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FOREWORD

This report documents a study to investigate the material parameters for a
variety of steel materials used in modeling roadside safety hardware using the
LS-DYNA3D finite element program. A method for simulating standard American
Association of State Highway and Transportation Officials (AASHTO) tensile
tests using LS-DYNA3D is presented along with comparisons between simulated
tests and actual physical tests.

LS-DYNA3D is an explicit. nonlinear 3-dimensional, finite element code that is
being used by the Federal Highway Administration (FHWA) to simulate vehicle
collisions into roadside structures Tike guardrails, bridge rails and
Tuminaire supports. The LS-DYNA3D input parameters were derived from material
properties determined in standard AASHTO tensile tests. Material model
parameters are recommended for AASHTO M-180 guardrail steel, AASHTO M-183M
guardrail-post steel. ASTM A-498 Grade 60 flanged channel sign-support steel.
and the sheet steel from an automobile fender are documented.

The report will be of interest to researchers and engineers using LS-DYNA3D to
model roadside safety structure collisions. The information in this report
will help analysts to use consistent and reasonable values for material
properties in their simulations of vehicle impacts with roadside safety

hardware.
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CHAPTER 1. INTRODUCTION

Traditionally guardrails, bridge rail, guardrail terminals, crash cushions, and other road side safety
hardware have been designed primarily using intuition and basic engineering principles with
relatively little use of analytical methods. Many highly effective roadside hardware systems have
been developed using this technique, but difficult issues remain. Certain types of impacts require
a better understanding of the nonlinear dynamics of impacts. To address this issue, nonlinear
finite element codes are being incorporated into the development and evaluation of roadside safety
hardware. The development of DYNA3D, an explicit nonlinear finite element program, provided
a new tool for investigating the complicated mechanics inherent in designing roadside safety

~ hardware.®”

Materials are an important, though often neglected, aspect of finite element models. Accurate
simulations of vehicles impacting roadside hardware require an understanding of both physical
material behavior and the mathematical material models in LS-DYNA3D.?® Unfortunately,
relating the matenal properties obtained in standard materials tests to the material parameters
needed to characterize a material in a finite element program, such as LS-DYNA3D, is not
necessarily straightforward. One approach to finding the appropriate material parameters for LS-
DYNA3D is to compare physical tests with finite element simulations of those same tests. Using
this approach, a methodology to relate roadside hardware material properties to the material input
parameters for LS-DYNA3D is presented.

The roadside hardware materials that are investigated include:

o AASHTO M-180 guardrail steel.

® A36 steel from hot-rolled structural shapes.

® Automotive sheet steels used in body panels.

® ASTM A499 re-rolled rail steel used in sign posts.

Both physical material properties and the mathematical material models in LS-DYNA3D are
examined for a better understanding of the role of materials and for the selection of the most
appropriate mathematical material model.

Accurate material models require accurate material input parameters. Some physical material
properties for steel may be found in material handbooks and in specifications. This information,
however, is not sufficient to simulate the behavior of steel during impact events for the following

reasomns:

® The values in handbooks/specifications are conservative.

® There is no failure or post yield information.

® There is no strain rate information. 7

® The values do not include cold-working effects or residual stresses.

Since the values in material specifications are minimum values, they do not accurately reflect the
strength of the typical sample of each type of steel. In addition, there is no information about post

1



yield stresses and strains. During impact the hardware generally yields and moves well into the
plastic region. It is important to understand the magnitude of the stresses and strains that the
material undergoes. Also important to consider when simulating impacts are strain rate effects.
Strain rate affects the behavior of steel, but the magnitude of the effect varies with each type of
steel. Cold-working and residual stresses also affect how steel behaves. The specifications given
for each material are pre-cold-working, thus they do not reflect the material that is used in the
field. For these reasons, experimental testing is necessary to properly model develop the input
parameters for LS-DYNA3D.

First, the material properties must be found without considering the effects of impact. This is
possible using standard testing procedures for quasi-static tension tests. This will give
information about yield stress, ultimate stress for the materials used. The results may be used to
find the input parameters for LS-DYNA3D.

