easily reoriented between tests, the first crash test was conducted at 25
degrees as well.

In the first test, a 1997 Chevrolet 2500 pickup truck impacted the guardrail at 30 mph (47
kph) and 25 degrees. The purpose of this low speed impact was not to evaluate the
performance of the guardrail, but rather to create some minor deflection damage in the
guardrail in preparation for the second crash test. No repairs or alterations were made to
the guardrail in between this and the second crash test.

The second crash test was performed according to NCHRP Report 350 standards. A
second 1997 Chevrolet 2500 pickup truck impacted the guardrail at 60 mph (100 kph)
and 25 degrees. The vehicle followed the exact approach as in the first crash test and
impacted the guardrail where the damage was located. The results of this crash test
provided both evidence of the guardrail performance when damaged and data against
which the finite element models could be validated.
The Finite Element Model
A full scale finite element model was created from two parts: (1) a model of a 176 ft
(53.6 m) length of strong-post w-beam guardrail and (2) a model of a Chevrolet 2500
pickup truck. Each model is described in more detail below. All of the initial conditions
for the full scale model were adjusted to match the values specified by NCHRP Report
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350, i.e. the vehicle was given an initial velocity of 60 mph (100 kph) and angle of
impact was set to 25 degrees.

Rail and post deflection is typically produced by a low severity impact. However, “low
severity” encompasses a wide range of initial conditions ranging from high speed, low
angle impacts to low speed, high angle impacts. Ideally, the initial conditions for the low
severity impacts in the finite element simulations would be chosen to represent the worst
case scenario of risk to the vehicle occupants. An impact angle of 25 degrees, with
varying initial speeds, was selected for the initial conditions for two reasons. The first,
and perhaps most important reason, was that the higher impact angle would maximize the
potential for pocket formation. Second, the impact angle matched with the impact angle
of the MGA crash tests. This facilitated a more straightforward comparison between the
MGA and finite element results.

Figure 60. Simulated guardrail with rail and post deflection
Having selected the initial approach angle of the vehicle, getting the desired amount of
rail deflection was a matter of adjusting the initial speed of the vehicle. Low speed
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impacts in the range of 18.6 – 37.3 mph (30 – 60 kph) were sufficient to cause 3, 6, 9,
and 11 inches of deflection in the rails. Post deflection was also observed, particularly
for the higher deflection levels. An example of a completed full scale model with 6
inches (152 mm) of rail deflection and 1.6 inches (41 mm) of post deflection is shown in
Figure 60. In some models, artificial constraints were introduced to prevent post motion
so that the effects of the rail deflection could be studied in isolation.
Strong-Post W-Beam Guardrail Model
Strong-post w-beam guardrail is the most widely used of the steel roadside barriers on the
national level. It comes in two varieties, the wood post and steel post system. This study
focused on the type of guardrail that uses steel posts with plastic blockouts, called the
modified G4(1S). A guardrail model with steel posts was selected because the steel posts
represent the worst case scenario for snagging of the vehicle tires during impact. While
the results using a steel post system will be conservative, it was felt to better to err on the
side of caution than to allow a borderline hazardous condition to be considered an
acceptable amount of deflection.

The basic modified steel strong-post w-beam guardrail model was a publicly available
model from the National Crash Analysis Center (NCAC) finite element library [NCAC,
a]. The model was designed to be used with the LS-DYNA finite element simulation
software [LSTC, 2003]. The guardrail system was 176 feet (53.6 meters) in length from
end to end with 29 posts. The midline of the guardrail was 21.65 in (550 mm) high.
Routed plastic blockouts were used instead of wood blockouts. The soil supporting the
guardrail system was modeled as individual buckets around each post rather than as a
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continuum body. Each steel post was embedded in a cylindrical volume of soil 6.9 feet
(2.1 meters) deep and 5.25 feet (1.6 meters) in diameter. The soil model was
representative of a strong, compacted soil using the material parameters provided with
the NCAC guardrail model.

There was only one modification made to the NCAC guardrail model because the model
had been previously validated [Whitworth et. al., 2003]. The stiffness of the springs
holding the splice bolts together was increased from 15 to 540 kip (66.5 to 2,400 kN) to
keep the splice bolts from unrealistically separating during impact. The increase in
stiffness reflected the bolt strength used in a model developed for a Texas Transportation
Institute (TTI) study on guardrails encased in paved mow strips [Bligh et. al., 2004].
Pickup Truck Model
To simulate a crash test, a model of a test vehicle matching the NCHRP Report 350 test
criteria was also needed. The detailed model of a 1994 Chevrolet 2500 pickup truck was
also available from the NCAC library. This model was version 0.7 that was published to
the online NCAC library on November 3, 2008 [NCAC, b]. Like the guardrail model,
this vehicle model was designed to be used with the LS-DYNA finite element solver.

The success or failure of a crash test can depend greatly on the relative height of the
vehicle and guardrail. Marzougui et. al., 2007, found that lowering the height of the
guardrail by 2.5 in (60 mm) could cause the vehicle to vault over the guardrail. Although
the height of the guardrail was not changed in this study, bumper heights of the Chevrolet
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2500 pickup truck, the test vehicle that is frequently used in NCHRP Report 350 crash
tests, has been observed to vary from test to test.

Vehicles with higher bumper heights have higher centers of gravity and are more prone to
vaulting and rolling when striking a guardrail. The finite element vehicle model should
match the recorded dimensions of the real test vehicles to maximize accuracy. However,
the test vehicles of the three crash tests used as validation cases for this study, the TTI
405421-1 [Bullard et. al., 1996] and MGA crash tests, had drastically different bumper
heights, as shown in Table 30. This necessitated the development of alternative vehicle
models to match the dimensions in all of the crash tests.

The original NCAC vehicle model dimensions matched the TTI 405421-1 test vehicle
dimensions, meaning that only one alternative vehicle model was needed to represent all
of the crash test vehicles. A modified version of the original NCAC vehicle was
developed to match the different dimensions of the MGA crash tests. However, the
remaining finite element simulations were conducted with the original vehicle model
because it more closely represented the vehicle dimensions in most crash test reports.

Table 30. Dimensions of finite element models of the Chevrolet 2500 pickup truck
Dimension
NCAC Chevrolet 2500
Modified Chevrolet 2500
Width
76.9 in
195.4 cm
77.0 in
195.5 cm
Length
222.6 in
565.5 cm
222.6 in
565.5 cm
Height
70.6 in
179.2 cm
73.0 in
185.4 cm
F. Bumper height
25.0 in
63.6 cm
26.8 in
68.1 cm
R. Bumper height
27.8 in
70.6 cm
30.1 in
76.5 cm
Tire Diameter
28.7 in
73.0 cm
28.7 in
73.0 cm
Weight
4438 lb
2013 kg
4440 lb
2014 kg
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Planned Simulations
A series of simulations was planned to determine how much deflection could be
permitted in a strong-post w-beam guardrail without compromising the safety of the
system. All simulations were conducted with the LS-DYNA 971 finite element solver.
Simulations with combined rail and post deflection were conducted for 3, 6, 9, and 11
inches (76, 152, 229, 279 mm) of deflection. These combined rail and post deflection
simulations were run twice, once with post separation allowed and again with a critical
post prevented from separating from the rail. These constraints were only applied in the
simulations of the second impacts since post separation did not occur in the lower
severity first impacts. A small number of simulations in which only rail deflection was
allowed were also conducted for 3 and 6 inches of deflection. Larger rail deflections
would not occur without also deflecting the posts.

Results
Full Scale Crash Test
In the first crash test the vehicle struck the guardrail at a speed of 30 mph (48.3 km/hr) at
26.0 degrees. The point of impact was located 1.94 ft (591 mm) before post 11 with the
direction of travel toward the higher numbered posts. This impact resulted in damage to
36 ft (11 m) of barrier length and a maximum permanent post and rail deflection of
approximately 14.5 inches (368.3 mm). The barrier successfully contained the vehicle.
The vehicle came to rest alongside the barrier due to the low initial speed of the vehicle.
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0 ms

500 ms

200 ms

700 ms

900 ms
300 ms
Figure 61. Time Series for Second MGA Impact
The day after the first, low severity impact the second, high speed test was run. A second
pickup truck impacted the guardrail at the same initial impact point and area damaged by
the previous vehicle. The impact conditions were 62.1 mph (99.9 kph) at 25.5 degrees.
Due to the damage that was already incurred to the guardrail, the vehicle failed to redirect
and overrode the guardrail. The vehicle returned to ground on the opposite side of the
guardrail and continued to travel at 43.2 mph (69.5 kph) and an angle of 18.7 degrees
from the guardrail. Post 13 failed to separate from the guardrail despite the significant
amount of post and rail deflection during the test. Figure 61 presents a series of
photographs showing the vehicle vaulting over the guardrail. As shown in these
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photographs, the pickup truck vaulted over the barrier and came to rest upright behind the
test installation.

The outcome of these crash tests demonstrated that there are limits to the amount of
damage that can be sustained by guardrails while still maintaining the functional
capacity. This test showed that 14.5 in (368.3 mm) of deflection damage in a guardrail
represented an unacceptable condition that warrants high priority repair. However, the
exact amount of deflection delineating acceptable and unacceptable performance was still
unknown. The performance of guardrail with lower amounts of deflection was evaluated,
as described in the following sections, with finite element models to determine the
threshold of allowable deflection.
Validation of the Finite Element Model
Prior to running the deflection simulations, it was important to show that the finite
element model was both able to reproduce the results of a documented crash test and
applicable to conditions outside those of the validation test. To demonstrate this
capability, the same finite element model was used to predict the outcome of three crash
tests. In TTI Test 405421-1 a Chevrolet 2500 pickup truck impacted an undamaged
guardrail and was successfully redirected [Bullard et. al., 1996]. The remaining two tests
were the previously discussed MGA C08C3-027.1 [MGA Research Corporation, 2008a]
and MGA C08C3-027.2 crash tests [MGA Research Corporation, 2008b]. By validating
against multiple crash tests, the acceptability of using the finite element approach to
model a wide range of crash conditions could be assured.
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A series of photos from the TTI and second MGA crash tests and simulations are shown
in Table 31. For both tests, there was visually good agreement between the real crash test
and the finite element model. The ability of the model to reproduce the NCHRP Report
350 criteria values observed in the crash tests is shown in Table 32.

The simulation of the TTI crash test agreed well with the reported data from the test
report. The exit speed and angle, occupant impact velocities, and maximum vehicle
rotations for the simulation were all similar. The greatest deviation was observed in the
maximum observed dynamic guardrail deflection, which was 1 ft (0.3 meters) lower in
the simulation than in the crash test. The lower deflection of the simulation was related
to the higher stiffness of the soil in the finite element model relative to the crash test.

The first MGA crash test, a low speed collision intended to cause a minor amount of
deflection, was successfully reproduced. A simulation speed of 32 mph (52 kph) was
required to reproduce the 14.5 inches (368 mm) of deflection observed in the 30 mph
(48.3 kph) crash test. For the second MGA crash test, initial attempts at reproducing the
results were unsuccessful. A critical factor in the outcome of the crash test was found to
be the failure of post 13, located roughly 12.8 ft (3.9 m) downstream of the impact point,
to separate from the rail during both the first and second impacts. The addition of a
constraint on the same post in the simulations changed the outcome of the simulation
from a successful redirection to failure by the vehicle vaulting over the guardrail.
Occupant impact velocities and ridedown accelerations were below the NCHRP Report
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350 limits in all the crash tests and simulations. The roll and pitch in the simulation
matched well with the TTI 405421-1 crash test.
Rail and Post Deflection Simulations
The MGA tests demonstrated that the separation of posts from the rails can radically
change the crash performance of strong-post w-beam guardrail. Finite element modeling
may not be able to accurately predict which behavior will occur in a real crash when
relevant factors such as soil strength or bolt position are not known. The approach was to
bracket the crash performance by conducting two series of simulations. In the first series,
the rails and posts were allowed to separate. In the second series, a single post was
prevented from separating. The post to which this constraint was applied was 12.5 ft (3.8
m) downstream, which maximized the effect on vehicle performance.

In the first set of simulations guardrail with combined rail and post deflection of
deflection of 3, 6, 9, and 11 inches (76, 152, 229, and 279 mm) was tested. The NCHRP
Report 350 test values recorded for each simulation are shown in Table 33. Despite the
huge difference in performance between the MGA test simulation and the undamaged
simulation, there was very little variation in performance between the simulations of
lesser deflection. Even the simulation with 11 inches of deflection yielded virtually the
same crash results and test values as the undamaged simulation.

In the second series of simulations, the models were set up in an identical manner, except
that a constraint was added to a post located 12.5 ft (3.8 m) downstream of the impact
point to prevent the post and rail from separating. The NCHRP Report 350 results are
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shown in Table 34. The outcomes of these simulations are shown in Figure 62. The
vehicle began to move upward and roll with increasing amounts of prior deflection
damage. The vehicle eventually rolled onto its side when the deflection damage reached
11 inches (279 mm). However, even at 6 inches (152 mm) of deflection, the roll was
very high and reached over 35 degrees before the vehicle began to recover.

