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Steel guardrail systems have historic and widespread applications throughout the
nation’s highways and roadways. However, catastrophic system failure can occur if the
guardrail element ruptures, thus allowing an errant vehicle to pass uncontrolled through
the system and potentially allow fractured ends to pierce the occupant compartment. To
aid in the analysis and design of guardrail systems, further efforts are needed to develop
and implement more reliable material failure criteria to predict and model guardrail steel
rupture under all vehicle impact loading scenarios within impact simulation finite
element method (FEM) software, such as LS-DYNA.

This Phase | study accomplished a number of tasks to aid in this objective. First,
historical and state-of-the-art failure criteria with emphasis on stress state dependent
failure criteria were reviewed. Next, various failure surface methods that provide
estimations on the triaxiality and Lode parameter vs. effective plastic strain at failure
were review and analyzed. It was determined that more flexible failure surface fitting
methods may provide better estimations, and larger more diverse testing programs are
required to estimate the failure surface through all stress states. A failure surface method
using a Smoothed, Thin-Plate Spline was also proposed to overcome short comings in

existing failure surface estimation methods. Based on the review of the existing failure



surfaces’ performance, a steel material testing program was developed, and testing was
performed on 21 different specimen configurations that represent a range of stress states.
The specimens were prepared using ASTM A572 Grade 50 steel with similar material
properties as AASHTO M-180 guardrail steel. Test results and calculated material
properties were presented herein. Lastly, a preliminary FEM modeling effort was
conducted. Various modeling parameters were examined, including the effects from
hourglass controls, mesh-size effects, inertial effects from load rate, and solid vs. shell
behavior. Based on this analysis, preliminary models of the testing specimen were
developed. Also, a preliminary material model was calibrated and presented herein.
Conclusions were made, and recommendations were provided for continuing a Phase 11

effort.
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1 INTRODUCTION
1.1 Background and Problem Statement

Steel guardrail systems have historic and widespread applications throughout the
nation’s highways and roadways. They provide a reliable method to redirect errant
vehicles by deforming plastically and dissipating the impact energy, while
simultaneously maintaining safe occupant ridedown accelerations (ORAs) and occupant
impact velocities (OIVs). Catastrophic system failure occurs if the guardrail element
ruptures, typically at splice locations, thus allowing the errant vehicle to pass
uncontrolled through the system, and potentially allow fractured ends to pierce the
occupant compartment.

A recent example of this outcome occurred in a full-scale crash test that was
performed by the Midwest Roadside Safety Facility (MwWRSF) [1]. In this scenario, a
small passenger car impacted a Midwest Guardrail System (MGS) to thrie beam stiffness
transition system that was configured with a lower concrete curb at a speed of 62.9 mph
(101.2 km/h) and an angle of 25.0 degrees. The vehicle penetrated under the W-beam rail
while the wheel climbed the curb. This behavior resulted in the vehicle loading the W-
beam rail in both upward and lateral directions, thus causing the rail splice between the
W-beam and asymmetrical transition segment to rupture. As a result, the vehicle traveled
farther into the transition system where it contacted the ends of stiff rail elements and
multiple transition posts, causing the vehicle to stop quickly with excessive longitudinal
ORA values. The vehicle and system damage can be seen in Figure 1. The crash test was
considered a failure. To further prevent these types of failures, it is important to better

understand the failure mechanisms associated with steel guardrails so that system



analysis and design procedures can be improved and become more accurate under

variable loading conditions.
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igure 1. Small Pa'ss—,en'g_ér Car'and B'arrie'r Damage after'lmpéct in-tb'l\_/lidwes't Guardrail
System (MGS) to Thrie Beam Stiffness Transition System [1]

Computer simulation with finite element methods (FEM) modeling programs,
such as LS-DYNA [2], are used extensively to investigate and evaluate the dynamic
behavior and safety performance of new guardrail systems. However, material failure has
been historically difficult to predict using FEM modeling and has not been widely used
for investigating rupture in rail elements configured with AASHTO M-180 guardrail steel
[3]. A likely cause for this hesitation is that the mechanics and factors contributing to
material failure are often debated and not completely understood [4]. Due to the nature of
material failure, numerous schools of thought exist, and as a result, countless prediction
models have been proposed. Various inconsistencies in material behavior, required
loading conditions, and required accuracy have further complicated both predicting and
modeling material failure. Some of the various schools of thought, including the state-of-

the-art material failure theories, are discussed further in Chapter 3.



In 2001, Ray et al. utilized failure criteria with guardrail material models when
evaluating the performance of a W-beam guardrail that was supported by weak posts
without the use of blockouts [5]. Initially, a crash test was planned to evaluate dynamic
guardrail performance using a pickup truck impacting at a speed of 62 mph (100 km/h)
and an angle of 25 degrees. Prior to testing, a FEM simulation was prepared, which did
not reveal any barrier performance problems. However, a small nick formed on the lower
edge of the guardrail beam at the second post downstream from the impact location
during the test. When the front bumper of the pickup truck impacted this nick, the
guardrail beam completely ruptured, thus allowing the pickup truck to penetrate through
the guardrail system, as seen in Figure 2. This action exposed a possible shortcoming in
the material failure criteria that was used to predict the dynamic impact performance of

the barrier system within the simulation.

et

Figure 2. Pickup Truck Impacting Weak-Post W-Beam Guardrail after Rail Rupture [5]

In 1999, Bielenberg et al. attempted to use FEM modeling to investigate guardrail
rupture during the development of a thrie beam bullnose median barrier system [6-10].

Initially, a full-scale crash test was performed with a small car impacting head-on into a
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bullnose median barrier. Subsequently, simulations were performed with a pickup truck

impacting the barrier under similar conditions. However, these preliminary simulations
did not utilize any form of material failure criteria for the guardrail steel. As a result, the
simulations with the pickup truck failed to accurately represent the impact behavior of the
front beam of the guardrail system.

The full-scale crash test later showed that the lower corrugation of the slotted
thrie beam rail separated away from the upper two corrugations due to the location of the
pickup truck’s bumper in the lower valley of the slotted thrie beam. The lower
corrugation was then overridden by the vehicle. Due to the reduced area of the guardrail
in contact with the vehicle, the upper two corrugations of the thrie beam ruptured. This
behavior allowed the vehicle to penetrate into the barrier system. Following the failed
full-scale crash test with a pickup truck, an effort was then made to determine the
effective plastic strain (EPS) at failure by performing a static tension test on a flattened,
slotted, thrie beam and complementary FEM modeling. The failure conditions were then
implemented in the FEM model. Load vs. time curves were fairly accurate with the
implemented material failure condition. Furthermore, the revised FEM simulation
demonstrated separation of the upper two and lower corrugations as well as guardrail
rupture. A comparison of the modified computer simulation and full-scale crash test can
be found in Figure 3. This model was then used to continue development of the bullnose
design. However, it should be emphasized that the noted guardrail rupture criteria were
calibrated for this loading case only. It was not expected to produce accurate failure

predictions under other impact loading conditions. As shown by these recent examples,
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further efforts are needed to develop and implement more reliable material failure criteria

to predict and model guardrail steel rupture under all vehicle impact loading scenarios.