During impact, materials are strained at rates above the quasi-static loading rate used in
standardized tests. The yield stress, the ultimate stress and stress at failure are some of the
properties that are affected by higher strain rates. There is a need to understand how strain rate
affects roadside hardware materials so that these effects may be properly incorporated in modeling
impact simulations. Strain rate effects are introduced and explored. The effect strain rate has
upon W-beam guardrail is examined. The mathematical material models in LS-DYNA3D that
have strain-rate sensitivity are also explored. ~ '



CHAPTER 2. QUASI-STATIC COUPON TEST

Standard Laboratory Tests

The American Association of State Highway and Transportation Officials (AASHTO) publishes a
variety of material and testing specifications. Test T-244 contains laboratory test procedures for
determining the material properties of steels.®> A quasi-static longitudinal flat tension test is
generally the most appropriate test for characterizing the properties of sheet steel used to build

many roadside safety hardware components.

In a Jongitudinal flat tension test, a specimen is cut from a plate or sheet and machined into the
shape shown in figure 1. The test specimen retains the thickness of the original sample and the
width is 12.5 mm in the gauge length. The gauge length of the specimen is the 50.8-mm segment
in the center of the narrowed section. During a test, the tensile load supported by the specimen is
recorded along with the amount of elongation in the 50.8-mm gauge length. The deformation rate
for this quasi-static test must be less than 1.6 mm of elongation per millimeter of gauge length per

minute (0.03 mm/s). '

Length 200 mm
gt >

Grip
50 mm

——
¢ Width

Grip |

50 mm

Reduced Section |
)| |
60 mm

<

Width ¢ 12.5 mm an

Gauge Length
50.8 mm

— ’
| >
Figure 1 AASHTO T-244 longitudinal flat test specimen. ©®

AASHTO and the American Society for Testing and Materials (ASTM) material specifications for
steel generally specify the minimum allowable yield strength, ultimate strength and percent
elongation at failure for a material. The stresses obtained in AASHTO T-244 tests are
engineering stresses (i.e., the load divided by the initial area). The area where the necking and
failure phenomena occur is very small in comparison to the total gauge length. The percent
elongation in a longitudinal flat tension test is not equal to the infinitesimal strain. The
infinitesimal strain is required by LS-DYNA3D. Thus, the "stress-strain" curves obtained in a test
are not the "stress-strain" relationships required for an LS-DYNA3D material model. Although
the data required for LS-DYNA3D is not directly provided by AASHTO T-244 (ASTM A-370)
tests, their results may be used to derive the required material properties.



Finite Element Model

. XY Symmetry Plane XZ Symmetry Plane
iL 1 1 3 << <
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Figure 2 Quarter model of a longitudmél flat tension test.

The finite element mesh used to simulate an AASHTO T-244 longitudinal flat tension coupon test
is shown in figure 2. Fortunately, there are two planes of symmetry in the tension test problem
permitting the use of a quarter-section model. The problem is symmetrical about the XZ plane
and about the XY plane when viewed from the center of the test specimen. The geometry of the
quarter section model conforms to the geometry specified in AASHTO T-244 and shown in figure
1. The model consists of 260 nodes, 60 brick-elements and 140 shell-elements.

The longitudinal flat tension test is a quasi-static test with a maximum displacement rate of 1.33
mm/s for a 50.8-mm gauge length. Elongations required to produce failure in mild steels are
usually on the order of 25 percent. The minimum time required to test a 50-mm long gauge-
length model to failure would be:

1

— L 508 mm-025=9549 5 W
1.33 mm /s

Even for a small model like the one shown in figure 2, performing a finite element analysis would
take approximately 378 CPU hours using LS-DYNA3D on a Silicon Graphics Indigo
workstation. LS-DYNA3D is an explicit dynamic code which is not usually suitable for quasi-
static problems. To simulate the quasi-static flat longitudinal tension coupon test, the time-
dependence effects must be eliminated or negated. Three issues must be addressed to determine a
suitable loading rate that will allow the simulation to accurately predict the quasi-static results: (1)
strain rate effects, (2) the speed and amplitude of an elastic wave through the material, and (3) the
relative importance of kinetic versus strain energy.

In addition to finding the loading rate, there needs to be an understanding of how changing
characteristics of the finite element model affect the results of the simulations. Each of the
following characteristics may change not only the behavior of the model but the run time for that
model: 1) mesh density, 2) the number of integration points through the shell thickness, and 3)
updating the thickness of the shell.