Figure 63 shows the local vehicle velocity at the center of gravity as a function of time
for both the separation-constrained and unconstrained simulations. There was almost no
difference in the velocity between the undamaged simulation and the unconstrained rail
and post deflection simulations. All of the exit speeds were in the range of 31 – 35 mph
(50 – 56 kph). The velocities for the simulations with a fixed post were a little more
varied. The vehicle in the 11 inch simulation retained the most speed due to rolling on its
side, which limited the amount of interaction with the guardrail. The 3 inch simulation
vehicle showed the lowest amount of roll and lost more speed because of more
opportunities to interact with the posts.
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Table 31. Validation of FE simulations against TTI and MGA crash tests
TTI Crash Test 405421-1
[Bullard et. al., 1996]

Simulation of
TTI Crash Test

MGA Crash Test
MGA C08C3-027.2
[MGA Research
Corporation, 2008b]

Simulation of
MGA Crash Test

t = 0 ms

t = 0 ms

t = 0 ms

t = 0 ms

t = 120 ms

t = 120 ms

t = 120 ms

t = 125 ms

t = 242 ms

t = 240 ms

t = 242 ms

t = 250 ms

t = 359 ms

t = 360 ms

t = 360 ms

t = 350 ms

t = 491 ms

t = 490 ms

t = 490 ms

t = 500 ms

t = 691 ms

t = 690 ms

t = 690 ms

t = 700 ms
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Table 32. Validation of FE simulations against TTI and MGA crash tests
Impact Conditions
Speed (kph)
Angle (deg)
Exit Conditions
Speed (kph)
Angle (deg)
Occupant
Impact Velocity X (m/s)
Impact Velocity Y (m/s)
Ridedown X (G)
Ridedown Y (G)
50 ms Average X (G)
50 ms Average Y (G)
50 ms Average Z (G)
Guardrail Deflections
Dynamic (m)
Static (m)
Vehicle Rotations
Max Roll (deg)
Max Pitch (deg)
Max Yaw (deg)

TTI Crash Test
405421-1

TTI Validation
Simulation

MGA Crash Test
C08C3-027.2

MGA Crash Test
Simulation

101.5
25.5

100.0
25.0

99.9
26.4

100.0
26.4

55.0
16.0

53.0
14.5

69.5
18.7

57.0
5.7

7.1
4.4
-7.9
8.4
-5.3
4.3
-4.8

7.5
5.5
-11.8
-12.3
-6.7
-6.8
-3.8

6.1
3.7
-6.1
-5.6
-5.5
-3.1
-4.1

9.3
5.4
-10.4
-5.4
-10.0
-6.3
-6.5

1.0
0.7

0.69
0.55

2.2
1.0

1.00
0.80

-10
-4
42

-14.4
-9.9
40.3

30
12
-10.2

7.1
11.5
-21.3

Table 33. Simulation results for rail & post deflection with no separation constraints

Impact Conditions
Speed (kph)
Angle (Deg)
Exit Conditions
Speed (kph)
Angle (Deg)
Occupant
Impact Velocity X (m/s)
Impact Velocity Y (m/s)
Ridedown X (G)
Ridedown Y (G)
50 ms Average X (G)
50 ms Average Y (G)
50 ms Average Z (G)
Guardrail Deflection
Max Dynamic (m)
Static Deflection (m)
Pre-existing deflection (m)
Vehicle Rotation
Max Roll (Deg)
Max Pitch (Deg)
Max Yaw (Deg)
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Undamaged
Model

3 Inches
Rail & Post
Deflection

6 Inches Rail
& Post
Deflection

9 Inches Rail
& Post
Deflection

11 Inches Rail
& Post
Deflection

100
25

100
25

100
25

100
25

100
25

53
14.5

53
13.2

52
13.8

56
15.6

50
15.0

7.5
5.5
-11.8
-12.3
-6.7
-6.8
-3.8

8.0
5.6
-12.0
-13.0
-6.7
-6.7
-3.9

8.0
5.5
-12.2
-10.1
-6.8
-6.5
-3.0

8.6
5.5
-10.7
-12.0
-7.9
-6.5
-4.2

8.3
5.9
-12.8
-10.4
-7.1
-6.8
-4.6

0.69
0.55
0.00

0.72
0.62
0.07

0.74
0.55
0.15

0.76
0.60
0.22

0.78
0.64
0.28

-14.4
-9.9
40.3

-12.9
-10
40

-13
-6.6
40

-16.6
-5.6
41

-13.2
10
40.5
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Table 34. Simulation results for rail & post deflection with one post separation constraint
Undamaged
Model

3 Inches
Rail & Post
Deflection

6 Inches Rail
& Post
Deflection

9 Inches Rail
& Post
Deflection

11 Inches Rail
& Post
Deflection

100
25

100
25

100
25

100
25

100
25

53
14.5

46
19.1

55
12.3

55
15.6

64
3.4

7.5
5.5
-11.8
-12.3
-6.7
-6.8
-3.8

8.4
5.5
-11.7
-10.4
-8.8
-6.5
-3.9

7.9
5.1
-13.2
-11.9
-8.2
-6.2
-3.7

8.1
5.2
-14.5
-11.7
-8.3
-6.2
4.6

7.9
5.4
-8.8
-8.7
-7.0
-6.0
5.2

0.69
0.55
0.00

0.82
0.64
0.07

0.86
0.66
0.15

0.86
0.67
0.22

0.90
0.77
0.28

-14.4
-9.9
40.3

32.1
-14.6
46.2

35.5
-19.8
35.8

39.7
22.7
39.0

Roll
28.2
23.3

Impact Conditions
Speed (kph)
Angle (Deg)
Exit Conditions
Speed (kph)
Angle (Deg)
Occupant
Impact Velocity X (m/s)
Impact Velocity Y (m/s)
Ridedown X (G)
Ridedown Y (G)
50 ms Average X (G)
50 ms Average Y (G)
50 ms Average Z (G)
Guardrail Deflection
Max Dynamic (m)
Static Deflection (m)
Pre-existing deflection (m)
Vehicle Rotation
Max Roll (Deg)
Max Pitch (Deg)
Max Yaw (Deg)

(a) Undamaged rail

(b) Rail with 3” prior deflection

(c) Rail with 6” prior deflection

(d) Rail with 9” prior deflection

(e) Rail with 11” prior deflection

Figure 62. Rail and post deflection simulations with a separation constraint after impact (t = 700
ms)
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Figure 63. Vehicle velocities for rail and post deflection simulations (left), and the same
simulations with a critical post prevented from separating (right)
There were increases in the maximum deflection of the guardrail with increasing extent
of rail and post deflection for both sets of simulations as shown in figure 64. However,
for both sets each additional 3 inches (75 mm) in pre-existing deflection yielded only 0.8
– 1.6 inches (20 - 40 mm) of extra dynamic deflection. The limited effect of the preexisting deflection was attributed to the narrow range over which the damage was
incurred on the rail.
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Figure 64. Maximum dynamic deflection for rail and post simulations (left) and the same
simulations with a critical post prevented from separating (right)
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Rail Deflection Only Simulations
Two simulations in which only rail deflection was allowed were created to determine the
relative contributions of the rails versus those of the posts. No constraints were added to
the posts in the second impacts of these simulations. Since larger rail deflections do not
occur without also deflecting the posts, these simulations were limited to 3 and 6 inches
(76 and 152 mm) of rail only deflection.

The NCHRP Report 350 test criteria were almost entirely unchanged from the values
recorded for the undamaged simulation. Between the undamaged and 6 inch rail only
deflection simulation, the roll and pitch decreased by less than 4 degrees and the
maximum dynamic deflection increased by less than 3%. The longitudinal occupant
impact velocity showed the greatest increase, rising to 27 ft/s (8.2 m/s) from 24.6 ft/s (7.5
m/s), but was still within the recommended limit. The lack of change in crash test
outcome for rail only deflection support the earlier theory the contributions of the posts
may be more important in predicting the outcome of a crash.

Discussion
Importance of Rail and Post Separation
A critical contribution to the vaulting of the vehicle in the MGA crash test was believed
to be the failure of some of the posts to detach from the guardrail. In the second MGA
crash test, a post failed to separate from the rail during impact. In a preliminary
simulation of this crash, the post did separate, and the vehicle was successfully
redirected. When a constraint was added to prevent the rail from separating from the post
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the vehicle vaulted over the guardrail. The deflection of this post during impact was
believed to have pulled the rail downward as the post deflected back, enhancing the
chance of the vehicle vaulting over the guardrail.
Simulations of Rail and Post Deflection
In the simulations of the 3, 6, 9, and 11 inches (76, 152, 229, and 279 mm) of rail and
post deflection with no separation constraints, minor rail and post deflection had very
little effect on the simulation results. The OIV, ridedown, and 50ms average
accelerations were satisfactory and the increases in maximum deflection were less than
the increase in prior deflection.

When the simulations were altered to prevent a post from separating from the rail,
different outcomes were observed. The vehicle roll increased with increasing preexisting deflection. The vehicle overturned during impact with a guardrail having 11
inches (279 mm) of pre-existing rail deflection. Even for as little as 6 inches of rail
deflection, substantial rolling was observed.

By failing to separate, two different hazardous conditions can be created. If the post
remains mostly upright the vehicle may be at greater risk of snagging. Another possible
outcome was reflected in the results of the MGA crash test. If an unseparated post was
deflected backwards and downwards, as in the simulations with greater than 6 in (152
mm) of deflection, the rail is pulled downward as well and the risk of vaulting is
increased.
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The vehicle behaviors for both 3 and 6 inches (76 and 152 mm) of rail deflection without
post deflection were no different from that of the undamaged simulation. The static and
dynamic guardrail deflections were also unchanged. These results provide further
support for the theory that the behavior of the posts in strong-post guardrail systems can
strongly influence the outcome of a crash test.
Effects of Prior Rail and Post Deflection
Existing literature has suggested that rail height can be a major contributor to vaulting
[Marzougui et. al., 2007]. The rails in the finite element simulations were examined to
determine whether the minor rail deflection incurred in the first impact resulted in
changes in the rail height that could be correlated to the outcome of the simulated second
impact. The hypothesis was that the pre-existing damage would lower the rail height and
lead to the vehicle vaulting.

Figure 65 presents the minimum height of the rail bottom, maximum height of the rail
top, and the length of pre-existing deflection after the first impact but before the second
impact.

All of the measurements were made from the simulations with a separation

constraint added. This situation represented the worst case scenario for vaulting because
the deflection of the post would pull the rail downward as it deflected.
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Figure 65. The height of the rails (left) and the length of damage (right) vs. the extent of
prior deflection
Figure 65 shows that one consequence of an impact is that the rail flattens. The bottom
of the rail moved downward from 15.3 in (388.6 mm) to 12.6 in (320 mm) above the
ground surface. The top of the rail moved upward from 27.9 in (709 mm) to 31.8 in (808
mm). The maximum height of the guardrail increased with increasing deflection,
indicating that the guardrail was becoming increasingly flattened. The length of
deflection also increased with increasing magnitude of deflection. These results indicate
that the initial hypothesis was not correct, and that the height of the bottom of the rail or
the damage length may have been larger contributors to the crash outcome in these
simulations. These findings do not disprove the significance of rail height but rather
imply that there can be multiple factors contributing to a vehicle vaulting over a barrier.
Evaluation of Rail Rupture Potential
Localized tearing is possible in impacts of this type, but our model was not configured to
accurately compute element tearing resulting from localized stress concentrations and did
not include failure criteria for the steel components. The model was meshed using large
element sizes 0.4 – 0.6 in (10 – 40 mm) which were appropriate for determining vehicle
dynamics but were too coarse to realistically model the initiation and propagation of
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tears. As an alternative, the tension carried by the rails was used to determine the relative
risk of rail rupture.

Ray et al conducted a study on rail rupture in crash tests which showed that rails can
carry up to 92.2 kip (410 kN) under quasistatic loading [Ray et. al., 2001]. To assess
whether rail rupture was a concern when the guardrail had sustained prior damage, the
maximum tension was measured for all simulations. The baseline tension carried by the
guardrail in the undamaged TTI 405421-1 simulation was 53.4 kip (237.5 kN). For the
deflected guardrail, tension increased by less than 10% for the guardrails with a post
constrained from separating and less than 25% for the freely separating guardrails, even
with the prior deflection as high as 11 in (279.4 mm) [Gabler et. al., 2009].
Other Variables affecting Crash Performance
Marzougui et. al., 2007, concluded that lowering the guardrail resulted in unacceptable
performance. However, the examination of rail height in a previous section showed that
changes in the vehicle height were not exactly analogous to changes in the rail height.
Although the height of the guardrail was not changed in this study, it was noted that the
Chevrolet 2500 pickup truck does vary in height and center of gravity. A test vehicle
with a higher height than finite element model would then be expected to have a greater
risk of vaulting and rollover, necessitating a lower deflection threshold.

Another factor that can influence a crash test outcome is the strength of the soil around
the posts. The soil used in this model was a strong, compacted soil which minimized post
deflection and maximized the chance of snagging. However, if the soil was weaker or
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the guardrail was installed on a backslope, the lateral stiffness of the guardrail would
decrease. This would increase both the deflection of the guardrail and the risk of
vaulting.

Conclusions
This study has examined the crash performance of strong-post w-beam guardrail with rail
and post deflection from a previous impact. The MGA crash tests and finite element
simulations of second impacts into damage guardrail have shown that the combination of
rail and post deflection can negatively affect the crash performance. These results were
supported by the following:

•

Crash tests demonstrated that 14.5 in (368 mm) of post and rail deflection with a
damage length of 36 ft (11 m) was a damage level requiring high priority repair. Two
full scale crash tests were conducted to evaluate the limits of acceptable rail and post
deflection in crash-damaged strong-post w-beam guardrail. The damaged barrier
failed to contain the Chevrolet 2500 pickup truck that impacted at 62 mph (100 kph)
and 26.4 degrees. The vehicle vaulted over the guardrail and came to rest upright
behind the barrier. A critical factor in the outcome of the test was the failure of a post
near the area of impact to separate from the rails during impact.

•

Finite element simulations were employed to investigate the acceptability of damage
levels below 14.5 in (368 mm) of rail and post deflection. Simulations were
conducted for post and rail deflection varying from 3 to 11 inches (76 to 279 mm). A
series of simulations were run in which a single post was prevented from separating.
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The vehicle experienced significant roll beginning at 6 inches (152 mm) of deflection
and eventually rolled over when the deflection reached 11 inches (279 mm).
•

A set of simulations for which only rail deflection was allowed were run for 3 and 6
inches of prior damage. The vehicle and guardrail performance in these simulations
were unchanged in comparison with the undamaged simulation. These results
support the conclusion that the contributions of the post during an impact were
important.

•

The tension carried by the guardrail when a post was prevented from separating
increased for 3 inches (76 mm) of deflection but was unchanged for all other
simulations. However, when the posts could freely separate the tension increased
along with increasing deflection. The largest observed increase was 23.3% over the
tension of the undamaged simulation due to 9 inches (229 mm) of deflection, with the
6 (152 mm) inch simulation close behind at 19.2%. An increased risk of rupture was
present, but the overall likelihood of a rupture occurring still remained relatively low
compared to the risk of vaulting.

•

The maximum rail height and length of deflection both increased with increasing
amounts of pre-existing deflection. The minimum rail was roughly constant amount
for any amount of deflection. Each of these factors could be an important contributor
to crash income, but the significance of each could not be isolated. Further study will
be needed to better understand these factors.

Repair of damaged guardrail with combined rail and post deflection exceeding 6 inches
(152 mm) is recommended. For strong soils, the crash performance of guardrails with
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deflection up to 9 inches (229 mm) was adequate whereas higher amounts of deflection
were not. Adjusting for a margin of safety, i.e. to account for softer soils or vehicles with
higher centers of gravity, the limit of acceptable rail and post deflection was set to 6
inches (152 mm). The presence of any amount of deflection in the guardrail was found to
increase the maximum dynamic deflection. Repairs to guardrails with hazardous objects
directly behind the guardrail should be repaired. The repair of strong-post w-beam
guardrail with deflection damage exceeding 9 inches should also be a high priority repair.
Guardrail with deflection between 6 – 9 inches (152 – 229 mm) should be a moderate
priority repair since deflection in this range had a lesser effect on the crash performance.
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7.