Flgure 3. Computer Slmulatlon [7] and Full-Scale Crash Test [8] of Plckup Truck
Impacting Thrie Beam Bullnose Guardrail System

1.2 Research Objectives

The objectives of the research study were to advance the knowledge and
understanding of failure in AASHTO Specification M-180 guardrail steel. More
specifically, it was desired to develop an improved steel material model with material
failure criteria, which can be used in common computer simulation programs, such as
LS-DYNA, to predict and model failure in vehicle to barrier impact events. The
improved material model must be flexible enough to accommodate a range of mesh sizes,
loading rates (i.e., strain rates), and stress states.
1.3 Research Scope

The research objectives were accomplished through six tasks. First, a literature
review was conducted to garner knowledge on relevant ductile metal failure prediction
techniques. Both historical and modern failure prediction methodologies were
summarized.

Next, a review of the available LS-DYNA material models was conducted. LS-

DYNA offers numerous material models that can be used to represent a wide range of



materials for various applications. The initial round of analysis was filtered to only
consider the metallic material models that included a form of element erosion. The
material models that were obviously unsuitable for modeling guardrail steel failure were
then briefly described and eliminated from further analysis. The second round of analysis
considered six criteria that were determined to be critical for a material model to
accurately predict ductile steel failure as related to guardrail applications. The final round
of analysis involved researching each of the remaining material models to determine, to
the best of one’s ability without performing testing, the accuracy of the methods used.
How each model treated three factors were of particular interest. These factors include:
flow stress; failure; and potential additional abilities such as non-local abilities, damage
criteria, and strain rate effects.

A number of techniques were reviewed to represent the relationship between the
effective plastic strain at failure and the state of stress, as represented by the Lode
parameter and triaxiality. Pre-existing data sets were then inputted into the various
techniques to evaluate each failure surface methods’ ability to fit the data. Reduced data
sets were also used in order to evaluate the failure surface methods’ ability to predict the
full data set. Based on this analysis, a new surface-fitting method utilizing a Smoothed,
Thin-Plate Spline (TPS) was also proposed to allow for a potentially more accurate data
fit for ranges of stress states not represented by test data.

A comprehensive testing program was developed based on a review of prior
variable state of stress testing programs to aid in developing an effective plastic strain at
failure as a function of the material stress state. A series of testing specimens were chosen

to encompass as many stress states as reasonably possible given the limitations of
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available material and testing equipment. Once the physical testing program was defined,

steel material was selected to represent the AASHTO M-180 guardrail steel that is
available on the market. The test specimens were then machined and subjected to
laboratory testing. Results from the comprehensive testing program are presented and
discussed herein.

In addition to the physical testing program, FEM models of each test specimen
were prepared for use with the LS-DYNA finite element analysis (FEA) software.
Simulation parameters, such as mesh sensitivity, hourglassing controls, simulation
duration, and element formulation were evaluated. The results from this simulation
modeling effort are summarized and discussed herein.

At the ends of the testing and simulation efforts, several conclusions were made
pertaining to the modeling and testing of AASHTO M-180 guardrail steel. Several
research recommendations were also provided to continue this effort to advance
computer simulation modeling involving failure prediction of AASHTO M-180 guardrail

steel.



2 MATERIAL FAILURE OVERVIEW
2.1 Historical Strength Theories for Ductile Steel

Failure of ductile materials commonly occurs and is a fundamental principal in
engineering design. However, the phenomenon is not fully understood, leaving hundreds
of theories and variations of theories attempting to partially explain test data with a model
or criteria [4]. Although one of Leonardo da Vinci’s earliest goals was to explain material
failure, it is unsurprising that the field has a seemingly endless list of scientists attempting
to do similar feats. With this in mind, a number of historically significant theories must
be reviewed. A notable addition to the field originates from Charles-Augustin de
Coulomb, who is generally credited for the origin of maximum shear stress strength
theory. In 1773, based on experimentation, Coulomb assumed that failure is caused by
sliding along a certain plane, and that failure occurs when the component of the force
along this plane becomes larger than the cohesive resistance in shear along the same
plane. Coulomb’s essay read to the Academy of France later became the basis of the
commonly used Mohr-Coulomb Strength Theory [11].

Three major strength theories surfaced. First, the maximum normal stress theory
was developed, which related the maximum or minimum principal stress as the criterion
of material strength. Lamé and Rankine were two scientists who assumed this condition
[12]. The second strength theory was the maximum strain theory, in which Mariotto
made the first statement on the maximum elongation or the maximum strain criterion,
also known as Saint-Venant’s criterion or the Second Strength Theory [13]. While
popular at the time, the theory is based on the assumption that material begins to fail

when the maximum strain is equal to the yield point strain in simple tension. However, it
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is not used today because the criterion does not agree with experimental results [4]. The

third major strength theory from the 19" century originates from Henri Edouard Tresca in
1864 [14]. He assumed that the maximum shear stress at flow is equal to a specific
constant, now referred to as the Tresca yield criterion. This theory better agrees with
experiments for some ductile materials [4]. Later, in 1956, Maxwell determined that the
total strain energy per unit volume was a combination of As shown by these recent
examples, further efforts are needed to develop and implement more reliable material
failure criteria to predict and model guardrail steel rupture under all vehicle impact
loading scenarios.

the first part being the strain energy of uniform tension and the second part being
the strain energy of distortion [15].

In the 20" century, maximum strength theories split into a number of theories that
were developed to attempt to better describe yield and fracture failure conditions of
various materials. Yu prepared a well-organized survey of the various strength theories in
the 20" century [4]. Some of the more common theories include the single-shear strength
(SSS) theory and the octahedral-shear strength (OSS) theory.

The SSS theory was developed when it was hypothesized that fracture occurs on a
given plane in the material when a critical combination of shear and normal stress acts on

this plane. The expression is given by Equation 2.1.

T, = MAX (|U1;02| ) |0'2;0'3| ’ |U1;‘72|) (21)
where:

T, = Shear at Yield
01, 0,, 03 = Principal Stresses

A variation of the SSS theory is the Mohr-Coulomb theory. The variation is a two

parameter criterion in which the failure locus on the deviatoric plane has a hexagonal
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threefold-symmetry, as seen in Figure 4. The full three-dimensional representation of the

Mohr-Coulomb surface can also be found in Figure 5. The simplified plane stress
representation can be found in both Figure 5, as the “tilted” plane represented by the
dashed line seen in the three-dimensional plot, as well as in Figure 6. At its simplified

form, the expression is given by Equation 2.2.