Strain Rate

Strain rate effects can dramatically alter the yield and ultimate strength of mild steels.”” In fact
incorporating strain rate effects should be an important feature for relevant roadside hardware
simulations.? In this case, however, the loading being simulated is quasi-static making the
inclusion of strain rate effects counter productive. The simulation will be more like a quasl-stanc
test if no strain-rate dependency is incorporated in the material model. :

Elastic Wave Speed and Amplitude

The loading rate should be much slower than the speed of an elastic wave through the material. If
the loading rate is similar to the wave speed, the time when the wave arrives at each part of the
structure will be important. The speed of an elastic wave through a solid circular rod made of
isotropic material with the conventional properties for steel is:®

¢, = JE = 200£+03 MPa  _ 5.03E+06 mmls )
p 7.89E-9 Mg/mm?

where E is the modulus of elasticity and p is the density of the material. The time required for the
elastic wave to travel from one end of the model to the other is the 100-mm length of the model
divided by the 5.03E+06-mm/s wave speed: 0.02 ms. A loading rate 5000 times slower than the
elastic wave speed should "feel" like a static loading to the specimen in the absence of strain-rate

and inertia effects.

The amplitude of the stress wave is also an important consideration in selecting the loading rate.
The amplitude of an axial stress wave in a circular rod is given by:®

F, = 0,4= prc,vA ©)
where o is the amplitude of the stress wave, 161 Amplitude of a stress wave in a
F,, is the amplitude of the stress wave in force circular bar at various loading
units, v is the velocity of a particle on the rod rates
and A is the cross-sectional area of the rod. :
The loading rate is the upper bound for the Loadin Wave Percent
particle velocity. Using values of 7.86E-09 Rate & Amplitude Yield Force
Mg/mm? for the material density, and (mm/s) (kN) (%)
5.03E+06 mm/s for the stress wave speed
through the material, the values in table 1 are 5000 6.80 47.9
obtained. 1000 1.36 8.6
When the loading rate is 5000 mm/s (i.e., 223 gg;, {1)3

three orders of magnitude less than the wave
speed) the elastic stress wave amplitude is 6.8




kN, almost half the value of the 14.2-kN yield force. These high-amplitude stress waves are
clearly visible in figure 3 for the 5000-mmy/s curve. The amplitude decreases to 10 percent of the
yield force when the loading rate is decreased by a factor of 5 to 1000 mm/s. The stress wave
amplitude is still clearly visible in figure 3 for the 1000 mm/s loading rate though much less
pronounced than at 5000 mm/s.” The amplitude of the stress wave is only 2 percent of the yield
force at a loading rate of 200 mnys. These small amplitude waves are not seen on the force-
elongation plot (figure 3) resulting in a curve that has a more quasi-static appearance.

Figure 3 shows a comparison of the response of exactly the same material model parameters for
four different loading rates. The highest rate is 5000 mm/s. Each loading rate is 5 times smaller
than the next higher resulting in loading rates of 5000, 1000, 200 and 40 mm/s. The output rate is
always selected such that the simulation produced 2,000 data points so that each of the four
curves may be compared point-to-point. With the exception of the stress wave amplitude effects
discussed above, all four curves have a very similar force-elongation history up to about 20
percent elongation. The most important feature of these curves is the failure point. The higher
loading rate simulations result in a larger failure elongation. The loading rate is decreased until no
change was observed in the failure point. A loading rate of 200 mm/s, for example, results in a
failure elongation of 26 percent. The response for a loading rate of 40 mm/s, a loading rate 5
times slower, also results in a failure elongation of 26 percent. The loading rate required to
produce an essentially quasi-static response is therefore judged to be 200 mmV/s or less.