THE PERFORMANCE OF W-BEAM GUARDRAIL WITH
MISSING POST DAMAGE

Introduction
Strong-post w-beam guardrail is used extensively across the United States as a roadside
barrier system. Before a guardrail is accepted by the Federal Highway Association
(FHWA) for installation on the national highway system, the guardrail is tested to ensure
that it meets the current safety standards for roadside hardware. Currently, all guardrail
systems are thoroughly crash tested according to the testing procedures of NCHRP
Report 350 (National Cooperative Highway Research Program Report 350 Recommended Procedures for the Safety Evaluation of Highway Features) [Ross et. al.,
1993]. NCHRP Report 350 specifies a variety of measurable criteria with which the
performance of the guardrail could be assessed. These criteria were divided into three
categories, which were structural adequacy, occupant risk, and post impact vehicle
trajectory.

Guardrail meeting the requirements of all three categories is considered to be safe for use.
Damaged guardrail that fails to meet the same criteria would require repair to restore its
functionality. Once installed, the guardrail is expected to sustain damage as a
consequence of redirecting vehicles. However, there has been no testing to determine the
safety of guardrail that has sustained minor damage. In this paper, the minor damage
mode of interest is missing posts in an otherwise undamaged guardrail system.
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Posts can be missing from a guardrail for a variety of reasons. This study is focused on
guardrails in which one or more posts should be present but are missing. In these
situations, the guardrail might not be able to safely redirect vehicles. Posts can be
unintentionally missing from a guardrail for a variety of reasons. The posts in guardrail
may be missing or completely flattened from a prior crash or snowplow damage. In
addition, wood posts in a guardrail might be missing due to rot, insect damage, or
shattering due to a crash. In colder states, frost heave can force both steel and wood posts
out of the soil. Posts may also be missing by design due the presence of embedded
culverts or utilities. However, for these applications there are modified designs available
at the time of installation that are capable of supporting a stretch of rail without posts.

The question of when to repair guardrail with missing posts is of great concern to
maintenance crews and highway agencies. Because of limited resources, these agencies
may have to postpone the repair of what is perceived as minor damage to the guardrail to
attend to a plethora of other highway maintenance tasks. The problem is that highway
agencies do not have quantitative guidelines clearly defining what constitutes minor
damage as opposed to a safety risk that warrants repair. Gabauer and Gabler (2009)
reported that few state agencies have any quantitative criteria for repairing missing posts.
The majority of these state agencies will make repairs if one or more posts are missing.
However both Indiana and North Carolina do not require repair until more than two posts
are broken [Gabauer and Gabler, 2009]. This study endeavors to provide a single,
engineering-based repair threshold for repair of guardrails with missing posts. A

Hampton

148

combination of reviewing existing missing post crash test literature and finite element
modeling was employed to develop this threshold.

Methods
Ideally, the performance of strong-post w-beam systems with prior damage would be
determined from crash tests. However, there are no crash tests to our knowledge that
assess the performance of guardrail with unintentionally missing posts. Finite element
modeling was chosen as an alternative to crash testing, which represents a significant
financial expense. Existing crash tests of undamaged and long span guardrail systems
were used to provide insight into the behavior of long unsupported spans as well as
validation data for the finite element model.
Existing Crash Tests
The reports for two different crash tests were selected for use in validating the finite
element model. The first crash test, TTI Test 405421-1, was performed by the Texas
Transportation Institute. In this test, a Chevrolet 2500 pickup impacted an undamaged
strong-post w-beam guardrail at 100 kph (60 mph) and 25 degrees [Bullard et. al., 1996].
The vehicle was successfully and smoothly redirected away from the guardrail.

The second test, performed by the Midwest Roadside Safety Facility (MwRSF),
evaluated the crash performance of a long span guardrail system. These guardrails are
used wherever posts cannot be driven into the ground, such as in the presence of culverts
and utilities under the roadway. In a long span guardrail the posts are usually missing by
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design and the system is modified in order to compensate for the loss of one or more
posts. Typically, the rails are nested (doubled up) over the unsupported portion of the
guardrail and the adjacent sections of the rail that would be involved in the impact to
increase the stiffness and tensile strength. Long span systems may also incorporate one
or more of the following changes: reduced post spacing, increased number of blockouts
per post, and/or the substitution of wooden posts near the unsupported area to reduce the
chance of snagging.

Three crash tests were performed for the MwRSF study of long span systems with 7.62m
(25 ft) of unsupported length [Polivka et. al., 1999a and 1999b]. Although these crash
tests included many compensatory alterations, these tests still offered valuable
information on the performance of guardrails with missing posts. The second crash test,
designated MwRSF OLS2, was selected for modeling because this system was the closest
to an unmodified guardrail with three missing posts. In this crash test, nested rail was
used on and around the impact area and weakened wooden posts were substituted near
the unsupported length to reduce snagging. A 1991 Chevrolet 2500 pickup impacted this
long span guardrail at 100 kph (60 mph) and 25 degrees and the vehicle rolled on exit
[Polivka et. al., 1999a].

The removal of three posts in the MwRSF OLS2 crash test resulted in unsatisfactory
performance according to the NCHRP Report 350 criteria. This provided an upper bound
of three for the number of missing posts to be modeled in the finite element simulations.
Additionally, the results of the long span crash test implied that the finite element
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simulations should be examined for the possibility of vehicle instabilities, both during
and post-impact.
Combination of Vehicle and Guardrail Models
A full scale finite element model was created from two parts: (1) a model of a 53.6 m
(175.8 ft) long strong-post w-beam guardrail and (2) a model of a Chevrolet 2500 pickup
truck. Each model is described in more detail below. All of the initial conditions for the
full scale model were adjusted to match the values specified by NCHRP Report 350, i.e.
the vehicle was given an initial velocity of 100 kph (60 mph) and angle of impact was set
to 25 degrees.

The missing post damage mode was a straightforward damage condition to simulate. To
reproduce the damage, the entire post, along with all the supporting elements, was deleted
from the model. The supporting elements consisted of the soil, post bolt, post nut, and
blockout. No compensatory options such as rail nesting were added to the model to
improve the strength of the resulting section of unsupported rail. An example a
completed full scale model with a missing post is shown in Figure 86.

Realistic crash-induced damage would likely involve damage to the rails as well as the
posts. In this study, the guardrails were modeled as if the posts were missing without any
accompanying rail damage. This was not intended to imply that the rails are never
damaged in these types of impacts or that the rail damage is insignificant. If concurrent
rail and post deflection was allowed then it would be difficult to ascertain the significance
of the post damage as opposed to the rail damage.
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Figure 66. Simulated guardrail missing one post
Strong-Post W-Beam Guardrail Model
This research is focused on the modified G4(1S) strong-post w-beam guardrail system
that uses steel posts with plastic blockouts. A guardrail model with steel posts was
selected because the steel posts represent the worst case scenario for both snagging of the
vehicle tires during impact and the development of localized stress concentrations on the
edges of the post flanges. While the results using a steel post system may be more severe
than wood post systems, it was felt to better to err on the side of caution than to allow a
condition on the edge of acceptability to be considered an allowable amount of damage.

The basic modified steel strong-post w-beam guardrail model was a publicly available
model from the National Crash Analysis Center (NCAC) finite element library [NCAC,
a]. The model was designed to be used with the LS-DYNA finite element simulation
software [LSTC, 2003]. The guardrail system was 53.6 meters (175.8 feet) in length
from end to end with 29 posts. The height of the guardrail was 550 mm (21.65 in) at the
center line. Routed plastic blockouts were used instead of wood blockouts. The soil
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supporting the guardrail system was modeled as individual buckets around each post,
rather than as a continuum body. The material properties of the soil were provided with
the finite element model and were characteristic of a strong, compacted soil. Each steel
post was embedded in a cylindrical volume of soil 2.1 meters (6.9 feet) deep and 1.6
meters (5.25 feet) in diameter. The model did not include failure criteria for the steel
components and hence cannot predict localized metal tearing. An alternative method of
evaluating whether a rail rupture would have occurred based on peak rail tension was
used.

Since the NCAC guardrail model selected for use in this research had been previously
validated against test data, few changes to the models were necessary. The only
alteration to the guardrail model was an increase in the stiffness of the springs holding the
splice bolts together. The increase in stiffness from 66.5 to 2,400 kN (15 to 540 kip) was
needed to keep the splice bolts from unrealistically separating during impact. The
increase in stiffness reflected the bolt strength used in a model developed for a study on
guardrails encased in paved strips [Bligh et. al., 2004].
Pickup Truck Model
To simulate a crash test, a model of a test vehicle matching the NCHRP Report 350 test
criteria was also needed. The detailed model of a 1994 Chevrolet 2500 pickup truck
available from the NCAC library was selected for this purpose. This model was version
0.7 that had been published to the online NCAC finite element library on November 3,
2008 [NCAC, b]. Like the guardrail model, this vehicle model was designed to be used
with the LS-DYNA finite element solver.
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The success or failure of a crash test can depend greatly on the relative height of the
vehicle and guardrail [Marzougui et. al., 2007]. Examination of the two crash test
reports, TTI 405421-1 and MwRSF OLS2, revealed that the two had drastically different
bumper heights as shown in Table 35. The NCAC vehicle finite element model was
nearly identical to the test vehicle in TTI 405421-1 and no modifications were needed to
match the test vehicle dimensions. A modified version of the vehicle model was
developed to match the dimensions of the test vehicle for the MwRSF OLS2 test in which
the front bumper was lowered and the rear bumper was raised. Although this modified
vehicle may have been more at risk in a crash, it was not used outside of the MwRSF
OLS2 crash test model because it was not validated like the original NCAC model, nor
was it as representative of the average vehicle used in most crash tests. All of the
simulations of crash tests into unmodified guardrails with missing posts were performed
with the original NCAC Chevrolet 2500 model.

Table 35. Dimensions of finite element models of the Chevrolet 2500 pickup truck
Dimension
Width
Length
Height
F. Bumper height
R. Bumper height
Tire Diameter
Weight

NCAC Chevrolet 2500
195.4 cm
76.9 in
565.5 cm
222.6 in
179.2 cm
70.6 in
63.6 cm
25.0 in
70.6 cm
27.8 in
73.0 cm
28.7 in
2013 kg
4438 lb

Modified Chevrolet 2500
195.4 cm
76.9 in
565.4 cm
222.6 in
182.9 cm
72.0 in
60.3 cm
23.7 in
79.9 cm
31.4 in
73.0 cm
28.7 in
2011 kg
4433 lb

Planned Simulations
A series of finite element simulations was planned to determine how many posts could be
removed from the strong-post w-beam guardrail while still maintaining acceptable crash
performance. Simulations were conducted using the LS-DYNA software [LSTC, 2003]
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for guardrail with 1, 2, and 3 missing posts. For each missing post simulation, two
different impact points were used to examine the effect that the impact point had on the
crash performance. These impact points were (1) at the post beginning the unsupported
span and (2) the mid-point of the unsupported span.

Results
Validation of the Finite Element Model
Before running the missing post simulations, simulations of two full scale crash tests
were performed to show that the finite element model was both able to reproduce the
results of a documented crash test and applicable to conditions outside those of the
validation test. A time sequence of longitudinal photos from TTI 405421-1, along with
the predictions of the finite element model for the same initial conditions, is shown on the
left side of Table 36. The finite element model was able to predict the safe redirection
and stability of the vehicle.

On the right side of Table 36, a time sequence from MwRSF OLS2 is shown along with
the predictions of the finite element model. For this crash test, the finite element model
was carefully adapted to match the exact length of nested rail and the substitution of
weakened wooden controlled releasing terminal (CRT) posts near the unsupported span.
Visually, good agreement was observed between the finite element model predictions and
the reported outcome of the MwRSF OLS2 crash test up to 760 ms. After 760 ms, the
vehicle in the MwRSF OLS2 crash test rolled whereas the simulated vehicle did not.

Hampton

155

Table 36. Validation of FE simulations against TTI and OLS crash tests
TTI Crash Test
Simulation of TTI MwRSF OLS2 Crash
Simulation of
405421-1 [Bullard
Crash Test
Test [Polivka et. al.,
MwRSF OLS2
et. al., 1996]
1999a]
Crash Test

t = 0 ms

t = 0 ms

t = 0 ms

t = 0 ms

t = 120 ms

t = 120 ms

t = 126 ms

t = 125 ms

t = 242 ms

t = 240 ms

t = 206 ms

t = 205 ms

t = 359 ms

t = 360 ms

t = 254 ms

t = 255 ms

t = 491 ms

t = 490 ms

t = 428 ms

t = 430 ms

t = 691 ms

t = 690 ms

t = 760 ms

t = 760 ms
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The results required by the NCHRP Report 350 test criteria for both the original crash
tests and the simulations reproducing the results are shown in Table 37. The simulation
of the TTI crash test agreed well with the reported data from the test report. The exit
speed and angle, occupant impact velocities, and maximum vehicle rotations for the
simulation were all similar. The greatest deviation was observed in the maximum
observed dynamic guardrail deflection, which was 0.3 meters (1 ft) lower in the
simulation than in the crash test. The lower deflection of the simulation was related to
the higher stiffness of the soil in the finite element model relative to the crash test.

Even though the crash test MwRSF OLS2 ended unsuccessfully when the test vehicle
overturned, some of the NCHRP Report 350 test criteria were still computed. This
provided some numerical data to further validate the simulation. The post-impact exit
speed was lower in the simulation and the vehicle in the simulation did not overturn.
Both differences were attributed to the difficulty of modeling wood posts. The guardrail
deflection was also lower in the simulation than in the test, but the difference as a
percentage variation matched that of the undamaged simulation.
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Table 37. Results for crash test validations

Impact Conditions
Speed (kph)
Angle (deg)
Exit Conditions
Speed (kph)
Angle (deg)
Occupant
Impact Velocity X
(m/s)
Impact Velocity Y
(m/s)
Ridedown X (G)
Ridedown Y (G)
50 ms Average X (G)
50 ms Average Y (G)
50 ms Average Z (G)
Guardrail Deflections
Dynamic (m)
Static (m)
Vehicle Rotations
Max Roll (deg)
Max Pitch (deg)
Max Yaw (deg)

TTI Crash Test
450421-1

TTI Validation
Simulation

MwRSF OLS2
Crash Test

OLS2
Validation
Simulation

101.5
25.5

100.0
25.0

102.7
24.5

102.7
24.5

55.0
16.0

53.0
14.5

66.2
16.7

55.0
16.3

7.1

7.5

6.7

8.6

4.4

5.5

5.0

-6.3

-7.9
8.4
-5.3
4.3
-4.8

-11.8
-12.3
-6.7
-6.8
-3.8

6.4
8.3
NR
NR
NR

-14.0
14.6
-9.1
8.6
-4.9

1.0
0.7

0.69
0.55

1.3
1.0

1.0
0.7

-10
-4
42

-14.4
-9.9
40.3

Rolled
NR
NR

14.3
-15.5
-43.5

Missing Post Simulations
With the missing post model validation completed, a series of finite element simulations
was developed to determine the effect of missing posts on the vehicle-guardrail crash
performance. Unlike the long span model however, there were no alterations made to
compensate for the missing posts. All of the posts around the impact area in these
models were steel posts and none of the rails were nested. The simulations were
evaluated for excessive roll, vaulting, and failure to meet the NCHRP Report 350
thresholds. Rail tensions were examined to determine the risk of rupture occurring in the
guardrail system as a whole. While localized tearing is possible in impacts of this type,
this guardrail model did not include failure criteria for the steel components and was not
configured to look for element tearing due to localized stress concentrations.
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Both the initial point of impact and the number of posts missing had a strong effect on the
simulation as shown in Figure 67. Simulations in which the vehicle struck the guardrail
at the beginning of the unsupported span predicted less severe roll and pitch (all less than
10 degrees) than impacts at the mid-span but exhibited more snagging of the front left
wheel. The snagging was most pronounced for the simulation of 1 missing post. In this
simulation, large forces developed on the front left corner of the vehicle causing a sharp
drop in velocity and a prolonged sideways sliding motion at roughly 16 kph (9.9 mph).
The vehicle sliding did not cause any problems in the finite element model where the
ground was represented as an undeformable, perfectly smooth surface. In the field
however, this sideways motion may pose a rollover risk as the chances of the vehicle
encountering uneven surfaces or roadside debris would be higher.