Figure 4. Mohr-Coulomb Failure Surface on Deviatoric Plane

o3

Figure 5. Mohr-Coulomb Three-Dimensional Failure Surface [16]
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Figure 6. Mohr-Coulomb Failure Surface with Plane Stress Assumptions [16]

|t| + po =1; (2.2)
where:

T = Shear Stress on Fracture Plane

o = Normal Stress on Fracture Plane

u = Slope Constant = tan(¢)

¢ = Angle of Internal Friction

7; = Cohesion Intercept

The OSS theory encompasses strength theories in which failure is defined as a
function of octahedral shear stress and the octahedral normal stress. The most commonly
used yield criterion is the one parameter OSS criterion, more often referred to as the von
Mises yield criterion. Unlike the Mohr-Coulomb yield surface, the von Mises criterion
utilizes a formulation in which the yield strength is the same in both tension and
compression. It should be noted that the von Mises failure criteria is also referred to as
the J, plasticity theory, shear strain theory, equivalent stress criterion, maximum
distortion energy criterion, maximum strain energy, or mean root square shear stress
theory [4]. The failure surface on the deviatoric plane creates a circle as seen by the two-
dimensional and three-dimensional plots found in Figures 7 and 8, respectively. Under

plane stress assumptions, the oval-shaped failure surface is produced, as seen in Figure 9.
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The plane stress failure surface can also be seen in Figure 8 as the “tilted” plane, as

represented by the dashed line when o3 = 0. It should be noted that the von Mises
criterion is less conservative than the similar maximum shear stress criterion. The
maximum shear stress criterion is represented by the dashed line forming a parallelogram

in Figure 9. The von Mises criterion is given by the expression in Equation 2.3.

Figure 7. Von Mises Failure Surface on Deviatoric Plane [16]

O3

Figure 8. Three-Dimensional Failure Surface of von Mises Failure Surface [16]
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Figure 9. Von Mises Failure Surface (Octahedral Shear) with Plane Stress Assumptions
[16]
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Toct = %\/(01 —03)?+ (0, —03)* + (035 —0y)? = 2 J2 (2.3)

3
where:
Toct = Shear at Octahedral Yield Condition
01, 0,, 03 = Principal Stresses
J, = Second Deviatoric Stress Invariant

1 1
J2 = 3sij s = ¢ [(oy = 02)% + (0, — 03)* + (03 — 07)?]
si; = Deviatoric Stress Tensor

2.2 Modern Ductile Failure Criteria

The previous theories are typically only used to predict, under a given loading
condition, when a material will transition from the elastic region to the plastic region.
Designing outside of the elastic region is often considered a failure for many structures.
As a result, understanding what occurs in the plastic region is of less importance to
others. However, it is often also important to understand how the material deforms past
the elastic region and when the material will fail completely, especially in the case of
guardrail design and analysis.

Ductility is a unique property that relies on material properties, geometric

dependencies of stress, strain rate, and temperature, resulting in plastic deformations such
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as necking and shear localization. Since ductility is such a complex behavior, it was

necessary to focus on a limited subset of the variables, while assuming that the others
have a negligent effect on the conditions of interest. For this research effort, temperature
effects were not considered. This selection leaves the physical variables of material
properties, state of stress, and strain rate, as the remaining variables that affect ductility
and ultimately failure.

2.2.1 Physical Material Failure

Fracture involves the breaking of molecular bonds through the propagation of
cracks. A generally accepted theory is that ductile failure is controlled by a process of
growing microscopic voids. First, necking occurs followed by void nucleation initiated
by microscopic flaws. The voids then grow due to a combination of tensile and shear
stresses. The voids continue to grow and deform until coalescence of the newly formed
micro cracks occurs. Crack growth eventually leads to macroscopic failure [17-20].

2.2.2 Failure Criteria Dependent on State of Stress

Numerous authors have shown that fracture of ductile metals is strongly
dependent on hydrostatic stress, beginning prominently with Bridgman’s testing under
varying hydrostatic pressures [21]. Bridgman documented the effects of a superimposed
hydrostatic pressure on a number of material properties, such as flow and fracture
behavior. Using round bars being pulled within a pressure chamber, Bridgman found that
the ratio of the cross-sectional area at the neck after fracture to the initial cross-sectional
area decreased with respect to the imposed confining pressure [21-22]. This environment
allowed a fracture envelope, dependent on hydrostatic pressure, to be developed. The

hydrostatic pressure is commonly measured as a triaxiality factor defined as the
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hydrostatic pressure divided by the effective stress. Furthermore, Hancock and

Mackenzie [23] and Rice and Tracey [24] theorized that fracture of ductile metals is
dependent on hydrostatic stress by studying the growth and coalescence of microscopic
voids where a rapidly decreasing fracture ductility results in an increasing hydrostatic
tension. Gurson then implemented this behavior into the well-known Gurson model in
which Tvergaard later improved [25-27] . Similar conclusions have been made
empirically by Norris et al. [28] and Oyane et al. [29]. Also, the dependence on triaxiality
has been shown through continuum damage mechanics models, specifically by Lemaitre
[30], and further studied by La Rosa et al. [31]. Norris et al. (1978) and Johnson and
Cook (1985) showed that the equivalent fracture strain decreases exponentially with
respect to increasing stress triaxiality [28,32-33]. Johnson and Cook then created the
well-known Johnson-Cook failure model. Recently, Lewandowski and Lowhaphandu
performed an in depth review of the effects of hydrostatic pressure on various materials
[34].
2.2.2.1 Triaxiality Dependent Failure Criteria

In the past, researchers have theorized that the material fracture could be
predicted as a function of hydrostatic pressure, as represented by triaxiality. The
triaxiality, n, is the pressure value normalized by the effective stress, as seen in Equation

2.4.



16

p

= 2.4
n Gerr (2.4)
where:

n = Triaxiality

0'1+O-2 +J3

3
(01-02)%+(0,—03)%+(05—-01)?
2

p = Hydrostatic Pressure =

ocsr = Effective Stress = \/

The triaxiality dependent failure envelope has been studied extensively, beginning
with studies by Bridgman [21]. The resulting relationship between the effective plastic
strain at failure and triaxiality typically produces a shape similar to that seen in Figure 10.
Note that the curve depicts plane stress assumptions. The shape and values for this curve
were taken from the analysis performed in Chapter 4, but the exact shape and values of

the effective plastic strain, efff, at failure vary widely depending on material properties,

as seen in Bai et al.’s study of pressure and Lode dependence [35], Chinzei et al.’s study
of damage modeling in various materials of sheet metal [36], and Lewandowski and
Lowhaphandu review of hydrostatic effects in numerous materials [34]. As seen in
various papers, aluminum alloys, such as Al2024-T351 and Al6022-T6, as well as 1045
steel, display a large peak under uniaxial tension with lower valleys under shear and
laterally confined tension. The effective plastic strain at failure under uniaxial
compression then increases quickly toward a value that is unachievably high [35,37-38].
However, some materials, such as DH36 steel, ultra-high strength steels, and the
aluminum alloy Al7075-T6, show little to no peak in the effective plastic strain at the
uniaxial tension stress state [35-36]. Furthermore, the presentation prepared by Chinzei et
al. showed that the as-tested high-strength steel had exhibited a lower effective plastic
strain at failure under uniaxial tension loading than observed under pure shear and the

tensile lateral confined stress (plane strain) stress states [36].
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Figure 10. Typical Two-Dimensional Plot of EPS vs. Triaxialities (Plane Stress
Assumption)

2.2.2.1 Triaxiality and Lode Parameter Dependent Failure Criteria

More recently, researchers have theorized that the material fracture can be more

accurately predicted as a function of state of stress, as represented by triaxiality, and the

third deviatoric stress invariant, as typically represented by the Lode parameter [35,37-

43]. The Lode parameter, &, is given in Equation 2.5. Implementing the Lode parameter

dependency allows for a distinction between non-plane stress loading conditions that are

present under three-dimensional loading conditions. Note that the Lode angle is

sometimes used in place of the Lode parameter. The relationship between the Lode

parameter and Lode angle is given in Equation 2.6. A geometrical representation of the
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Lode angle in Haigh-Westergaard stress space can be found in Figure 11 [39,44]. In this

figure, the radius of the circle is given as r = \/2/3 g,¢¢. The Lode angle can be seen as

the angle between the vectors OP and OA.