In addition, a non-reflecting boundary was created for a more quasi-static response. A non-
reflecting boundary permits the elastic stress wave pass through the boundary without being
reflected, further reducing the effect of stress waves. A surface can be defined as a non-reflecting
boundary in LS-DYNA3D. Unfortunately, however, non-reflecting boundaries must be surfaces,
but the upper boundary of the shell-element specimen shown in figure 2 is a simple line. Sixty
small solid-elements are attached to the model of the specimen in the area where the test grips are
attached to allow for the use of a non-reflecting boundary. These solid elements are connected to
the shells with a tied contact surface and are only used so that the non-reflective boundary feature
can be used.
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Kinetic Energy

The kinetic energy of the system should be
very small in comparison to the strain
energy to minimize internal effects on the

Table 2 Kinetic and total energy at different

loading rates.

analysis. The specimen, whose total mass Loading Rate " Kinetic Strain
is a little less than 10 g, has a very small Energy Energy
kinetic energy with respect to the strain (mmy/s) 1)) 1)
energy required to cause failure. Table 2

shows a comparison of the internal strain

energy and the kinetic energy in a mild At yield stress

steel simulation for several loading rates. 40 4.8E-5 4.15
As shown in the table, for the loading

rates used, kinetic energy is always four 200 0.001 4.16
orders of magnitude less than the internal 1000 0.032 4.08
strain energy needed to fail the mild-steel 5000 0.736 4.12
specimen. The kinetic energy in these

simulations represents a trivial amount of

the total energy for all loading rates. At ultimate stress

Using a dynamic load in the range of 40 5.8E-5 252.19
loading rates given in table 2, does not 200 0.002 250.36
introduce an appreciable amount of 1000 0.037 265.60
extraneous energy into the problem. 5000 0.896 266.00

It is also interesting to note that, in the
absence of strain rate effects, the amount
of strain energy at both the yield point and
the ultimate point is not a function of the

loading rate. This suggests that simulation time is indeed a "pseudo time" when the following

conditions are met:

® Strain rate effects are not included.

® The amplitude of the stress wave is no more than 2 percent of the yield stress.
® Kinetic energy is small compared to the strain energy required for failure.

When these conditions are met, the simulation will respond in an essentially quasi-static manner
that allows the simulation results to be compared directly with quasi-static laboratory tests. The
loading rate of 200 mm/s meets the stated conditions and was therefore selected for the quasi-
static finite element simulations using LS-DYNA3D.

Mesh Density
The effect of different mesh densities upon the results was examined. The original mesh was

compared to two denser meshes. Figure 4 shows these meshes which are two and three times as
dense as the original mesh. Fortunately there does not appear to be any effect upon the response



of the model as seen in figure 4. The computational time of the different meshes, hoWever, did
vary greatly. The computational time increased from 1.5 CPU hours for the coarsest mesh to
59.4 hours for the densest mesh. Since refining the mesh density did not change the results the

original mesh was retained.
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Belytschko-Lin-Tsay Shell

The Belytschko-Lin-Tsay shell formulation is used for modeling of the coupon. This type of shell
is typically used for sheet steels in roadside safety hardware simulations. In addition, this shell is
also the default shell element option in LS-DYNA3D. It is more computationally efficient than
the Hughes-Lui shell element. The Belytschko-Lin-Tsay element requires only 17.8 percent of the
mathematical operations required by the Hughes-Lui shell element with 5 through-the-thickness
integration points.” ¥

The number of through-the-thickness integration points can be varied in LS-DYNA3D. The
greater number of integration points, the more accurate the shell behavior will be. The quarter
model shown in figure 2 was simulated with 3 and 5 through-the-thickness integration points.
Figure 6 shows that the simulation with 3 through-the-thickness integration points fails earlier
than the one with 5. When 3 points through-the-thickness are used, the material plasticizes too
early, thus the elongation of the coupon is too high too early.® Both simulations have
approximately the same computational time of 1.5 CPU hours. Five through-the-thickness
integration points are used for all simulations.

LS-DYNA3D also has the option of updating the shell thickness due to large membrane
stretching during the simulation. By updating the thickness, the normal strain is more accurately
calculated.” This provides a more accurate representation of the effective stress and effective
strain. Figure 7 shows that the load-elongation behavior is quite different. The model with the
option to update the thickness does not reach the same load for same effective strain that was
used for the effective stress-strain curve input into the model. The effective strain is also reduced.
While the behavior changes, both models have approximately the same computational time of 1.5
CPU hours. For crash simulations it is recommended that the thickness update option be ignored.
All simulations documented in this report were conducted without shell thickness updates.

12
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Mathematical Material Models

LS-DYNA3D has more than 50 mathematical material models. Using a model that behaves in a
manner similar to the material being modeled is important. Four mathematical material models
were examined for simulating the quasi-static tests in this report. The behavior of all four models
is suitable for simulating steel materials. These four mathematical material models are:

» Kinematic/isotropic plasticity {material type 3).