Additional simulations were conducted in which more adjacent posts were removed from
the guardrail. The snagging of the vehicle tire was less pronounced when two posts were
missing and did not occur when three posts were missing. This was a direct result of the
increased distance between the point of impact and the first post interaction.

In the simulations of a mid-span impact there was less snagging but the vehicles showed
high roll and pitch values. The most severe kinematics were associated with the one post
missing simulation. In this simulation the vehicle pitched 45 degrees and experienced
large vertical displacements. Both the heights of the vehicle center of gravity and the
centers of the four tires moved upward in excess of 600 mm (1.97 ft) during impact,
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putting the front and rear halves of the vehicle above the midline of the guardrail at
differing times. In comparison, the height of the center of gravity of the vehicle striking
the undamaged guardrail rose by only 227 mm (0.7 ft) from its original position.
However, the guardrail was able to sufficiently redirect the vehicle before the maximum
vertical position was reached, preventing the vehicle from vaulting over the top edge of
the guardrail.

In the simulation of two posts missing, the vehicle exited the guardrail with three tires off
the ground. The combination of loss of ground contact and the continuing yaw rotation
of the vehicle after exit resulted in the conversion of the forward velocity into mostly
lateral velocity as the vehicle was returning to the ground. The vehicle would likely have
rolled upon reestablishing contact with the ground. The simulation of 3 missing posts
was similar to the one post simulation with less vertical motion. The reduced severity of
this simulation was again attributed to the increased distance between the impact point
and the first post contacted by the vehicle.

The results for missing post simulations in which the impact point was mid-span are
summarized in Table 47. The exit speed of the vehicle decreased as the number of
missing posts increased. The guardrail dynamic deflection also increased as more posts
were removed as the lateral strength provided by the posts was eliminated. For three
posts missing, the dynamic deflection increased by a little over 50%. The occupant
kinematics, such as ridedown and impact velocities, varied without any clear trends but
did not exceed the NCHRP Report 350 threshold values.
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1 post missing, beginning of span impact
(t = 0.7s)

1 post missing, was mid-span impact
(t = 0.7s)

2 posts missing, beginning of span impact
(t = 0.7s)

2 posts missing, mid-span impact
(t = 0.7s)

3 posts missing, beginning of span impact
3 posts missing, mid-span impact
(t = 0.7s)
(t = 0.7s)
Figure 67. Post-impact behavior of the vehicle for missing post simulations
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Table 38. Results for missing post simulations with mid-span impacts
Impact Conditions
Speed (kph)
Angle (deg)
Exit Conditions
Speed (kph)
Angle (deg)
Occupant
Impact Velocity X (m/s)
Impact Velocity Y (m/s)
Ridedown X (G)
Ridedown Y (G)
50 ms Average X (G)
50 ms Average Y (G)
50 ms Average Z (G)
Guardrail Deflections
Dynamic (m)
Static (m)
Vehicle Rotations
Max Roll (deg)
Max Pitch (deg)
Max Yaw (deg)

Undamaged

1 Post Missing

2 Post Missing

3 Post Missing

100
25

100
25

100
25

100
25

53
14.5

60
20.9

47
29.4

32
13.3

7.51
5.54
-11.77
-12.27
-6.68
-6.82
-3.85

7.55
5.56
-9.50
-9.02
-6.67
-6.10
4.29

6.81
3.65
-13.98
-9.87
-8.11
-7.00
-3.18

7.63
3.56
-12.88
-9.71
-8.52
-6.44
-6.73

0.69
0.55

0.86
0.71

0.97
0.78

1.05
0.60

-14.4
-9.9
40.3

-15.4
-44.6
44

-13.2
-17.8
78.8

-19.4
-23.4
40

In Table 48, the results for the missing post simulations for which the point of impact was
the beginning of the unsupported span are presented. The occupant kinematic and
vehicle acceleration results were similar to those of the mid-span simulations. The
vehicle roll, pitch, and yaw were lower and the exit speed increased with an increasing
number of missing posts.
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Table 39. Results for missing post simulations with beginning of span impacts
Impact Conditions
Speed (kph)
Angle (deg)
Exit Conditions
Speed (kph)
Angle (deg)
Occupant
Impact Velocity X (m/s)
Impact Velocity Y (m/s)
Ridedown X (G)
Ridedown Y (G)
50 ms Average X (G)
50 ms Average Y (G)
50 ms Average Z (G)
Guardrail Deflections
Dynamic (m)
Static (m)
Vehicle Rotations
Max Roll (deg)
Max Pitch (deg)
Max Yaw (deg)

Undamaged

1 Post Missing

2 Post Missing

3 Post Missing

100
25

100
25

100
25

100
25

53
14.5

39
-11.5

57
11.4

63
15.3

7.51
5.54
-11.77
-12.27
-6.68
-6.82
-3.85

8.88
5.81
-9.10
-10.08
-7.93
-6.76
-4.82

7.53
5.75
-12.13
-8.89
-6.37
-6.75
3.21

6.51
5.48
-10.22
-10.30
-6.32
-7.27
1.71

0.69
0.55

0.78
0.51

0.89
0.68

1.00
0.70

-14.4
-9.9
40.3

-7.6
-7.6
23.8

-7.8
-6.9
37

-6.5
2
40

Discussion
For all simulations, there was a large increase in dynamic deflection for each post that
was removed from the system. The maximum dynamic deflection contours are shown
below in Figure 68. For most simulations, the maximum deflection typically occurred
around 0.2 seconds after impact. At this time, the vehicle was just beginning to redirect
due to contact with the rails. The dynamic deflection increased as more posts were
removed from the system. For the 3 posts missing simulation, the guardrail deflection
exceeded that of the OLS validation simulation, which was also missing three posts.
However, the OLS test made use of nested guardrail to increase the lateral stiffness and
reduce deflection. The static deflection varied greatly between simulations. This was
caused by twisting in the rails and the smoothness of the vehicle redirection.
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Because of the coarse sampling, the damage contours shown in Figure 68 do not always
show the same maximums that were recorded in Tables 38 and 39. However, the
contours are useful for observing the shape of the guardrail during the time of maximum
deflection. The contours shown are all normalized such that the impact point is at the
zero position. The deflection was sampled roughly every 953 mm (3.1 ft) until the entire
deflection curve was captured. The total length sampled for each simulation was
approximately 23 meters (75.5 ft). In all of the curves, the peak was formed around the
corner of the vehicle, with relatively smooth leading and trailing edges created by the
vehicle front and side respectively. The difference in the locations of the peak
deflections was due to changes in the impact point relative to the reference post.

1200
1000

Deflection (mm)

900

1200

Undamaged
1 Post Missing
2 Posts Missing
3 Posts Missing

1100
1000
900

Deflection (mm)

1100

800
700
600
500
400

800
700
600
500
400

300

300

200

200

100

100

0
-5000

0

5000

10000

15000

Position Relative to Impact Point (mm)

20000

Undamaged
1 Post Missing
2 Posts Missing
3 Posts Missing

0
-5000

0

5000

10000

15000

20000

Position Relative to Impact Point (mm)

Figure 68. Maximum dynamic deflection contours. Impacts at the beginning of the unsupported
span (left) and the middle of the unsupported span (right)
Figure 69 shows the vehicle velocity for each simulation. All velocities were reported in
the vehicle local coordinate system. Many of the vehicles showed decreases in velocity
due to friction after exiting the guardrail. All exit velocities were reported at 700 ms as a
common reference time. Although this did not eliminate any loss in speed due to friction,
this approach ensured that the measurements were consistent across all the simulations.
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The lateral velocity imparted for most crash situations tended to last roughly 200 ms and
peaked between 10 – 15 kph (6.2 – 9.3 mph). As previously mentioned, the simulation of
one post missing with the impact point at the beginning of the unsupported span was
unusual for the 700 ms plus duration of the lateral motion. For most other simulations,
including the simulation of undamaged guardrail, the lateral velocity dropped to roughly
zero by the time the vehicle left the guardrail. The prolonged sideways motion when one
post was removed implied a loss of traction for the vehicle.

For simulations where the impact point was at the beginning of the unsupported span, the
exit speed of the vehicle increased as the number of posts removed from the system was
increased. The most likely explanation was that the increased distance to the next post in
the guardrail prevented severe wheel snagging from occurring. By contrast, for the three
simulations where the impact point was at the middle of the unsupported span the exit
speed decreased as more posts were removed.

To explore the possible causes of this difference, the distance between the vehicle’s point
of impact and the first downstream post was examined. For mid-span impacts, the
distances to the next post were 1.9 m, 2.86 m, and 3.8 m (6.2 ft, 9.4 ft, and 12.5 ft) for 1,
2, and 3 posts missing respectively. For the beginning of span impacts, the same
distances were 3.8 m, 5.7 m, and 7.6 m (12.5 ft, 18.7 ft, and 24.9 ft). The two simulations
where the vehicle was 3.8 m (6.2 ft) from the next post resulted in the two lowest exit
velocities, whereas the exit speed for the vehicle increased as the distance either
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increased or decreased. This behavior was attributed to the existence of a critical impact
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point for which the chance of the vehicle snagging on the posts was maximized.
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Figure 69. Vehicle velocity at center of gravity for impacts at the beginning of the
unsupported span (left) and the middle (right)
Evaluation of Rail Rupture Using Tensile Forces
Rail rupture, which results in complete loss of guardrail functionality, is a great concern
for guardrails with long stretches of unsupported rail. Ruptures are occasionally
observed even in crash tests of standard, unmodified guardrails [Ray et. al., 2001]. These
failures also occur at lower tensions that the reported quasistatic tensile strength of 410
kN (92.2 kip). By removing posts from the guardrail, the forces of impact are
concentrated on fewer posts. This increased the likelihood of a rail rupture.

Tensions measurements were made between different pairs of adjacent posts to identify
the section of rail carrying the largest load. Tension values were tabulated for all rail
sections located between post 9 and post 21, which included the entire area of contact
between the rail and vehicle. As shown in figure 70 there were clearly observed
increases in the maximum rail tension as the number of posts removed from the system
increased. The rail tensions for all simulations peaked at roughly 200 ms, although the
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tensions remained high during the full duration of vehicle redirection, which occurred
between 0 and 400 ms.

In Figure 70, the maximum observed tensions from the undamaged simulation are
tabulated for each of the missing post simulations. For each additional post removed
from the guardrail system, the maximum tension in the rail increased by 20 – 50 kN (4.5
– 11.2 kip). The maximum tension observed was 352.8 kN (79.3 kip) for the guardrail
missing three posts with a mid-span impact. This was almost a 50% increase in rail
tension compared to the undamaged simulation, where the maximum tension recorded
was 237.4 kN (53.4 kip). Therefore the likelihood of the rails rupturing during impact is
significantly increased as post are removed from the guardrail.

Localized tearing is also possible in impacts where posts are missing, but this guardrail
model was not configured to look for element tearing resulting from localized stress
concentrations because the model did not include any failure criteria for the steel
components. The mesh of the guardrail finite element model was made from relatively
large elements measuring 10 – 40 mm (0.4 – 1.6 in) which were appropriate for studying
vehicle dynamics. However, these elements were too coarse to realistically model the
initiation and propagation of rail tears. These limitations were the reason that the chance
of rupture was evaluated by rail tension.
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Figure 70. Maximum rail tensions for missing post simulations

Conclusions
This study has examined the crash performance of strong-post w-beam guardrail with
missing posts. The finite element simulations have shown that the removal of even one
post from a guardrail was detrimental to the crash performance. This conclusion is based
on the following points:

•

The finite element model was successful in predicting the crash test outcome of both
a standard strong-post w-beam guardrail (TTI Test 405421-1) and a long span
guardrail (MwRSF OLS2). The success of these simulations demonstrated that finite
element modeling was a valid approach for predicting the outcome of crash tests.

•

A set of simulations were run in which the vehicle impacted the beginning of the long
span. With a single post missing, the vehicle front left tire snagged on the first
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downstream post. This caused a large drop in total vehicle speed while imparting a
large sideways velocity and yaw toward the guardrail.
•

A second series of simulations were run in which the vehicle struck the unsupported
span at the midpoint. The vehicle was redirected but exhibited roll, extreme pitching,
and vertical motion roughly three times what would be expected from an impact with
an undamaged guardrail. The vertical motion of the vehicle was particularly
hazardous because of the risks of vaulting if the vehicle is not redirected quickly
enough. This may be more likely when the roadside is sloped or the soil is softer and
allows greater motion.

•

The removal of even one post can be expected to increase the system deflection by as
much as 25%. Even the 25% increase in the deflection caused by removing a single
post can pose a significant risk if there are fixed objects protected by the guardrail.
Additionally, removing a post causes the loads normally supported by the missing
post to be redirected to the nearest adjacent posts which can lead to the formation of a
stress concentration.

•

Rail tension, a possible predictor for rail rupture, increased as posts were removed
from the system regardless of where the impact point was located. With one post
missing from the system, rail tension increased by 13% to 268 kN (60.2 kip).
Quasistatic tests have shown that rail ruptures at a tension of 410 kN. However, rail
ruptures have been observed in crash test of unaltered guardrails at much lower
tensions of 230 – 330 kN due to localized stresses around the splices. The higher rail
tension, along with the local concentrations of stress around the remaining posts, lead
to a greater chance of rail rupture.
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This study has important implications for the maintenance crews who must decide
priority for the repair of damaged guardrail. This study has shown that even a single
missing post in a strong-post w-beam guardrail may negatively affect the crash
performance of the guardrail system. Maintenance crews should repair any strong-post
w-beam systems that are missing any number of posts. Impacts into guardrail systems
with missing posts were found to have a higher risk of vehicle instability, greater
maximum guardrail deflection, and an increased risk of rail rupture.
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8.