_ 27 J3
$ =3 2, (2.5)
where:

¢ = Lode Parameter
J3 = Third Deviatoric Stress Invariant

1
J3 = det(sy) = 3 SijSjikSki = $15253
2 1
N Ny
Js=5 1 —shl t1;

I, 1,, I3 = Stress Invariants

(01-03)2+(0,—03)2+(03-01)?
2

ocrr = Effective Stress=\/

and

& = —cos 36 (2.6)
where:

¢ = Lode Parameter

6 = Lode Angle

o, loA= \/,_:” a) =)

Deviatoric plane

(p plane) \

@ (Lode angle)

o,

Figure 11. Lode Angle in Haigh-Westergaard Stress Space (Left) [39] and n-Plane
(Right) [44]
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It should also be noted that due to the physical relationships between the

triaxiality, Lode parameter, and Lode angle, the range of values for these three
parameters are:
—00 <1 < o0,

-1<¢é<1,and
0<6<=

However, the triaxiality range of interest in this report from — /5 to 1. This range
was chosen because values outside this range become increasingly more difficult to
experience under practical loading conditions.

Furthermore, Danas and Ponte Castafieda give the relationships to express the

principal stresses as a functions of n, 6, and o,, as given by Equation 2.7 [45].

cos
zgeff —cos 9 - — 2

cos(60)

1
4 (2.7)
1

Where

o.ss = Effective Stress

01, 0,, 03 = Principal Stresses
n = Triaxiality

6 = Lode Angle

Often, plane stress assumptions are inappropriate to use during analysis. When an
analysis will be performed on a part that exhibits complex stress states, such as plane
strain or partially confined states, a more robust method is needed. To accommaodate this
kind of analysis, the Lode parameter is often used in conjunction with the triaxiality value
to fully represent the state of stress. For reference, a two-dimensional plot is given in
Figure 12 to give the location of common load configurations on the triaxiality vs. the

Lode parameter plane. This plot was compiled from numerous papers [37-39,43,46-48].
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Figure 12. Triaxiality vs. Lode Parameter Stress States

When complex stress states are required in the analysis, the criteria needed to

predict the failure condition becomes more complicated. An additional dimension is

added to the effective plastic strain at failure vs. triaxiality curve in the form of the Lode

parameter. As a result, a failure surface, instead of a failure curve, is required to define

failure. Figure 13 shows a typical failure surface dependent on triaxiality and Load

parameter where the z-axis represents the effective plastic strain at failure. The details of

the surface found in Figure 13 are discussed in Chapter 4.
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3-Dimensional Plot of
EPS vs. Triaxiality vs. Lode Parameter

Eff. Plastic Strain at Failure

0.5

Triaxiality 1 1

Lode Parameter
Figure 13. Typical Three-Dimensional Plot of EPS vs. Triaxiality vs. Lode Parameter

The relationship between the one-variable (plane stress) and the two-variable
(complex) stress state analysis should become evident as the red curve from Figure 13 is
the same as the red curve in Figure 10. However, the red curve seen in Figure 10 is
projected such that the curve is independent of the Lode parameter. As previously
explained, this two-dimensional plot is adequate in modeling plane stress assumption
behavior. Note that the plane stress curve seen in Figures 12 and 13 can be calculated

with the triaxiality and Lode parameter relationship given in Equation 2.8 [39].
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27 1
¢=—"n(n*—3) (28)
where:
0-3 = 0
_ 27 J3
- 2 O'gff
— 14
Oeff

With the addition of the Lode parameter, other stress states can be represented,
specifically those that do not rely on plane stress conditions. As such, a more robust
failure surface can be used for modeling complex parts. The additional stress states can
be represented in their simplest forms by notched round tension specimens, or thick
notched tension specimens as seen in Figure 12. However, parts with unique geometries
or complex loading conditions can exhibit stress states anywhere in the plotted area.

Numerous methods have been recently proposed to fill the gaps between the
tested data points representing relatively-simple stress states and complex stress states
that are more difficult to isolate while conducting physical testing. These methods are
discussed in detail in Chapter 4.

2.2.3 Failure Criteria Dependent on Strain Rate

As discussed in the study performed by Wright and Ray, strain rate can have a
large effect on AASHTO Specification M-180 guardrail steel [49]. As shown in Figure
14, the strain at failure typically decreases as the strain rate increases. Furthermore, the
stress vs. strain behavior shifts upward for both the elastic and plastic regions as strain
rate increases. The common method of applying strain rate effects to the yield stress is
through the use of Cowper-Symonds relationship [2,49-50]. Typical coefficient values

are provided for mild steel and AASHTO Specification M-180 guardrail steel, as seen in
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Table 1. The Cowper-Symonds relationship, as used in LS-DYNA, is given in Equation

2.9.

It should be noted that the Cowper-Symonds relationship does not allow for a
generalized scaling of the stress vs. strain curve, and an effective plastic strain at failure
vs. strain rate dependence was not available in LS-DYNAJ3D at the time of the Wright
and Ray study. As a result, strain rate effects were not simulated as part of the research
effort. However, the modern material formulations, such as the common MAT_24
(Isotropic Piecewise Linear Plasticity) [2], allow for a generalized curve to be defined to
scale the yield stress vs. strain rate as well as a table to define the stress vs. strain curves
for each given strain rate. Unfortunately, the modern MAT _24 material model does not
allow for an effective plastic strain at failure vs. strain rate to be defined without the
MAT_ADD_EROSION option [2]. The MAT_ADD_EROSION option allows for more
customized failure options to be applied in addition to the material models in LS-DYNA.