» Isotropic elastic-plastic with failure (material type 13).

» Strain rate dependent isotropic plasticity (material type 19).
» Piecewise linear isotropic plasticity (material type 24).

Material type 3 is a simple bilinear model. It follows the elastic modulus to the yield stress and

then follows the hardening modulus (tangent modulus), E,, to failure. Figure 8 shows the material

model behavior.”® LS-DYNA3D material type 3 models failure using a specified plastic strain.
The Young’s modulus, yield stress, hardening
modulus, hardening parameter and the failure

A strain are all user defined.
yleld AN Material type 13 is also a simple bilinear model
T E Fai p
stress t anure with failure. The material follows a curve

similar to the one shown for material type 3.
£ : The user defines the shear modulus, yield
- stress, hardening modulus, failure strain, failure
pressure and bulk modulus. Material type 13,
> however, can only be used with solid
elements.® Shell elements are usually
preferred for modeling the types of roadside
hardware materials discussed. The finite
element model of the coupon is composed of

shells in the failing section, thus this material type was not used.

Figure 8 Material type 3 behavior.

Material type 19 is a bilinear strain-rate sensitive model. It may be used without strain-rate
sensitivity very easily. The user defines Young’s modulus, Poisson’s ratio, the hardening
modulus, E, and the load curves for strain rate effects. The load curves are for the yzeld stress,
Young’s modulus, tangent modulus and von Mises stress at failure. All these curves must be
defined for the model to work. In order to remove strain rate effects, the user defines each
property to be the same for all strain rates given in the load curves, e.g., for an input with two
strain rate entries of 0 s™ and 3000 s™ the yield stress would be 415 MPa for both entries. LS-
DYNA3D has enough information for proper modeling with only two input values in each load

curve.

Materal type 24 is a more complicated mathematical model than the previous three material
models. The user may input a tabular stress-versus-strain curve, which allows the material

15
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Figure 9 Material type 24 behavior as 4
defined by the user.

behavior to be more accurately modeled. LS-
DYNA3D interpolates between each point to
define the material behavior at any state of
stress resulting in a curve similar the one
shown in figure 9. The user defines Young’s
modulus, Poisson’s ratio, the yield stress, the
plastic strain at failure and the tabular
effective plastic strain versus stress values.
This material model has an effective-plastic-
strain based failure model. Material types 3,
19 and 24 are used to model the quasi-static
tension test.

(10)

Analyzing Results

While the "stress-strain” curves are not the same for LS-DYNA3D and AASHTO T-244 (ASTM
A-370) tests, their load-versus-elongation curves are equivalent providing a basis for comparison.
Multiple laboratory tests are performed to find the average material properties. Using the results
of these tests, a 90th percentile envelope is created as seen in figure 10, meaning 9 out of 10 test
results should fall within this envelope. If the force values at each increment of elongation are
averaged for all the tests, the average response curve is obtained. The standard deviation of the
residuals is then calculated. The product of the standard deviation of the residual and 1.6449 is
added and subtracted from the average response creating the 90th percentile envelope.* !

16
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CHAPTER 3. GUARDRAIL STEEL

Corrugated steel guardrails are one of the most common structural elements used in roadside
hardware applications. Guardrail systems similar to the one in figure 11 are widely used
throughout the United States. Because guardrail systems are used so widely, it is important that
they are continually tested for the current vehicle fleet. When a vehicle impacts W-beam guardrail,
the rail redirects the car and absorbs some of the energy from the impact by deforming. Guardrails
may fail in tension or in bending/buckling which are shown in figure 12, figure 13, and figure 14.
Specifications for manufacturing guardrails and the minimum required mechanical material
properties are given in AASHTO M-180.9* ! Minimum values are not very useful as a basis for
the material parameters needed by LS-DYNA3D since actual properties may be significantly
greater. Standard laboratory tests were performed to provided realistic data used to find the
material properties needed for LS-DYNA3D.