THE PERFORMANCE OF W-BEAM GUARDRAIL WITH
MISSING BLOCKOUTS

Introduction
Strong-post w-beam guardrail is the most common type of longitudinal barrier in use
along highways, representing more than 50% of total barrier length in use (Gabler et al,
2010). Full scale crash tests such as those specified in NCHRP Report 350 (National
Cooperative Highway Program Report 350 – Recommended Procedures for the Safety
Evaluation of Highway Features) are used to evaluate guardrail performance before
installation along roadways (Ross et al, 1993). After installation, the functionality of
these guardrails suffers from crash damage and environmental decay. The costs incurred
by repairing such damage are considerable and damage that is considered ‘minor’ may be
postponed by transportation agencies. Unfortunately, there is little information available
on the performance of damaged guardrail.

Figure 71. Examples of missing blockout damage in a roadside guardrail (left) and a
small segment of guardrail for a pendulum test (right)
There are many ways in which strong-post w-beam guardrail can sustain damage. This
study is focused solely on missing blockouts. Two examples of guardrails with missing
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blockouts are shown in Figure 71. Blockouts can be missing for many reasons, but the
most common are environmental degradation of wood blockouts and crash damage. The
Federal Highway Administration guidelines for guardrail repair do not address the
potential risks of missing blockouts in an otherwise normal guardrail (FHWA, 1990;
Fitzgerald, 2008).

A survey of 39 U.S. states and Canadian provinces revealed that many repairing agencies
consider missing blockouts to be a threat. If a blockout were missing, 89% would
schedule a repair and 19% of agencies considered the damage to be dangerous enough to
warrant a repair as soon as practical (Gabauer and Gabler, 2009). Clearly this type of
guardrail damage is of concern to transportation agencies and the associated risks need to
be better understood.

The goal of this study is to provide an objective assessment of the risks posed by
guardrail with a missing blockout. Since there are no full scale crash tests of such
guardrail, the guardrail performance will be assessed using a combination of pendulum
testing of small guardrail sections and finite element modeling of both pendulum and full
scale crash tests (Gabler et al, 2010). The results of this study will provide guidance for
assessing the need for repair when missing blockouts are observed.

Methods
The safety of guardrails with missing blockouts was assessed using a three part approach.
First, a series of pendulum tests of small guardrail sections with a missing blockout were
performed. Second, a finite element model was developed using the pendulum models as
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validation data. Finally, the finite element models were extended to represent full-scale
crash tests so that the performance of a guardrail with missing blockouts could be
determined.
Pendulum Testing
Three pendulum tests were conducted at the Federal Outdoor Impact Laboratory (FOIL)
using a 2000 kg (4500 lb) as part of a larger test series to assess the performance of
damaged guardrail (Gabler et al, 2010). These tests were intended to assess the capability
of the guardrail to contain a striking mass without rail rupture or splice failure occurring.
In these tests only a small section of guardrail was installed such as shown in Figure 72.
The limited length of span would maximize the chance of rail rupture occurring and
represent a worst-case scenario. Two spans of 2.67 mm (0.1 inch) thick w-beam rails
were mounted to two W150 x 13.5 steel posts with wooden blockouts. The rails were cut
to allow the span to fit between the terminals while keeping the posts centered around the
pendulum impact point. The rails at one post were spliced together using standard splice
bolts. The completed guardrail assembly represented the smallest repeating unit of a
guardrail and was roughly 1/10th the length of a full scale test installation. The height of
the guardrail was 550 mm (1.8 ft) from the ground.
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75”

Figure 72. Overall Pendulum Test Setup for an undamaged section
The ends of the guardrail were attached to the posts using a specialized fixture. Two
standard swaged cables were used to connect each rail end to a large metal terminal.
Holes were drilled into the ends of each rail so that metal brackets could be attached,
providing a location to anchor the swaged cables. The positions of these holes were
similar to those at a splice joint. The ends of the cables were threaded through a large
metal plate in the terminal and washers and nuts were tightened to create tension in the
cables. An assembled terminal system used for a 2 cable pendulum test is shown below
in Figure 73.

Figure 73. Terminal anchorage for pendulum tests using two cables, shown from the rail
side (left) and inside of the terminal (right)
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In two of the three tests, the blockout that should have been installed on the splice post
was omitted to represent the missing blockout condition. The position of the rails and
posts were not adjusted in these tests, leaving a 178 mm (7 inch) gap between the rail and
post. The splice post was chosen because the splice joint is usually the weakest point of
the rail and represents the worst case scenario. The total length of the span and the
anchor cables varied between tests. The positions of the post bolts in the horizontal rail
slots were determined using pre-test photographs. Post bolts documented as being insider
were located closer to the centerline of the rail while post bolts described as outside were
positioned closer to the end terminals.

An impact speed of 32.2 kph (20 mph) was chosen for the undamaged guardrail and first
missing blockout test. The initial speed of 32.2 kph was chosen to represent the
approximate severity of a vehicle impacting a guardrail at 100 kph (62 mph) and an angle
of 25 degrees. After failure of the first missing blockout test, a second missing blockout
test was performed at 28.2 kph (17.5 mph). The three tests are summarized in Table 40.
Table 40. Summary of pendulum test conditions
Pendulum Test 1
Pendulum Test 2
Pendulum Test 3
Test number
03-2
03-7
07-5
Missing blockout
None
At splice
At splice
Span length (m)
5.00
5.02
4.75
Cable length (cm)
91.4
91.4
101.6
Splice post bolt position
Outside
Inside
Outside
Non-splice post
Outside
Center
Inside
bolt position
Impact Speed (kph)
32.19
32.19
28.16
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Pendulum Models
Because full scale crash testing of strong-post w-beam guardrail with a missing blockout
was not feasible, finite element modeling using the LS-DYNA software was an attractive
alternative. However, the use of these models requires test data to ensure that the
guardrail has been adequately represented and that the model is capable of providing
realistic and correct results. By modeling the pendulum tests with a small section of the
full scale guardrail model, a greater degree of confidence in the simulation results can be
achieved.

The finite element model of the 2 post section of guardrail was created by reducing a 29
post, 53.6 meter (175.8 feet) long steel strong-post w-beam guardrail model with wood
blockouts obtained from the NCAC (National Crash Analysis Center) Finite Element
Library (NCAC, 2009). Parts of the model were deleted until only a small section
matching the setup shown in Figure 72 remained. The strength of the connections
between the splice bolts and nuts was increased to match the reported bolt strength in a
prior study (Bligh et al, 2004). The final pendulum model is shown in Figure 74
alongside a photograph of the actual test setup.

Figure 74. A real pendulum test (left) and the finite element representation of the same
test (right)
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The original model of the pendulum tests was split into three different models, each
carefully modified to reflect the initial conditions associated with each of the three real
pendulum tests of guardrail with missing blockouts. Photographs of the pre-test setup
were used to identify to correct position of the post bolts in the rail slots. Based on the
overhead video, the guardrail in Test 2 was adjusted to be 1.5 degrees off of
perpendicular to the pendulum. The angles of the terminal cables were also identified
using overhead video and pre-test photographs.

In the process of modeling the pendulum tests, further modifications were needed. The
mesh density of the rail was increased fourfold. This significantly increased the
computational time needed to run a model but prevented unrealistic growth of zeroenergy modes and improved contact performance at the splice joint. The inclusion of a
plastic failure strain of 0.66, determined by coupon testing of steel from guardrails,
allowed elements of the rail to be deleted under extreme load (LSTC, 2003). The erosion
of elements was an important aspect of failure prediction when modeling the first and
second pendulum tests.

The strength of the soil in which the posts were embedded was lowered to match the
reported deflection of a pendulum test of undamaged guardrail (not shown). A brief
parametric study of the soil properties revealed that the plastic yield function was the
most influential on soil stiffness. By lowering this function to ¼ the original value the
modeled rail deflection was much closer to the test deflection. The strain hardening on

Hampton

179

the rails and posts were removed as no such effects were apparent in coupon testing
(Wright and Ray, 1996). The removal of strain hardening increased the overall deflection
of the guardrail system and improved the torsion properties of the posts, making the
model more accurate at predicting test outcome.

All of the LS-DYNA finite element models were run on a SGI Altix parallel system with
120 processors and 512 GB of memory. Each simulation was run using four processors,
with multiple simulations being run in parallel to decrease the time needed to complete
the study. Each of the finite element models was built using roughly 36,000 elements.
Running the simulations on the system described previously, each simulation took
approximately 2-3 hours of real time to calculate 700 ms of simulated time.
Full Scale Crash Test Models
A finite element model of a full scale crash test was developed by combining the
guardrail model that was discussed previously and a model of a Chevrolet 2500 pickup
truck which was also obtained from the NCAC finite element library (NCAC, 2009). The
extension to full scale testing was needed to evaluate vehicle-related issues that could not
be evaluated using pendulum testing. The greatest concern was that a vehicle could snag
on a post with the blockout to maintain the spacing between the post and rail. Vehicle
rollover or override was also a concern due to the difference in lateral resistance and
unblocked section and adjacent blocked sections.

A pickup truck model was chosen over a car model because the NCHRP Report 350 test
protocols for highway grade guardrail specify a 100 kph (62 mph) impact at 25 degrees
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with a minimum vehicle weight of 2000 kg (4400 lb). The most relevant dimensions for
the vehicle model are summarized in Table 41. The higher weight, higher center of
gravity, and lower front overhang of the pickup truck combined with the 5 degree higher
impact angle than for a car make the pickup truck test the most likely to fail and therefore
of the greatest interest. The two models are shown in Figure 75.
Weight (kg)
Width (cm)
Wheelbase (cm)
Front Overhang (cm)
Rear Overhang (cm)

Table 41. Test vehicle model dimensions
2013
Height (cm)
195.4
Length (cm)
338.2
Front Bumper Height
(cm)
90.4
Rear Bumper Height
(cm)
136.9
Tire Diameter (cm)

179.9
565.5
63.6
70.6
73

Full length strong-post w-beam guardrail
Chevrolet 2500 pickup truck model
model
Figure 75. The NCAC strong-post w-beam guardrail model
The guardrail and vehicle models were combined and contact definitions were added to
capture the interaction between the guardrail and vehicle. The modifications that were
needed to accurately represent the pendulum tests were also added to the full scale
models. The posts in the guardrail model were numbered so that post 1 was the upstream
terminal post and post 29 was the downstream terminal post. The blockouts to be
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removed from the model were always removed near the center of the span length to limit
the effects of the terminal constraints.

Because the critical impact point for a guardrail with a missing blockout was unknown, a
variety of impact points around the post without a blockout were evaluated. Furthermore,
the effects of removing the blockout at a splice joint as opposed to a non-splice joint were
not known. To evaluate how the impact location and missing blockout location affected
the crash test results, a series of 8 simulations (4 impact points for each missing blockout
location) were planned. The various impact locations are illustrated below in Figure 76.
The initial vehicle speed and angle remained the same for all simulations, i.e. 100 kph at
25 degrees.

Post 14

Simulation 1
Simulation 2
Simulation 3
Simulation 4

Post 15

Simulation 5
Simulation 6
Simulation 7
Simulation 8

Blockout missing at non-splice post
Blockout missing at splice post
Figure 76. The planned simulations with different impact locations

Results
Pendulum Tests
Pendulum Test 1
The pendulum mass impacted at 30.1 km/hr (18.7 mph) and the guardrail was able to
successfully contain the pendulum. The overall damage to the test installation and a
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close-up of the rail deflection is shown in Figure 77. Based on an analysis of the
pendulum accelerometers data, the maximum dynamic deflection of the rail was 658 mm
(25.9 inches) at 131 ms after the initial impact.

Both posts experienced a large amount of rotation. The post bolt at the non-splice post
was pulled through the w-beam rails during the impact and rotated nearly 90 degrees,
leaving the blockout facing inward. The non-splice rotated roughly 90 degrees but the
post bolt did not pull out, forcing the post flange to rotate to a 45 degree angle with the
post web.

Figure 77. Guardrail damage from pendulum test 1 (left) and close-up of rail damage
(right)

Pendulum Test 2
In Test 2 the pendulum mass impacted the guardrail at 30.5 km/hr (19.0 mph) as
measured by the two pendulum accelerometers. The guardrail was unable to contain the
pendulum as the splice joint ruptured during impact, allowing the pendulum to penetrate
through the rails. The splice failed due to the splice bolts pulling through holes in the rail
with none of the individual splice bolts fracturing and no tearing of the rail occurring.
Based on an analysis of the overhead high-speed video data, the maximum dynamic
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deflection of the rail was approximately 691 mm (27.2 inches) at 106 ms after the initial
impact, which was just prior to the initiation of the splice rupture. At 116 ms, the splice
had completely separated.

The post bolt pulled through the rail at the non-splice location. The post-rail bolt at the
non-splice location experienced large bending deformation which was exacerbated by the
impact force shifting entirely to the one post after the rail ruptured. The bolt at the splice
location fractured in the threaded region, allowing the rail section to fall to the group after
the splice failed. Figure 78 shows the damage to the guardrail and the splice joint. The
bolt holes for the splice bolts deformed enough to allow the entire splice bolt and nut
assemblies to pull out of the rails and the two sections to separate.

Figure 78. Guardrail damage from pendulum test 2 (left) and close-up of splice damage
(right)

Pendulum Test 3
The pendulum impacted the guardrail at 26.7 km/hr (16.6 mph) in test 3. The Impact
velocity was calculated based on the high-speed video footage. The maximum dynamic
deflection of the rail was approximately 633 mm (24.9 inches) at 132 ms after the initial
impact. The pendulum was able to successfully contain the pendulum mass without any
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signs of splice failure or rail tearing. There was roughly 19 mm (¾ inch) of relative
motion between the rails at the splice joint. The post-impact guardrail is shown in Figure
79.