MAT_ADD_EROSION is detailed in Chapter 3.
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Table 1. Cowper-Symonds Coeficient Values [49-50

Material C

. Y
sec’
Mild Steel 40.4 5.0
AASHTO Specification M-180 Guardrail Steel 100.4 4.9
1
P ap s(oP terr) P
ay(eeff, seff) = oy (seff) + SIGY * (T) (2.9)

where:
o, = Yield Stress Function
sfff = Effective Plastic Strain
éfff = Effective Plastic Strain Rate
o, = Static Stress Function
SIGY = Initial Yield Stress

C = Cowper — Symonds Strain Rate Parameter
p = Cowper — Symonds Strain Rate Parameter
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2.3 Modern Metal Failure Prediction Simulation

In the last decade, great advances in modeling metal failure have been made.
While a number of failure criteria are available, as reviewed by Du Bois et al. [51],
reliable prediction of failure continues to pose a challenge. The focus of current research
efforts are on stress state dependent failure conditions, typically defined by a Lode
parameter and triaxiality. While the triaxiality-only failure criterion has been researched
extensively in the last half century, recent research has shifted to examining failure
surfaces dependent on complex stress states. These complex stress states are commonly
represented by triaxiality and Lode parameter. A more detailed description of the various
metallic material fracture modeling methods, with and without stress state dependent

failure criteria is provided in Chapter 3.
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3 LS-DYNA MATERIAL MODEL REVIEW

3.1 Material Model Review Scope
LS-DYNA offers a large number of material models that can be used to simulate a

wide range of materials and accommodate a number of applications. In this study, the
behavior of AASHTO M-180 steel through the failure regime is of interest. For this
reason, all metallic material models that include a form of element erosion were included
in the initial material model research. A total of 40 methods of element erosion for
metallic materials were aggregated, as per the LS-DYNA User Manual [2]. As part of the
initial review, a brief background review was performed to eliminate 22 material models
that were inadequate for modeling failure in Specification M-180 steel, or models that
focused on effects outside the scope of this research. After this initial round of
elimination, a second round of analysis was performed. In the second round, the
remaining material models were reviewed and rated based on their ability to handle the
following six criteria:

e ability to arbitrarily input stress vs. strain curves through failure;

e ability to implement damage accumulation (tracking of damage);

e ability to couple damage with a reduction of stiffness and/or strength prior
to failure;

e inclusion of failure criterion parameters as a function of stress state, strain
rate, and temperature; (However, temperature effects are not of critical
importance to roadside safety applications at this time due to the relatively
lower energy impacts witnessed in vehicular impacts. Adiabatic
temperature effects are assumed to be negligible in this report.)

e ability to regularize the material model to adjust failure based on element
size or the inclusion of some form of non-local failure criteria; and

o ability to delete elements after a failure criterion has been met.
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Based on the performance of the material models in regards to the six criteria,

eight material models were retained and the other material models were eliminated from
further research at this time. As part of the final round of analysis, each model was
further investigated. The purpose of the final round of analysis was to determine, to the
best of one’s ability without performing material tests, the accuracy of the methods used
and how the following factors are accounted for:

e flow stress behavior;

e failure; and

e potential additional abilities such as non-local abilities, damage criteria,
and strain rate effects.

Also, the number of tests needed to calibrate each model was considered as well
as the difficulty required to determine each model’s input parameters. Based on these
results, two material models were selected for further research as well as the
MAT_ADD_EROSION (GISSMO) failure criteria. The majority of the research was
based on the LS-DYNA (Draft) Theory Manual [52] as well as the LS-DYNA Keyword
User’s Manual [2].

3.2 Initial Round — Material Model Elimination

A brief explanation is given for each material model that was eliminated as part of
the initial round of analysis. The material models that were determined to warrant further
investigation are not included in this section, as they are described in the following
sections.

3.2.1 MAT_3 - Elastic Plastic with Kinematic Hardening

The material model offers a simple and effective application when limited

material data is present, especially when only small plastic strains are present. However,
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due to its inability to arbitrarily define stress vs. plastic strain curves, as the model is only

a bilinear approximation of the elastic and plastic regions, the model may not be well
suited for roadside safety applications.

3.2.2 MAT _10 - Elastic Plastic Hydrodynamic

The model can effectively model post yield stress-strain curves. It offers
numerous spall options and is applicable to a wide range of materials, including those
with pressure dependent yield behavior. However, due to its inability to model strain rate
effects, the model is not the best suited for roadside safety applications. As such, this
model was not considered for further evaluation.

3.2.3 MAT 11 - Steinberg Elastic-Plastic with Thermal Softening

The material model is useful for a wide range of materials and applications.
However, the Steinberg model is oriented for extremely high strain rates (> 10°) and
material melting. It is unlikely that roadside safety applications will exhibit strain rates of
this magnitude, or material melting due to high-energy impacts. The model is similar to
MAT _10, including spalling effects, with the addition of high strain rate effects. As such,
this model was not considered for further evaluation.

3.2.4 MAT _13 - Isotropic Elastioplastic with Failure

The model is a highly-simplistic failure model where failure occurs when either
the effective plastic strain reaches a determined failure strain or when the pressure
reaches a specified failure pressure. Accurately modeling failure of materials in roadside
safety applications with this material model is not ideal due to the model’s over

simplified failure criteria as well as the material model’s reliance on assuming simplified
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material properties, such as the use of the plastic hardening modulus. As such, this model

was not considered for further evaluation.

3.2.5 MAT _17 - Oriented Crack

As the LS-DYNA Theory Manual states, "This model is applicable to elastic or
elastoplastic material under significant tensile or shear loading when fracture is expected.
Potential applications include brittle materials, such as ceramics, as well as porous
materials, such as concrete, in cases where pressure hardening effects are not significant
[52]." Because the model utilizes the oriented-crack fracture model, based on the
maximum principal stress criteria, the model has limited use predicting the fracture
behavior of ductile guardrail steel. As such, this model was not considered for further
evaluation.

3.2.6 MAT _19 - Strain Rate Dependent Isotropic Plasticity

The material model is similar to MAT_24 Piecewise-Linear Plasticity, except
MAT _19 offers additional strain rate dependencies. This model is able to model
simplistic failure through the use of an effective stress at failure. Also, an optional strain-
rate dependency can be applied to the failure condition. This option can alter the modeled
material's behavior greatly by allowing a tabulation of the effective stresses at failure
dependent on the strain rate. Additionally, Young's modulus and the tangent modulus can
optionally be made functions of strain rate. However, as the failure option of defining an
effective stress at failure is not used to predict failure in guardrail steel, the material

model may not be well suited for roadside safety applications.
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3.2.7 MAT _52 - Bammann Damage/Sandia‘s Damage Model

MAT _52 is complex and includes many input parameters in order to allow
modeling of temperature and rate dependent plasticity with the Bammann damage model
[53-54]. The model may warrant further investigation based on its implementation on
modelling foreign object debris (FOD) impacts [55]. However, the use of this model
appears limited due to its complexity. As such, this model was not considered for further
evaluation.

3.2.8 MAT_65 - Zerilli-Armstrong (Rate/Temperature Plasticity)

The material model is a rate and temperature sensitive plasticity model which is
sometimes preferred in ordnance design calculations. The model is often used in
applications involving elevated temperatures due to its ability to model flow stress for
body centered cubic (BCC) and face centered cubic (FCC) metals at elevated
temperatures [56-57]. This dependency is typically unnecessary in roadside safety
applications. Failure options include failure strain and three spalling options. As such,
this model was not considered for further evaluation.

3.2.9 MAT _103_P - Anisotropic Plastic

MAT_103_P is a simplified version of MAT_103 that does not include the
viscoplastic strain rate formulation and can only be applied to shells. MAT_103 would be
preferred over MAT_103_P due to its limited modeling abilities. As such, this model was
not considered for further evaluation.

3.2.10 MAT _107 - Modified Johnson Cook

The modified Johnson-Cook model is typically used in elevated temperature

analysis, such as hot rolled formed metals or ordnance impact analysis due to the additive
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decomposition of the rate-of-deformation tensor (including elastic, plastic, and thermal

parts). It is unlikely that roadside safety applications will be subjected to the thermally
activated and viscous regimes that the model was meant to address. As such, this model
was not considered for further evaluation.