Figure 79. Guardrail damage from pendulum test 3 (left) and close-up of splice damage
(right)
The posts were not damaged during the impact. The non-splice post bolt pulled out of
the rails during the impact. At the splice post, the bolt remained inside the rail but
allowed the rail to slip lower due to the slack caused by the rail deformation. There was a
small amount of deformation around the splice bolt holes due to the load transfer through
the splice during impact.
Pendulum Models
With the model modifications that were previously discussed, the pendulum simulations
were able to predict the same test outcome as was observed in the real test. The rail
deflections and post-impact condition of the test installation for both the real and
simulated pendulum tests are summarized below in Table 42. Then Y-axis displacements
of the pendulum, the horizontal axis perpendicular to the rail span, are shown in Figure
80. A more detailed discussion of each model is then provided in the following sections.
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Test Outcome
Maximum Rail
Deflection
(mm)
Splice Post
Bolt
Non-splice
Post Bolt

Table 42. Summary of pendulum test and model results
Pendulum Test 1
Pendulum Test 2
Pendulum Test 3
Real Test
Model
Real
Model Real Test
Model
Test
Contained Contained
Splice
Splice
Contained Contained
Fail
Fail
696

654

678

697

467

646

Intact

Intact

Broken

Intact

Intact

Pulled out

Intact

Pulled
out

Pulled
out
Pulled
out

Pulled out

Intact

1200

1200

Simulation
Test

03-7 Simulation
03-7 Test
07-5 Simulation
07-5 Test

1000

Displacement (mm)

Displacement (mm)

1000

800

600

400

200

800

600

400

200

0

0
0

0.05

0.1

0.15

Time (s)

0.2

0.25

0.3

0

0.05

0.1

0.15

0.2

0.25

0.3

Time (s)

Figure 80. Lateral displacement of pendulum relative to time of contact with rail (t=0s)

Pendulum Model 1
The initial velocity of pendulum was adjusted to match the reported impact speed of 30.1
km/hr (18.7 mph) in the real test. The guardrail was able to contain the pendulum mass
which was deflected away at roughly ¼ its original velocity. Neither of the two post
bolts was pulled through the rail in the simulation. The deflection of the rail peaked at
654 mm (25.5 inches) during impact. Both of the posts rotated roughly 30 degrees
toward the area of impact.
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Figure 81. Comparison of pendulum test 1 and simulation

Pendulum Model 2
The initial speed of the pendulum was adjusted to match the 30.5 km/hr (19.0 mph) speed
observed in the real test. The splice joint failed roughly 110 ms into the impact due to
erosion of rail elements around the splice and post bolts. The rail deflection at this time
was 692 mm (27.2 inches). The post bolts at both posts were pulled from the rails and at
the end of the simulation both halves of the rails were in the process of falling to the
ground, as shown in Figure 82. The asymmetry in the guardrail caused the pendulum to
rotate during impact to maximum of 20 degrees toward the non-splice side.

Although the splice failed in the simulation, the failure was not initiated in the same
manner as for the pendulum test. In the real test, the splice joint failed due to the splice
bolts pulling out of the holes in the rail and the post bolt fractured. In the simulation, the
splice failed because the elements between the splice bolts and the ends of the rails
eroded. In the simulation, the post bolt at the splice joint did not fail because all bolts in
the model were represented as rigid, non-failing elements.
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Figure 82. Comparison of pendulum test 2 and simulation

Pendulum Model 3
An initial velocity of 26.7 km/hr (16.6 mph) was used to match the speed observed from
the third pendulum test. With the slightly lower impact speed, the guardrail was able to
successfully contain the striking mass. The maximum deflection of the rail was 639 mm
(25.2 inches) at 125 ms. The maximum static deflection post-impact was 514 mm (20.2
inches). Neither of the post bolts was pulled out of the rails. The rails slipped apart by
34 mm (1.3 inches) relative to each other due to the initial slack and slight deformation of
the splice bolts under loading. Despite the asymmetry in the guardrail, there was minimal
pendulum rotation.

Figure 83. Comparison of pendulum test 3 and simulation
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Full Scale Crash Test Models
Once the modeling of the pendulum tests was completed, the model was extended to
represent the full scale crash tests. The results of each simulation at 700 ms are shown in
Figure 84. In all of the missing blockout simulations, the vehicle was observed to show
more roll and pitch than was seen in a simulation of an impact into a guardrail not
missing any blockouts. The greatest values of roll, pitch, yaw, and rail deflection are
summarized in Table 43. The greatest amount of vehicle roll observed was 26.4 degrees
and the largest pitch value was 22.9 degrees. While both values were roughly double
compared to the simulation with no missing blockouts, the roll and pitch were not high
enough to conclude that the vehicle was unstable.

Undamaged at t = 700 ms

Simulation1 at t = 700 ms

Simulation 2 at t = 700 ms

Simulation 3 at t = 700 ms

Simulation 4 at t = 700 ms

Simulation 5 at t = 700 ms

Simulation 6 at t = 700 ms
Simulation 7 at t = 700 ms
Simulation 8 at t = 700 ms
Figure 84. Vehicle and guardrails before impact (left) and the post impact vehicle
behavior (right)

Hampton

189

Undamaged
Simulation 1
Simulation 2
Simulation 3
Simulation 4
Simulation 5
Simulation 6
Simulation 7
Simulation 8

Table 43. Pickup truck rotation in full scale simulations
Vehicle Roll
Vehicle
Vehicle Yaw Maximum
(degrees)
Pitch
(degrees)
Deflection
(degrees)
(m)
-14.4
-9.9
40.3
0.69
-15.6
-13.8
41.4
0.68
-14.0
-10.6
29.0
0.72
-26.4
-18.0
41.9
0.80
-14.8
-18.0
58.6
0.85
-16.1
-16.4
42.4
0.69
-18.0
-9.6
27.6
0.74
-13.6
-11.4
42.9
0.81
-19.1
-22.9
50.7
0.90

Rail Tearing
Observed
No
No
No
No
No
No
No
No
No

The possibility of the pickup truck tires snagging on a post due to the removal of a
blockout was the greatest concern. However, there was no evidence found in any of the
simulations of major snagging of the vehicle tires. In simulations 2, 4, 7, and 8 the
interactions between the posts and vehicle resulted in pitch values ranging from 9.6 to
22.6 degrees, which were acceptable values. On average, the removal of a blockout
resulted in a 13% increase in the maximum deflection of the rails. The rail tension
increased by a minimum of 6% and a maximum of 23% over the baseline of 237 kN
(53.3 kip) in a simulation of undamaged guardrail but was still well under the reported
maximum force of 410 kN (92.2 kip) (Ray et al, 2001). The average increase in rail
tensions was 12%. These increases were not sufficient to cause the guardrail to rupture.

Discussion
Pendulum Tests
A total of three pendulum tests were conducted at similar test speeds, ranging from 26.7
to 30.5 kph (16.6 to 19.0 mph). The outcomes ranged from successful containment at the
lowest speed to complete containment failure via rupture of the splice joint. The mode of
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splice failure was bolt pullout due to bolt rotation in the splice holes under heavy loads.
Tearing and widening of the splice holes were observed after the splice failure, likely
caused by the bolt edges. Failure through this mode may be observed in guardrails with
no damage or other types if the loads become concentration on the splice joints.

The failure of the guardrail to contain the impacting pendulum means that the removal of
the blockout from the guardrail degrades the performance. Pendulum tests performed at
similar speed with all blockouts present did not result in failure, meaning that the impact
severity needed to cause a normal guardrail system to fail is unknown (Gabler et al,
2010). Whether the removal of the blockout has a minor or serious effect on the overall
performance could not be determined from the pendulum tests alone.
Pendulum Models
The ability of the finite element model to correctly predict the test outcome was
dependent on the mesh density for the w-beam rails. The simulated splice behaved more
realistically as more elements were used to represent the rail, but in a full scale simulation
such a level of detail may be infeasible. The extensibility of the finite element model
approach was limited by the ability to accurately characterize the many components. The
surrounding soil in particular can be extremely variable from site to site. Obtaining data
from real tests, such as the pendulum impacts used for this study, can greatly improve the
fidelity of a developed finite element model.
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Full Scale Models
The crash test simulations showed that the removal of a blockout from the guardrail did
not represent a serious risk to the performance of the guardrail. Once the gap between
the post and rail was closed, the post provided roughly the same lateral resistance.
However, the vehicle roll and pitch increased and the maximum deflection and tension in
the rail also increased as compared to a guardrail with all of the blockouts present. While
the missing blockout did worsen the vehicle behavior, all of the required test criteria were
within the limits specified by NCHRP Report 350. The removal of a blockout from a
splice as opposed to a non-splice location did not have a major effect on the outcome.
Based on these results, a missing blockout degrades the guardrail by a relatively minor
degree and is less dangerous that other damages such as missing posts or pre-existing
tears.

Rail rupture did not occur in the full scale simulations. The lack of rail rupture was
mostly attributed to the use of a full 29 post span of w-beam guardrail as opposed to the
much smaller 2 post span used in the pendulum tests and simulations. The longer
guardrail offered less lateral stiffness as the adjacent, non-contact rails could also deform
to accommodate the deflection in the impact area. Additionally, a striking vehicle can
deform to absorb some of the crash energy whereas the pendulum cannot. The shifting of
some of the impact load to the adjacent posts lead to increases of 13% and 12% for the
maximum rail deflection and maximum rail tension respectively.
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Snagging of the front left wheel of the pickup truck did not occur in the full scale
simulations, regardless of the impact location chosen. One reason was that the wheel was
somewhat protected by the wheelhouse fender as these parts engage and push posts away
from the vehicle. Another reason was that the blockouts were still present on the adjacent
posts and resisted the deflection of the rail through the gap left by the missing blockout.

Conclusions
Strong-post w-beam guardrail with a missing blockout can degrade the crash
performance of a guardrail system. A combination of three pendulum tests, the
pendulum models, and eight finite element models were used to evaluate the level of risk
posed by guardrail when a blockout was missing.

The results of the pendulum tests indicated that the removal of a blockout decreased the
ability of a guardrail to contain and redirect an impacting vehicle. Failure was observed
in two of the three pendulum tests. Only the test using the lowest impact speed was able
to successfully contain the pendulum mass. Both failures occurred at the splice joint,
where the loading on the splice bolts caused the splice holes to deform and allow the
bolts to pull through the rails.

The models of the pendulum tests were able to reproduce the outcomes provided that
mesh of the w-beam rails was of sufficiently quality to accurately represent the splice
joints. The inclusion of failure criteria for the rails was necessary to capture the erosion
of the splice holes under loading. Failure was successfully predicted for the two
pendulum tests in which failure was observed. Accurate representation of the soil in
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which the posts were embedded was critical in correctly assessing the overall deflection
of the guardrail but obtaining such information can be difficult as soil conditions are
rarely documented.

When the finite element models were extended to full scale crash tests, the vehicle
experienced up to double the roll and pitch and the guardrail sustained 12% higher rail
tension and 13% higher rail deflection. While guardrail with a missing blockout was not
as safe as an undamaged system, it was still capable of successfully redirecting a striking
pickup truck in NCHRP Report 350 test level 3 impacts. Wheel snagging, a potential
problem that could not be evaluated through pendulum testing, did not occur in the finite
element models.

The absence of a blockout from a strong-post w-beam guardrail did not sufficiently
compromise barrier performance that an immediate repair was warranted. However, the
performance of the guardrail was lessened. Therefore, a repair may still be warranted,
but the priority does not need to be as high as for types of damage such as ruptures and
tears.
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9.

CONTRIBUTIONS TO THE FIELD OF ROADSIDE SAFETY

The research in this dissertation has covered a diverse range of topics under the unified
theme of identifying sources of injury risk and reducing the risk of energy. Three
different topic areas were considered:
•

Improvement to existing reconstruction methods for vehicle-to-vehicle crashes
and vehicle-to-fixed object crashes

•

The modification of existing reconstruction methods for vehicle-to-non-fixed
object crashes

•

The identification of risk factors and measures to reduce injury risk for collisions
with strong-post w-beam guardrails

WinSmash Reconstruction Software Enhancements
The National Automotive Safety System (NASS/CDS) is a widely used database for
transportation safety studies. Many of these studies rely heavily on the estimates of the
vehicle change in velocity (delta-V) provided by the WinSmash reconstruction software
to indicate the severity of the crash. Prior studies indicated that the WinSmash
reconstruction program underestimated the vehicle delta-V by 23% on average. In
chapters 2 and 3 the implications of adding a new vehicle-specific library containing
stiffness information for over 7,000 unique vehicle makes and models to WinSmash were
discussed. This new stiffness library increased the reconstructed delta-Vs by 8% on
average and reduced the error from 23% to 13% on average.
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The enhanced version of WinSmash has been in use by the NASS/CDS to reconstruct
vehicle delta-Vs since 2008. A step change of roughly 8% can be expected between the
2007 and 2008 case years of the NASS/CDS data. As more delta-Vs reconstructed with
the enhanced WinSmash become available, the correlation between the documented
injuries and the crash severities will improve. Injury risk curves developed using delta-V
as a predictor of injury will be shifted to the right due to the documented crash injuries
being paired to higher average delta-Vs. Vehicle safety standards, such as FMVSS 201,
and crash testing protocols like the New Car Assessment Program may also be affected
by these changes.

Extension of Reconstruction to Poles and Trees
The scope of existing reconstruction software was limited to vehicle collisions with fixed
objects that absorbed negligible energy in the crash. This limitation prevented the
reconstruction of pole and tree impacts, which make up nearly a quarter of fatalities each
year, because the energy absorbed by the fracture and breaking of these objects could not
be determined. Chapter 4 evaluated a proposed method of reconstructing pole and tree
energy absorption adapted for use with the WinSmash software. Removing the error
associated with the vehicle portion of the reconstruction revealed that the pole and tree
reconstructions overestimated the final delta-V by 20%. However, much of the error
was attributed to the unrealistic treatment of poles and trees under 26 inches.
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Because poles and trees make up a significant portion of the roadside objects struck, there
is still a great need for applicable reconstruction methods. The error for the reconstructed
pole and tree crashes was substantially larger than for reconstructions of non-yielding
objects but can potentially be reduced through future efforts to better characterize the
energy needed to cause break or fracture. The release of a widely applicable and easily
used pole and tree reconstruction method will open up new fields devoted to the causes
and reduction of injuries from these collisions.

Sensitivity of Finite Element Models to Component Variation
Developing a finite element model of a crash can be a challenging and time-consuming
endeavor due to the extensive number of unknowns. This can be true even when models
are made publicly available. Several finite element variables with large influences on the
simulated outcome of a pendulum crash test of strong-post w-beam guardrail were
identified in Chapter 5 through a series of parametric studies. The properties of the soil
influenced the overall deflection and stability of model. Reducing the size of the
elements in the geometric meshes greatly increased the fidelity of the simulated behavior
but incurred stiff penalties in the time needed to complete a simulation. A failure plastic
strain criteria 0.66 was recommended in order to capture component failure under large
loading.

The developed of a realistic finite element model can be expedited by employing
knowledge of the components that have a disproportionately large influence on the
predicted outcome. This knowledge was used in the following chapters and can also be
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used by other researchers to ensure that a quality finite element model that can be used as
a predictor of safety and injury risk.

Performance of Damaged Guardrail
Chapters 6, 7, and 8 completed the study of injury risks and focused on finite element
models of strong-post w-beam guardrail. Because the primary function of guardrail is to
redirect a vehicle away from hazardous objects, the risk of injury was assessed as the
change that the guardrail would fail to redirect the vehicle away from roadside objects
rather than the delta-V experienced during the crash. Guardrail in a wide range of
conditions was considered: undamaged, rail and post deflection, missing posts, and
missing blockouts. While undamaged guardrail was found to pose no elevated risk to
striking vehicles, the guardrails with missing posts or rail and post deflection >= 6 inches
posed major risks by allowing the vehicle to vault over the rail or penetrate the guardrail
by breaking the rails. The removal of blockouts from a guardrail lead to rail tearing in
some pendulum tests but did not compromise the capacity of the guardrail to redirect
vehicles.

These studies of guardrail safety have helped to establish clear, unified standards for
guardrail repair priorities that have been made available to state transportation agencies.
As these recommendations are put into practice, hazardous guardrail can be repaired in a
timely and efficient manner, effectively reducing the risk of serious injuries by removing
hazardous conditions from the roadside.
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Research Summary
The studies detailed in the preceding eight chapters have described improvements in the
estimations of delta-V, for both yielding and non-yielding objects, which allows for crash
injuries to be more strongly correlated to crash severity. The injury risks in roadside
crashes can also be reduced by removing dangerous conditions, an example of which
would be timely repair of damaged guardrails. This research will reduce the occurrence
and severity of injuries in roadside crashes through its effects on crash documentation
and reconstruction and guardrail repair and maintenance.
.
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Appendix A. METHODS FOR AUTOMATED ANALYSIS OF
WINSMASH RECONSTRUCTION SOFTWARE

Introduction
The NASS/CDS (Crashworthiness Data System) is a NHTSA database containing
records on crashes of sufficient severity to require towing of one or more vehicles. One
of the most crucial components of the database is the estimated change in velocity (deltaV) for each vehicle. These delta-V values can come from several different sources, the
most common of which is the WinSmash crash reconstruction software used to estimate
delta-V for NASS/CDS. These delta-V values are used by NHTSA to analyze trends in
injury risks and vehicle safety performance.

WinSmash calculates delta-V values based on post-crash vehicle deformation and
stiffness values [Prasad, 1990; 1991a; 1991b; NHTSA, 1986; Sharma, et. al., 2007].
While the crush values can be easily measured by investigators, the vehicle stiffness is
more difficult to determine. In earlier versions of WinSmash the vehicle fleet was
divided into categories by vehicle bodystyle. For each category, WinSmash provided
average stiffness values intended to represent the entire group of vehicles. The crush and
stiffness values were used to calculate the energy absorbed by the vehicle, and the
distribution of energy between two vehicles (or a vehicle and fixed barrier) was used to
estimate the delta-V of each vehicle.
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One of the most persistent criticisms of this approach is that the stiffness values used for
each category is representative of the vehicle fleet circa the 1980s and may not be
applicable to the vehicle fleet of today. WinSmash 2008, which was released in January
2008, offered an improved stiffness library with vehicle specific stiffness values and
updated stiffness categories. However, these changes would affect the delta-V
prediction. This raised two important questions: to what extent would the WinSmash
delta-V predictions change? What would be the implications be with regards to studies
performed using delta-Vs from WinSmash 2007 and earlier?
WinSmash 2007 vs. WinSmash 2008
In 2006, NHTSA contracted with Virginia Tech to develop a new version of WinSmash.
Part of the motivation for this project was to update WinSmash to reflect the changing
vehicle fleet. At the beginning of the project, the current version of WinSmash used by
NASS investigators was WinSmash 2.42. NHTSA provided Virginia Tech with the
source code for WinSmash 2.44 – a follow up version to WinSmash 2.42 which had not
yet been released to investigators. After correcting numerous programming bugs in
WinSmash 2.44, Virginia Tech released WinSmash 2007 in January 2007.

WinSmash 2008 was released in January 2008 with updated stiffness values and stiffness
selection procedures. The WinSmash 2008 release also included a new library of
vehicle-specific stiffness values for passenger vehicles of model years 1981-2007. The
categorical stiffness coefficients were changed to use NHTSA-supplied values which
better reflected the current fleet. These new stiffness values resulted in changes to the
WinSmash delta-V predictions.
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In addition to the changes made to the stiffness values, the stiffness selection process of
WinSmash 2008 was reformulated. The previous method of stiffness assignment used by
WinSmash 2007 required that the crash investigator assign a numerical stiffness category
to each vehicle based on their understanding of the vehicle bodystyle and wheelbase.
One of the difficulties associated with this method was that the investigator was required
to memorize (or have on hand) the exact range of wheelbases for each category, as well
as know the number associated with that range.

A new, automated stiffness selection process was added in WinSmash 2008 to reduce
some of the difficulties associated with WinSmash 2007. Rather than rely on the
assignment of a numerical stiffness number by the crash investigator, WinSmash 2008
automatically assigns a stiffness values based on the vehicle damage side, wheelbase, and
bodystyle. WinSmash 2008 first attempts to retrieve vehicle-specific stiffness values
from the new library of vehicle stiffness values. If this is not successful, WinSmash 2008
will then automatically select the appropriate stiffness category. A comparison of the
two versions of WinSmash is shown below in Figure 85 and Figure 86.
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Figure 85. The WinSmash 2007 screen for manual entry of the stiffness category number

Figure 86. The WinSmash 2008 screen for automated selection of stiffness category

Hampton

204

The changes made to WinSmash 2008 may have a significant effect on the NASS delta-V
distributions. The delta-V computed for a single case in WinSmash 2008 can be
different from the delta-V computed for the same case using WinSmash 2007. This
change has important policy repercussions, as the delta-V predictions made by
WinSmash and published in the NASS CDS database are widely used by NHTSA and
other crash safety groups to define crash safety problems and evaluate countermeasure
effectiveness. If the delta-V distributions predicted by the new and older WinSmash
programs do not agree, the validity of all research conducted using the older WinSmash
2007 may need to be re-examined.

Objective
The objective was to develop an automated method for the use of determining the extent
of the difference in delta-V distributions between different versions of WinSmash. In this
study, the versions WinSmash 2007 and WinSmash 2008 were used.

Methodology
Our approach was to select one NASS case year and recompute all delta-Vs for that case
year with a version of WinSmash before the stiffness algorithm enhancements
(WinSmash 2007) and after (WinSmash 2008). The NASS 2006 case year was selected
as a reasonably sized pool of cases upon which to run the WinSmash comparison.
Results for the 2006 case year were computed using WinSmash 2.42, which was roughly
the same as WinSmash 2007. Note that the tables used for this study are not the NASS
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CDS SAS tables but the tables in NHTSA’s electronic data system (EDS). The EDS is a
database maintained by NHTSA which contains information used to generate the CDS
tables. The EDS database contains many more data elements than are stored in the NASS
SAS tables.

To facilitate comparison of the two versions, each event in NASS EDS for which
WinSmash results were available was computed in both WinSmash 2007 and WinSmash
2008. For reference, the WinSmash versions in use at the time of this study were
WinSmash 2007 (v2008.1.10) and WinSmash 2008 (2008.11.24.0). The WinSmash 2008
stiffness library release date was 11-24-2008. The delta-V values in NASS 2006 were
computed using the earlier WinSmash versions 2.42 and 2006.

Our initial idea was to use the WinSmash tables in the NASS EDS to collect all of the
information needed to redo the NASS cases. There were several WinSmash tables, but
the tables of interest for our project were:

•

WSGENERAL

•

WSVEHICLE

•

WSSPECIFICATIONS

•

WSDAMAGE

•

WSRESULTS
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This approach was appealing because there were fewer tables and fields to look through
and the data were laid out in roughly the same way that the WinSmash input. Another
benefit of using the WinSmash tables was that certain information (Calculation type,
stiffness, CDC) was readily available, whereas these fields were completely missing or in
a different format in the other tables of the NASS EDS. However, there were some
problems encountered when this approach was used.

One of the first problems encountered with the WinSmash table data was that a large
number of the runs were missing damage length (Smash L) values. This problem
necessitated the use of the DAMAGELOCATOR table to match the missing damage
lengths into the correct crush profiles. The next issue, which was more serious, was that
the results in WSRESULTS not matching the results stored in the
VEHICLEDEFORMATION and VEHICLECRASH tables. The most likely cause would
be manual editing of the results stored in the VEHICLE tables after saving the WinSmash
results to the WinSmash tables. Due to the immense challenge of trying to sort out which
runs in the WinSmash tables were relevant, this approach was abandoned in favor of
assembling the needed information from the non-WinSmash tables.

The greatest challenge of this new approach was the collection of data from the NASS
EDS data tables to generate the information needed to run both versions of WinSmash.
This process required data to be extracted from seven different tables. Because cases in
NASS can have multiple events, great care was taken to ensure that each results profile
was correctly matched to its corresponding crush profile. Additionally, many NASS
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cases involved multiple vehicles. For each event, the vehicles must also be matched to
their correct impact partner.

The EDS tables needed to extract the data needed by WinSmash are shown below in
Table 44. The tables VEHICLE, EVENT, and OCCUPANT contained general
information about the undamaged vehicle specifications, event, and vehicle occupants
respectively. The DAMAGELOCATOR table contained all crush profiles for vehicles for
which measurements were made. The vehicle results were split into two different tables.
The VEHICLECRASH table contained information for vehicles that were not fully
inspected. These vehicles may have been unavailable or repaired prior to being inspected
and typically did not have an associated crush profile. The VEHICLEDEFORMATION
table contained the results for inspected vehicles, as well as information used to generate
a CDC code for the vehicle. Since cases were stored in NASS by the CaseID field, the
SELECTED table was needed to identify the year in which each case was investigated.
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Table 44. The NASS EDS tables and relevant fields
Table
Fields
DAMAGELOCATOR
CaseID, VehicleID, ImpactID, ImpactNumber, CDCID,
SmashL, SmashD, D, Avg_C1, Avg_C2, Avg_C3,
Avg_C4, Avg_C5, Avg_C6
VEHICLECRASH
CaseID, VehicleID, CollisionID, DeltaVEventID,
HeadingAngle, HighestDeltaV, HighestLongDeltaV,
HighestLatDeltaV, HighestEnergy, HighestBarrierSpeed
VEHICLEDEFORMATION CaseID, VehicleID, DeformID, EventSequenceID,
Ranking, DirectionOfForce, HeadingAngle, ClockForce,
DeformationLocation, LongLatLocation,
VertLatLocation, DamageDistribution, DamageExtent,
PickDeltaVBasis, TotalDeltaV, LongDeltaV, LatDeltaV,
EnergyDeltaV, BarrierDeltaV
VEHICLE
CaseID, VehicleID, VehicleNumber, ModelYear,
MakeID, ModelID, BodytypeID, Wheelbase,
OverallLength, MaxWidth, CurbWeight, CargoWeight,
FrontOverhang
SELECTED
CaseID, CaseYear, PSU, CaseNumber
EVENT
CaseID, VehicleID, EventSequenceID,
PickAreaOfDamage, PickContactVehicleDamage
OCCUPANT
CaseID, VehicleID, OccupantID, OccupantNumber,
Weight, Age, Sex
Combining Vehicle and Occupant Data
The first step was to combine the general information about the vehicle and its occupants
into a form useable by WinSmash. In particular, the many weight fields (vehicle, cargo,
occupants) must be condensed into a single total weight value for the vehicle. One
complication was that the weight for each of the occupants was not always stored in the
EDS database. In such situations, we generated a representative weight based on the age
and sex of the occupant (see tables at end of Appendix A). The make and model ID
numbers were also converted to text identifiers for the make and model as these fields
were required by WinSmash 2008. The vehicle and occupant information was merged
together, yielding a table called VEHICLEINFO.
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Combining Results for Inspected and Uninspected Vehicles
The next step was to collect the WinSmash results, which were split between the
VEHICLECRASH and VEHICLEDEFORMATION tables. The table
VEHICLEDEFORMATION contained all of the results for inspected vehicles while the
table VEHICLECRASH contained results for missing and CDC-only vehicles. The
VEHICLEDEFORMATION table was the easiest to prepare as it contained a field called
PickDeltaVBasis. This field was used to determine whether WinSmash was the source of
the delta-V estimates. Any results profile that was generated using a means other than
WinSmash was discarded.

The table VEHICLECRASH contained a large number of profiles for missing vehicles.
However, many of these records were blank or recorded as unknown delta-V. These
blank/unknown records were eliminated by selecting only records for which the
HighestDeltaV and DeltaVEventID fields were greater than zero. To allow the results
records from the two tables to be merged, some fields in VEHICLECRASH were
renamed to match the names of the corresponding fields in VEHICLEDEFORMATION.
The exact mapping is shown below in Table 45.

Table 45. VEHICLECRASH field name changes
VEHICLECRASH name
VEHICLEDEFORMATION name
DeltaVEventID
EventSequenceID
HighestDeltaV
TotalDeltaV
HighestLongDeltaV
LongDeltaV
HighestLatDeltaV
LatDeltaV
HighestEnergy
EnergyDeltaV
HighestBarrierSpeed
BarrierDeltaV
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With both tables prepared, the two were combined to form a new table called
VEHICLERESULTS. For records where enough information was provided, a CDC was
generated from the fields DirectionOfForce, DeformationLocation, LongLatLocation,
VertLatLocation, DamageDistribution, and DamageExtent. Once the CDC was
computed, the columns used to generate the CDC values were dropped to prevent the
table from growing too large. The final table contained all known results profiles for all
vehicles, as well as CDCs for fully defined vehicles and CDC only vehicles.
Preparing the Vehicle Crush Profiles
The vehicle crush profiles were stored in the table DAMAGELOCATOR. To facilitate
the merge between the crush and results tables, the CDCID field was renamed to the
DeformID. Some additional formatting was made to ensure that the crush values were
consistent with the WinSmash format. This included setting all unknown and negative
values for the C fields to -10. Unknown SmashL (damage length) values were set to
9999, so that these records would appear last when performing an ascending sort.

A small number of records with duplicate CaseID, VehicleID, and DeformID values were
eliminated from the table as part of this sorting operation. These duplicates typically had
a unique ImpactID, but the CDCID which was needed to perform a merge was the same.
However, most of the removed records did not contain any known crush data, so the
removal was not expected to significantly affect the results.
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Combining the Results, Crush, and Vehicle Information
To prepare the final table, each of the three previously created tables (VEHICLEINFO,
VEHICLECRUSH, and VEHICLERESULTS) were merged to create one large table.
Since there were far more records in the vehicle information table, a large number of
extra records were generated. These records were removed by eliminating all records for
which there were no known results. The table SELECTED was merged in at this point,
to provide the case year for each of the cases. All records not belonging to the 2006 case
year were removed. This yielded a table containing all of the information needed to
define a vehicle in WinSmash. However, the vehicles involved in two-vehicle crashes
still needed to be matched up with their partner vehicle.

In order to pair off the vehicles, the table was sorted by the fields CaseID,
EventSequenceID, and VehicleNumber respectively. This changed the organization of
the table so that vehicles involved in the same event would appear sequentially. The first
vehicle for an EventSequenceID is assigned as WinSmash vehicle 1. If there is an
additional vehicle for that event ID, then it becomes WinSmash vehicle 2. WinSmash
does not allow for more than two vehicles in an event, so there were no WinSmash
vehicle numbers higher than 2. The WinSmash vehicle numbers have no relation to the
NASS vehicle number.