3.2.11 MAT _124 — Tension-Compression Plasticity

The material model allows different yield stress vs. strain values in compression
and tension by defining two different curves. However, the difference in compression and
tension curves may not be beneficial for metal materials used in roadside safety
applications. As such, this model was not considered for further evaluation. However,
due to its similarity to MAT _24, the material model may warrant further research if a
model with independent compression and tension flow behavior is required.

3.2.12 MAT _131 - Isotropic Smeared Crack

The smeared crack method is typically used to model brittle materials. As such,
little to no information was found on this being used to model ductile metal materials.
Also, the model does not allow any strain rate effects or shell elements so it is unsuitable
for roadside safety applications. As such, this model was not considered for further
evaluation.

3.2.13 MAT _132 - Orthotropic Smeared Crack

The material model can be used to model brittle material with options to model
delamination of brittle composites. No information could be found on this technique
being used to model ductile metal materials. Also, similar to the isotropic smeared crack

material model, MAT 131, the model does not allow any strain rate effects so it is
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unsuitable for roadside safety applications. As such, this model was not considered for

further evaluation.

3.2.14 MAT _135 - Weak and Strong Texture Model

This model allows YLD2003 (Artez [58]), YLD89 (Barlat [59]), or an orthotropic
anisotropic eight parameter yield surface card to be used to model the material. However,
these yield prediction techniques are usually only reserved for metal forming simulations
due to their efficiency at defining orthotropic effects with plane stress assumptions. As
the steel guardrail material is assumed to be isotropic, this material model is unnecessary.
Failure is based on three options including the Cockcroft and Latham (CL) fracture,
Bressan-Williams shear fracture, or critical thickness. Cockcroft-Latham fracture
criterion was developed for the bulk forming operations and therefore only applicable to
the range of small and negative stress triaxiality. Similarly, the Bressan-Williams
criterion defines a critical shear value for shear fracture. Furthermore, the critical
thickness criterion defines a plastic thickness strain at failure. As such, this model was
not considered for further evaluation.

3.2.15 MAT _151 - Evolving Microstructural Model of Inelasticity (EMMI)

As EMMI is an extension of the Bammann material model, it may be worth
further research. However, no literature, besides the original Sandia National Laboratory
report [60], could be found that provided practical use of this model. The model is a
temperature and rate dependent model with a porosity-based isotropic damage state
variable to describe the progressive deterioration of the strength and mechanical
properties of metals induced by deformation. As such, this model was not considered for

further evaluation.
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3.2.16 MAT _153 - Damage 3

The model is designed to model low rate, hysteretic behavior of steel structures
focused on the prediction of local bucking and the evolution of damage due to low-cycle
fatigue (i.e. earthquakes) [61]. While the model may warrant more research, little to no
literature could be found pertaining to this material outside of larger structures
undergoing earthquake-like loading. As such, this model was not considered for further
evaluation.

3.2.17 MAT _165 - Plastic Nonlinear Kinematic

MAT_165 is a simplified version of MAT_153 with one back stress tensor
component, linear isotropic hardening, and critical equivalent plastic strain damage
criterion. Due to its simplified focus on cyclic loading, it is not deemed suitable for
roadside safety applications. Also, no strain rate dependency options are available. As
such, this model was not considered for further evaluation.

3.2.18 MAT _190 - Flow limit diagram 3-Parameter Barlat

The model is a complex model that was developed by Barlat and Lian to model
sheets with anisotropic materials under plane stress conditions [59]. The model was
modified to include Forming Limit Diagram (FLD) failure criterion. While further
research may be warranted, the model fails to account for strain rate effects or damage,
and it is typically used in forming simulations. As such, this model was not considered
for further evaluation.

3.2.19 MAT _225 - Viscoplastic Mixed Hardening

MAT _225 is a model with kinematic or isotropic hardening as well as arbitrary

stress vs. strain curve and strain rate dependency based on a user defined table. The
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model focuses on mixed forms of isotropic and kinematic hardening of the material. The

added complexity to account for cyclic loading is not necessary in roadside safety
applications at this time. As such, this model was not considered for further evaluation.

3.2.20 MAT _238 — Piecewise Linear Plasticity with Perturbation

MAT 238 is a near duplicate of MAT_24, modified for use with
*PERURBATION_MATERIAL. The perturbation, also known as a stochastic field, is
typically used to add imperfections in the material in order to better model situations,
such as buckling. Due to the limited increase in overall accuracy with the addition of
accurate buckling modeling, at the cost of a 10 percent increase in computational time,
applications of this material have limited use in roadside safety applications. As such, this
model was not considered for further evaluation.

3.2.21 MAT_251 - Tailored Properties

The model is almost identical to MAT_24, except additional material history
variable data is written using *INTERFACE_SPRINGBACK_LSDYNA. The model is
intended for crash simulation with additional emphasis on recording historical material
effects. The additional material history variables typically represent a local stress-strain
behavior applied to the part by techniques such as bake hardening or other history effects
developed through part forming. At this time, modeling part forming effects are beyond
the immediate research scope of this project, but may pose as a useful material model
when considering residual local stress-strain behavior from part forming. The material

model is limited to shells, so the model was eliminated from further research at this time.
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3.2.22 MAT 255 - Thermal Piecewise Linear Plastic

The material model is similar to MAT _24, except this model includes thermal
properties to be accounted for by assigning two tables that give the yield stress in tension
and compression as load curves for different temperatures. Also, a thermal coefficient of
expansion can be defined. While temperature may play a role in affecting the load curves
in roadside safety applications, the effect is not a primary concern at this time and will
largely not affect the model accuracy. As such, this model was not considered for further
evaluation.

3.3 Second Round — Material Model Elimination

A brief explanation is provided for each material model that was eliminated as
part of the second round of analysis. However, the material models that were determined
to warrant further investigation are not included as part of the brief explanations, as they
are described in the following section. Also, Table 2 is included to give the findings of
the six-criteria-review for all the remaining material models that were not eliminated in
the first round elimination. It should be noted that the ability to delete elements after
failure is not included in the table as all of the remaining models have the ability to delete
an element after some form of failure criteria has been met.

3.3.1 MAT_ADD_EROSION (DIEM) - Damage Initiation and Evolution
Criteria

The Damage Initiation and Evolution Criteria (DIEM) is an alternative to
GISSMO that is implemented through MAT_ADD_EROSION. The model allows the
user to arbitrarily invoke any number of damage-initiation and evolution criteria to create
a phenomenological failure model. The damage initiation options include: ductile; shear;

Mischenborn-Sonne forming limit diagram (MSFLD); and form limit diagram (FLD).
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Two linear algorithms can be used to model the damage parameter. This model may be a

useful addition to a material model. However, GISSMO is preferred due to the
regularization option and the ability to add Lode parameter dependency. As such, this

model was not considered for further evaluation.



Table 2. Six Criteria Review as Part of Second Round Elimination.
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Failure Failure
Accuracy Of. Damage Coupled Criterion: Criterion: - .
Name Stress vs. Strain lati . Regularization of Failure
Curve Accumulation Damage Strain Rate | Stress State
Dependent Dependent
Yes- Load curve defining
GISSMO . element size factor vs. EPS
(MAT_ADD_EROSION) NA Yes Optional No Yes at failure. And scaling factor
at two triaxiality values
DIEM
(MAT_ADD_EROSION) NA Yes Yes Yes Yes No
MAT_ADD_EROSION Yes- Load curve defining
(Standard Failure NA No No No No element size factor vs.
Criteria) standard failure options.
Phemenological
MAT_15 model Yes No Yes Yes No
Arbitrary stress
MAT_24 vs. strain and No No No No No
= strain rate
dependency
MAT 81/82 Arbitrary stress Yes Yes No No No
Vs, strain
The Wilkins method is a
nonlocal model (damage
Arbitrary stress gradient depends on
MAT _81/82_RCDC ys Yes Yes No Yes behavior of surrounding
Vs, strain i
elements), so mesh size
should be independent of
failure.
MAT_98 Phemenological No No Yes No No
model
MAT_99 Phemenological No No Yes No No
= model
MAT 103 Arbitrary stress No No No No No
= vs. strain
MAT 104 Arbitrary stress Yes Yes Yes Yes No
= vs. strain
Arbitrary stress
MAT_105 Vs, strain Yes Yes Yes Yes No
Yes- through load curves
MAT 120 Arbitrary s_tress Yes Yes Yes Yes defining Gurson void
= vs. strain volume parameters vs.
element length
Yes- through a load curve
Arbitrary stress Yes defining Gurson void
MAT_120_JC Vvs. strain Yes (Gurson) Yes Yes volume parameters vs.
element length
Yes- through a load curve or
4 point correlation defining
Gurson' failure void volume
Yes fraction vs. element length.
. The Wilkins method is a
MAT_120_RCDC Arbitrary ;tress Yes (Gurson No Yes nonlocal model (damage
vs. strain and :
gradient depends on
Rc-Dc) . .
behavior of surrounding
elements), so failure should
be less dependent on mesh
size
Arbitrary stress
MAT 123 vs. strain and No No No No No
= strain rate
dependency
Arbitrary stress
MAT_123 RTCL vs. strain and Yes No No Yes No
== strain rate
dependency
Arbitrary stress st' !_o?qlcurve dgfmmg
Vs, strain and plastic failure strain as a
MAT_224 Lo Yes No Yes Yes function of element size
strain rate (with a curve for each
dependency

triaxiality)
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3.3.2 MAT_ADD_EROSION - Standard Erosion Criteria

MAT_ADD_EROSION allows failure or erosion to be added to material models
that may or may not contain failure criterion. There are ten additional failure criteria
supported that may be applied, and once an arbitrary number of those criteria are
satisfied, the element is deleted. The ten criteria include maximum pressure at failure,
minimum principal strain at failure, minimum pressure at failure, maximum principal
strain at failure, equivalent stress at failure, maximum principal strain at failure, shear
strain at failure, Tuler-Butcher criterion (stress impulse for failure), and the non-local
windshield impact method. However, none of these criteria account for damage effects or
stress state dependent failure. As such, this model was not considered for further
evaluation.

3.3.3 MAT_15 - Johnson-Cook Plasticity Model

The Johnson-Cook model offers a well-proven phemenological model to
incorporate material effects throughout a wide range of applications. The model has been
used extensively since it was proposed in 1983 [32]. However, it should be noted that the
model does not account for the Lode parameter and, as a result, cannot predict failure
under complex loading accurately. MAT _224 offers a similar approach, except
MAT _224 replaces the analytical formulations with tabulated generalizations of stress
state dependencies, strain rate dependencies, stress vs strain input curves, and includes
regularization. For these reasons, MAT _224 would be preferred over MAT _15. As such,

this model was not considered for further evaluation.
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3.3.4 MAT _81/82 - Plasticity with Damage

The material model is similar to MAT_24. However, this model incorporates a
damage coefficient that allows linear damage as a function of plastic strain to allow
softening of the material to begin at a determined failure plastic strain that continues until
strain reaches a rupture value. After the rupture strain is reached, the material fails and
the element is deleted. The standard damage procedure is replicated in the ductile failure
damage procedure (DITYP.EQ.O) in the DIEM option in MAT_ADD_EROSION DIEM
offers more diverse failure options. As a result, MAT_24 with the
MAT_ADD_EROSION DIEM option is more comprehensive and is preferred over the
standard damage model included in MAT _81. Also, an option to include the Rc-Dc
failure prediction model is available and may provide more accurate results than the
standard material model. As such, this model was not considered for further evaluation.

3.3.5 MAT_98 - Simplified Johnson Cook

MAT_98 is a simplified version of Johnson Cook with approximately 50 percent
reduction in computational cost. Thermal and damage effects are ignored, and elements
only fail when the plastic strain exceeds a predetermined value. It may be valuable to
examine this model further if the original Johnson Cook was determined to be adequate.
However, exclusion of the damage parameter will likely reduce material failure modeling
performance considerably. As such, this model was not considered for further evaluation.

3.3.6 MAT _99 - Simplified Johnson Cook Orthotropic Damage

MAT_99 is an extension of MAT_98 with defined failure strain in tension in one

of the two orthogonal directions. The model is intended to be used to model failure in
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aluminum panels with orthotropic material properties. As such, this model was not

considered for further evaluation.

3.3.7 MAT 103 - Anisotropic Viscoplastic

MAT _103 accounts for anisotropic effects in the material. The failure provides
strain rate effects and is meant to provide superior results to MAT_03 and MAT _24 for
anisotropic materials. If the tested material shows significant anisotropic properties, this
material model may perform better than MAT _24. However, it should be noted that the
model has similar limitations as MAT _24 for failure criteria, except anisotropic failure
conditions are included. As such, this model was not considered for further evaluation.

3.3.8 MAT_104 - Damage 1

The model includes a continuum damage mechanics (CDM) model from Lemaitre
which also includes an option to model anisotropic damage behavior and viscoplastic
effects [30]. The focus of the CDM model is the prediction of the unloading at a degraded
stiffness, in contrast to elastic-plasticity which assumes unloading parallel to the initial
stiffness. CDM models are used extensively to model initiation and growth of cracks as
material degrades due to cyclical loading. However, as this behavior is outside the scope
of this research, the material model may not be well suited to model material failure in
roadside safety applications. As such, this model was not considered for further
evaluation.