After the WinSmash IDs were assigned, the table was split into two smaller tables, V1
and V2. The table V1 contained all of the records that were assigned as WinSmash
vehicle 1. This table was left unchanged. The table V2 contained all of the WinSmash
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vehicle 2 records. The names of all the fields were changed, by the addition of a “2” to
the end of the field name, so that the field names were unique. Once this was completed,
the two tables were merged together using the CaseID and EventSequenceID. This
yielded a new table containing all the information needed by WinSmash to define both
the striking and struck vehicle.

The final step in preparing the table was to check each record to verify that it contained
enough information to create a WinSmash run. Records for which both vehicles were
missing delta-V results, CDCs, weights, damage lengths, and/or crush profiles were
removed from the table. As show in Table 46, any null values were also filled in with
WinSmash-appropriate placeholders to indicate missing values.

Year
Make
Model
Bodystyle
CDC
PDOF
Heading
Wheelbase
Length
Width

Table 46. WinSmash defaults for unknown fields
0
Weight
Empty string
Damage Length (SmashL)
Empty string
Damage Offset (SmashD)
4S
Field L-D (D)
Empty string
C1
-1
C2
-1
C3
0
C4
0
C5
0
C6

0
0
0
0
-10
-10
-10
-10
-10
-10

Assignment of WinSmash Stiffness Categories
Although the EDS tables contain most of the information needed to run WinSmash, one
critical piece of information that was not stored in the EDS was the WinSmash 2007
stiffness category used for each vehicle. Although the selection of stiffness category was
typically left to the discretion of the case investigator, there was a standard procedure to
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follow for the assignment of the stiffness category. For vehicles impacted in the left or
right side, the stiffness category was assigned based only on the wheelbase of the vehicle.
The wheelbase ranges encompassed in each category are shown in Table 47. Categories
7 and 8 were only used in WinSmash 2007 and the unnumbered categories are used only
in WinSmash 2008. It should also be noted that although some categories are shared
between the two versions, the corresponding stiffness values (D0 and D1) are not
necessarily the same.

Table 47. WinSmash stiffness categories and wheelbase ranges
Stiffness Category
Wheelbase Range (cm)
1: Minicar
1 – 240
2: Subcompact Car
241 – 258
3: Compact Car
259 – 280
4: Intermediate Car
281 – 298
5: Full Size Car
299 – 313
6: Large Car
314+
7: Utilities & 4WD (2007 Only)
All
8: Pickup Trucks (2007 Only)
All
9: Front Drive Vehicles (2007 Only)
All
Minivan (2008 Onward)
0 – 315
Full Size Van (2008 Onward)
316+
Small SUV (2008 Onward)
0 – 266
Full Size SUV (2008 Onward)
267+
Small Pickup (2008 Onward)
0 – 289
Full Size Pickup (2008 Onward)
290+
For vehicles with front or rear damage planes, the assignment was more complicated.
For all cars, the stiffness was assigned using the wheelbase of the vehicle. However,
there were special stiffness categories for non-cars (utility vehicles, pickup trucks, and
vans). Category 7 represented all utility vehicles and vans. Category 8 was used for all
pickup trucks. Category 9 represented front-drive vehicles (which were uncommon at the
time of WinSmash 2.41, but represent a large portion of vehicles today).
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In WinSmash 2008, the assignment of stiffness categories worked differently than in
WinSmash 2007. The stiffness values for the categories common to both versions were
also different, as shown at the end of this appendix. The assigned body style of the
vehicle was critical, as both the categorical and vehicle-specific stiffness values depend
on it. In contrast, the body style was relatively unimportant in WinSmash 2007. For
vehicles where the body style was not known, it was assumed to be a four-door sedan, as
this was the most common body style.

Once the vehicle bodystyle was assigned, WinSmash would often be able to retrieve
vehicle-specific stiffness values for that vehicle. In the event that the vehicle specific
values could not be found, a stiffness category was assigned using the vehicle’s body
style and wheelbase. WinSmash 2008 car categories were assigned with the same
procedure as in WinSmash 2007. However, in WinSmash 2008, the old stiffness
categories 7 and 8 were replaced with six new categories that are also shown in Table 47.
Computing the WinSmash Results
With all of the raw data prepared, the final step was to calculate the WinSmash 2007 and
WinSmash 2008 results for each run. A specialized program was developed with the
capability to read the raw WinSmash data from a Microsoft Access database, run both
WinSmash 2007 and 2008 on the data, and then output the results into a delimited file.
For each run, this program would report three sets of results: the original results as saved
in NASS EDS, the WinSmash 2007 results as recalculated by the program, and the
WinSmash 2008 results. Each result set contained the total, longitudinal, and lateral

Hampton

215

delta-V, as well as the absorbed energy and the barrier equivalent speed. For reference,
the results in the NASS EDS were computed using an earlier version of WinSmash;
hence, the results were recomputed using WinSmash 2007 before comparing the results
to WinSmash 2008.

WinSmash possessed several options for calculating delta-V, referred to as calculation
types, which allowed a greater degree of flexibility in situations where some vehicle
information was missing. The available calculation types (also called runs) were:

•

Standard Run – Two fully defined vehicles

•

Barrier Run – One fully defined vehicle

•

CDC Only Run – One fully defined vehicle and one CDC only vehicle

•

Missing Run – One fully defined vehicle and one missing vehicle

In addition to each of the calculation types, there were several different types of vehicles.
Each vehicle was assigned a vehicle type based on the amount of information known, and
the vehicle types can limit the range of calculation types that can be employed. The three
vehicle types are:

•

Fully Defined Vehicle – Both the CDC and crush profile were known

•

CDC Only Vehicle – A CDC was known and used to estimate the crush profile

•

Missing Vehicle – Neither the CDC or the crush profile was known
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The calculation type for WinSmash was not collected in the NASS EDS. This field was
not stored because many cases can be run as several different calculation types. Thus, it
was necessary to find a way to determine which calculation type (Standard, Missing,
Barrier, or CDC Only) was used to generate the results. The field PickDeltaVBasis
contained information on the calculation used for a given vehicle. However, this field did
not differentiate between standard and barrier runs. There were also cases for which the
PickDeltaVBasis values were different for each vehicle in a run. To avoid losing any
runs, the program was modified to try all possible calculation types until the correct type
was found (the matching process is further discussed in the validation section below).
With a procedure defined for determining the calculation type, the calculation of results
could begin. The program was able to process roughly 1000 WinSmash runs every 5
minutes.
Validation
Before any comparisons between the WinSmash 2007 and 2008 were made, the
recomputed WinSmash 2007 results were validated against the results saved in the NASS
tables. The validation was performed by comparing the energies of both vehicles. If
both vehicles had the same energy (+ / - 3 joules) in both the NASS tables and the
recomputed results, then the record was considered valid. All runs for which the energies
could not be matched up were discarded from the analysis. The runs that were rejected
due to energy mismatches are discussed in more detail in the results – unmatched NASS
EDS cases section.
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With the 2007 results validated, the final comparison between the 2007 and 2008 values
could be made. For each vehicle, the percent difference of the 2008 total delta-V values
from the 2007 total delta-V values was computed using a least squares fit to the data. All
trendlines were linear and passed through the point (0, 0). The trendline equation takes
the form of

y = mx
Where the value of (m – 1) represents the average percent increase in delta-V values
between WinSmash 2007 and WinSmash 2008.

Results
An automated method was developed to allow for the use of the WinSmash
reconstruction software on large numbers of crashes. This method was divided into 3
parts, the construction of the Winsmash data table using SAS, the conversion of the SAS
data into an Access database, and the processing of the data by use of a custom C#
program.

The program was able to compute the results for a large number of runs at a rate of 1000
crashes every 5 minutes. The program assembled the WinSmash 2007 and WinSmash
2008 results into a single delimited file that could be further processed if desired. For
crashes were there the results from NASS could not be reproduced, the program
generated a separate file indicating the possible causes of the discrepancy. This tool
would provide great time savings when used to evaluate or compare the delta-Vs for a
large number of crashes.
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Unmatched NASS EDS Runs
When the cases from the NASS 2006 case year were re-run with WinSmash 2007, the
recorded energies could not be reproduced for 678 of the 2997 runs. This represented
22.6% of the runs collected that could potentially be used in this analysis. All of these
runs were removed from the analysis due to energy mismatches. That is, the energy
values saved in the NASS tables could not be reproduced by WinSmash 2007 using the
vehicle information from the same NASS tables. If the cause of the energy disagreement
could be identified, then these runs could be returned to the pool of “good” runs. While
some of the mismatches may be due to slight variations between WinSmash 2.42 and
WinSmash 2007, there were some other causes as well.

One of the most interesting aspects of the unmatched runs versus the matched runs was
the distributions of the body styles (see Table 48). There was a massive
overrepresentation of utility vehicles among the runs where the vehicle energies could not
be matched. Utility vehicles comprised 28.7% of all vehicles in NASS 2006, but were
63.6% of the unmatched vehicles. The most common cause for energy mismatching was
a change in the stiffness category applied to the vehicle. This had the greatest effect on
utility vehicles, but also affected pickup trucks and vans. On the other hand, runs
involving two cars (or one car and a barrier) made up the majority of matched runs. Runs
consisting of only cars accounted for nearly half all runs but only 13.4% of the
unmatched runs. The source of the car energy problems could not be identified.
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Table 48. Body style distributions by energy match status
All Runs
Matched Runs Unmatched Runs
(n=2997)
(n=2319)
(n=678)
46.3%
55.9%
13.4%
2 Cars or barrier run with 1 car
28.7%
18.5%
63.6%
At least one utility vehicle
19.9%
19.4%
21.5%
At least one pickup truck
12.0%
10.8%
16.1%
At least one van or minivan
100%
77.4%
22.6%
% of total runs
The utility vehicle group was broken down further by damage side in Table 49. It was
found that an unmatched utility vehicle was four times as likely to be a rear impact and a
matched vehicle was four times as likely to be a side impact. The large number of side
impacts successfully matched was attributed to the different stiffness selection procedure
for side impacts. The differences in frontal and rear impacts were most likely due to
variation in how case investigators handle non-cars involved in front and rear impacts. In
many of these runs, the special stiffness categories 7 and 8 were not used as expected and
caused the vehicle energy to be different.

Table 49. Utility vehicles by damage side
Front
Side
Rear
39.9%
79.2%
20.3%
Matched Vehicles
60.1%
20.8%
79.9%
Unmatched Vehicles
546
269
128
# of Vehicles
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Table of Weights To Be Used For Known Occupants With Unknown
Weight
For known occupants with unknown weights, use the occupant's age in the table below to determine the
appropriate weight to add.
(All Weights Are In Kilograms based on 50th percentile for each age group)

0-2 3-5 6-8 9-11
Age
(months)
5.4 7.1 8.5 9.8
Weight
(Male)
4.9 6.9 8.0 9.1
Weight
(Female)
Age
(years)
Weight
(Male)
Weight
(Femal
e)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

11.
1
10.
6

13.
7
12.
9

1
6
1
5

18.
2
17.
2

20.
7
19.
2

22.
7
21.
5

25.
7
24.
7

30.
4
29.
1

34.
1
34.
1

36.
1
38.
3

42.
1
44.
9

46.
3
49.
7

53

61

55.
5

56.
3

15
16
17
18
19
Age
(years)
64
69.4 72.9 70.6 73.8
Weight
(Male)
57.6 59.1 59.3 60.9 64.1
Weight
(Female)

20- 30- 40- 50- 60- 70- >=80
29
39
49
59
69
79
80.2 83.1 85.7 86.4 86.4 81.2 74.7
67.7 68.8 72.5 73.4 73.5 69.6 62.4

Source of Information:
Advanced Data from Vital and Health Statistics, Number 361, July 7, 2005. “Anthropometric Reference
Data for Children and Adults: U.S. Population, 1999-2002”, by Margaret A. McDowell, M.P.H., PhD;
Cheryl D. Fryar, M.S.P.H.; Rosemarie Hirsch, M.D.; Cynthia L. Ogden, Ph.D., Division of Health and
Nutrition Examination Surveys; U.S. Department of Health and Human Services, Centers for Disease
Control and Prevention, National Center for Health Statistics.
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Categorical Stiffness Values for WinSmash 2007

1: Minicar
2:
Subcompact
Car
3: Compact
Car
4:
Intermediate
Car
5: Full Size
Car
6: Large Car
7: Vans and
4WD1
8: Pickups1
9: FrontDrive Car2

WinSmash 2007 Stiffness Values
Front
Rear
D0
D1
D0
D1
91.46537 6.79628
93.88106 5.433098
97.03749 7.225553
96.2347 5.285418

D0
63.3
63.3

D1
6.836201
8.021931

102.1758

7.250295

99.48828

5.564199

63.3

7.502554

107.0321

6.362827

99.9994

5.375778

63.3

7.216195

109.6652

6.186434

99.97363

4.507317

63.3

5.196146

116.0334
109.7424

5.752686
8.511337

74.868
98.68649

6.9471
7.793155

54.452

5.6925

105.6987
99.18291

7.982362
6.469472

101.4218

7.773829

Side

All D0 values are sqrt(N); D1 values are sqrt(N)/cm
1.

2.

Vans, 4WD, and pickup categories (7-8) may only be used when the vehicle
damage plane is frontal or rear. For the right or left damage planes, the
appropriate car stiffness category (1-6) must be selected based on the wheelbase
of the vehicle.
The front-drive car (category 9) may only be used if the vehicle damage plane is
frontal. For other damage planes, the appropriate car stiffness category (1-6) must
be selected based on the wheelbase of the vehicle.
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Categorical Stiffness Values for WinSmash 2008

Minicar
Subcompact
Car
Compact Car
Intermediate
Car
Full Size Car
Large Car
Minivan
Full Size
Van
Small SUV
Full Size
SUV
Small Pickup
Full Size
Pickup

WinSmash 2008 Stiffness Values
Front
Rear
D0
D1
D0
D1
90.26777 6.797558
92.65763 5.561781
95.8874 7.228292
95.05376 5.952108

Side
D0
D1
63.3 7.793106
63.3 8.863679

101.2924
106.4641

8.149115
7.555745

96.36251
98.42569

5.822748
5.268541

63.3
63.3

9.235064
9.152647

109.2402
115.2161
110.0946
117.2993

6.763367
6.733617
9.184065
9.888826

98.41299
89.95032
98.31289
102.5656

7.394105
4.024962
8.643311
11.73801

63.3
63.3
63.3
63.3

8.013979
8.013979
9.004071
9.004071

114.7126
118.3281

9.607261
9.780724

100.4481
102.7815

8.449142
9.813742

63.3
63.3

10.64525
11.5912

103.9148
112.8997

7.884083
8.054416

99.11972
98.6221

6.534046
7.165594

63.3
63.3

8.097778
8.097778

All D0 values are sqrt(N); D1 values are sqrt(N)/cm
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