3.3.9 MAT 120 - Gurson

The Gurson model is very popular in modeling damage based failure. MAT_120
is a micromechanical model that is able to predict both homogeneous and localized

dilation deformation phases. The Gurson model, as used in MAT _120, is dependent on
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triaxiality. Also, the model is able to predict material softening behavior due to

nucleation and growth of voids. However, the large number of parameters due to the
complex function of flow rule and damage evolution adds considerable time for
preparation. In addition, there is no shear consideration because the hydrostatic pressure
remains constant in simple shear and there is no macroscopic dilation. To account for
shear, MAT_120_JC or MAT_120_RCDC are more ideal. MAT_120_JC includes the
Johnson-Cook criterion in the shear region triaxiality by combining a Johnson-Cook
damage parameter with the Gurson damage. Also, the Rc-Dc fracture criterion by
Wilkins is added in MAT_120_RCDC, which adds additional damage formulation that is
dependent on stress asymmetry and hydrostatic pressure. As shown in the experimental
program and simulation effort performed by Feucht et al., the Gurson model tends to
overestimate displacements at failure of the losipescu specimens to test shear strength
[62]. This error is a result of the void growth in the Gurson model depending only on the
hydrostatic stress. Thus, shear deformations do not influence the damage process in the
Gurson model. For more information, a valuable study with a comparison between the
Gurson and GISSMO model was performed by Hauge et al. and presented at the 2010
International LS-DYNA Conference [63]. As potentially better options are available, the
base MAT _120 model was not considered for further evaluation.

3.3.10 MAT _123 - Modified Piecewise Linear Plasticity

MAT _123 is an extension of MAT _24 with enhanced failure criterion using an
optional incremental Rice—Tracey and Cockcroft—Latham (RTCL) damage calculation
based on a piecewise-triaxiality dependent function. However, the base material model

only offers element erosion at an effective plastic strain at failure and a thinning strain at
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failure as a function of the plastic strain rate. Due to the limited enhancements over

MAT _24, the material model was eliminated. As such, this model was not considered for
further evaluation.
3.4 Final Round — Material Model Elimination

A brief explanation is provided for each material model that was eliminated as
part of the third round of analysis. Based on this evaluation, it was determined that
MAT_224 — Tabulated Johnson-Cook as well as the MAT_ADD_EROSION optional
GISSMO failure criteria warranted further research, testing, and validation. The MAT_24
Piecewise-Linear Plasticity material model was also included to act as a baseline model
due to its prevalence in modeling guardrail steel in crash simulations.

3.4.1 MAT _81/82_RCDC - Plasticity with Damage with Rc-Dc Option

The model is similar to MAT_24. However, this model incorporates a damage
coefficient that allows linear damage as a function of plastic strain to allow softening of
the material to begin at a determined plastic strain that continues until the plastic strain
reaches a rupture value. After the rupture strain is reached, the material fails and the
element is deleted. The standard damage procedure is replicated in the ductile failure
damage procedure (DITYP.EQ.O) in the DIEM option in MAT_ADD_EROSION.

An option to include the Rc-Dc model, as developed by Wilkins, is included.
Because the Rc-Dc model considers triaxiality and the maximum ratio of first and second
deviatoric principal stresses (1980 model [64]) or the minimum ratio of the second and
third principal stresses (1977 model [65]), the Wilkins (Rc-Dc) option may be worth
additional research. Also, MAT_81 gives options for an orthotropic damage model in

which damage is accumulated along the two orthotropic directions. The 1980 version of
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the Rc-Dc model is preferred as it accounts for the maximum ratio of the first and second

deviatoric stress instead of the minimum ratio of the two lesser principal stresses.

While this failure prediction model may warrant further research, the model has
some limitations. First, the model only allows three parameters to calibrate the state of
stress vs. failure surface. As shown by the analysis performed in Chapter 4, the higher
degree of freedom surface fitting methods fit the data sets better than the lower degree of
freedom surface fitting methods. Furthermore, instead of utilizing the Lode parameter,
which is a function of the third deviatoric stress invariant, the Rc-Dc method uses only
two of the principal stress deviators to define the state of stress. As recent research has
shown a preference toward defining the state of stress dependent failure surfaces with the
triaxiality and Lode parameter due to their ability to capture complex loading conditions,
the Rc-Dc method has limited use. Due to these limitations it was determined that the
material model may not be well suited to predict material failure for guardrail steel. As
such, this model was not considered for further evaluation.

3.4.2 MAT_105 - Damage 2

The model is an elastic-viscoplastic material model with similar behavior to
MAT_24, but the model utilizes a CDM model by Lemaitre similar to MAT_104 [30].
CDM models are used extensively to model initiation and growth of cracks as material
degrades due to cyclical loading. However, as this behavior is outside the scope of this
research, the material model may not be well suited to model material failure in roadside
safety applications. As such, this model was not considered for further evaluation.
However, further research of MAT_104 or MAT_105 may be warranted if a cyclical

loading condition with material softening is present.
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3.4.3 MAT 120 JC - Gurson with Johnson Cook

As discussed previously, the Gurson model is a very popular micromechanical
model that is able to predict both homogeneous and localized deformation phases.
However, there is no shear consideration in the standard Gurson model because under
shear loading the hydrostatic pressure remains constant and there is no macroscopic
dilation. To overcome this shortcoming MAT_120_JC combines the Johnson-Cook
damage with the Gurson damage in the shear region of the triaxiality range. This change
was proposed by Nahshon and Hutchinson to include the new void growth term that
accounts for shear [66]. The original Gurson model, as used in LS-DYNA, neglects void
growth in the shear regime. As recent research has shown a preference toward defining
the state of stress dependent failure surfaces with the triaxiality and Lode parameter due
to their ability to capture complex loading conditions, the Gurson with Johnson-Cook
criteria method has limited use. Due to these limitations it was determined that the
material model may not be well suited to predict material failure for guardrail steel. As
such, this model was not considered for further evaluation.

3.4.4 MAT _120 RCDC - Gurson with Rc-Dc Option

This model is similar to the MAT_120_JC option. However, instead of the
additional Johnson-Cook damage in the shear triaxiality range, the Rc-Dc fracture
criterion by Wilkins is added in MAT_120 _RCDC. The Rc-Dc fracture criterion adds
additional damage formulation that is dependent on stress asymmetry and hydrostatic
pressure [64]. As recent research has shown a preference toward defining the state of
stress dependent failure surfaces with the triaxiality and Lode parameter due to their

ability to capture complex loading conditions, the Gurson with Johnson-Cook criteria
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method has limited use. Due to these limitations it was determined that the material

model may not be well suited to predict material failure for guardrail steel. As such, this
model was not considered for further evaluation.

3.4.5 MAT_123 RTCL - Modified Piecewise Linear Plasticity (RTCL
Option)

The optional RTCL failure criterion of MAT_123 is damage parameter based.
The RTCL criterion is composed of a void growth model developed by Rice and Tracey
[24], and a shear failure model developed by Cockcroft and Latham [67]. The Cockcroft-
Latham fracture criterion was developed for the bulk forming operations and therefore
only applicable to the range of small and negative stress triaxiality. Since the Rice-Tracey
criterion predicts fracture from void growth and Cockcroft-Latham predicts ductile shear
fracture, the combination of these two theories is a natural combination. The material
failure model produced from combining the two methods is a piecewise damage
accumulation model in which the damage factor increases in a piecewise form as a
function of triaxiality through plastic deformation to failure.

Only one test is required to calibrate the model as the RTCL piecewise damage
accumulation curve shape is predefined. Only the effective plastic strain at failure is used
to calibrate the curve, which allows for easy implementation of a material model.
However, the model does not include any Lode parameter dependence or any adjustment
to the shape of the curve if test data shows that the given RTCL curve does not fit test
data