Experimental Test Results

Four samples of Class A Type II (12 gauge zinc coated) W-beam guardrail were cut, machined
and tested according to AASHTO T-244. The specimens were cut from the flattest part of the
sloping edge of the beam and the longitudinal direction of the coupon was aligned with the
longitudinal direction of the guardrail. This ensured that the tensile load applied in the test
corresponded to the tension normally experienced in a guardrail impact. The total thickness given
in AASHTO M-180 for Class A Type II steel is 2.82-mm consisting of a 2.67-mm base-metal
thickness and a 0.075-mm thick coat of zinc galvanizing on each side. The actual failed test
specimens are shown in figure 15. The load-versus-elongation curves for three of the specimens
are shown in figure 16. The data from only three of the samples were used, the fourth specimen
slipped during testing. The specimens exhibit behavior typical of mild steels.

19



wo1sAs prespieng Jeord£y, 11 2an31g

AR e e iy L b b s e e o

P g e, R T AR ke

20



"iespsend e Jo Suipjong Jesof [eadA ],

n..rnaﬂ%v“ﬁﬁm"“

71 andyy

21



"a8ewep pieiprens [eordA g, €1 2andiyy Y

. ;. . R . Q

) A s SR A ok 3:
QO

32

SN —

‘s.,.ﬂ.:wmﬁ Ww

0.5

@

€3

22



£

Figure 14

Guardrail that has been impacted at an end terminal.
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Figure 15

Post-test photograph of AASHTO M-180 Class A Type Il steel test
specimens.
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Table 3 Longitudinal flat tension tests of AASHTO M-180 Class A Type II steel.

M-180 (1) @)

(minimum)
Test Observations
Number of tests - - 4
Average Yield Strength (MPa) 345 393 393
Average Tensile Strength (MPa) - 483 558 510
Average Elongation in 50 mm (%) 12 26 26
Average Specimen thickness (mm) 2.82 -- 2.82
Base Metal Properties
Yield Strength (MPa) 345 -- 415
Tensile Strength (MPa) 483 -- 538
Specimen thickness (mm) 2.67 -- 2.67

Sources: ‘ |
1. Material test report for order C816166, SYRO Steel Inc., August 8, 1991.

2. Tests by Federal Highway Administration, Structures Laboratory, January 10,
1594.

Table 3 summarizes mechanical properties of M-180 guardrail material obtained from longitudinal
flat tension tests by SYRO Steel Inc. in column (1) and by the Federal Highway Administration in
column (2). Although the results vary, the values exceed the minimum values required by
AASHTO M-180 and are typical of guardrail material. The yield and tensile strength in these
tests exceeded the specifications by approximately 15 and 5 percent respectively. The percent
elongation at failure was approximately twice the specified value. Elongations at failure of 25 are,
however, representative of typical guardrail material.

25
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Finite Element Analysis Results

Finite element analyses were conducted using LS-DYNA3D to determine the parameters that
would result in behavior similar to longitudinal flat tension tests. The material was modeled using
the Belytschko-Tsay shell formulation with five integration points through the thickness. This
type of shell element is often used for modeling corrugated sheet steel in crashworthiness
analyses. Two LS-DYNA3D material types were investigated for AASHTO M-180 steel: the
Kinematic/Isotropic Elastic-Plastic material model (type 3) and the Rate-Dependent Tabular
Isotropic Elastic-Plastic material model (type 24). The 90th percentile confidence envelope was
created using the results of the experimental tests shown in figure 16 as discussed in chapter 2.

Material Type 3

When a simple material model is desired, LS-DYNA3D material type 3 is often a good choice for
mild steels. Material type 3 is a bilinear model making it difficult to fit the response exactly within
the 90th percentile confidence envelope. Material type 3 parameters were found for two different
types of material behavior: bilinear (elongations up to 11 percent) and elastic-perfectly plastic
(elongations up to and including failure). The parameters for these types of behavior are
summarized in table 4.

The modulus of elasticity for the test specimens in figure 17 appears much lower than the
commonly used value of 200E+03 MPa. Slipping of the grips during the physical testing causes
this phenomena. The flat tension test is not a good méthod for measuring the small strains needed
to determine the modulus of elasticity. For this reason, the simulated response appears much
stiffer in the elastic phase than the physical tests. The commonly used value of the modulus of
elasticity for steel was, therefore, used in the finite element simulations.

When elongations are expected to be relatively smal! (e.g., less than 11 percent), a simple bilinear
'model can be used. A tangent modulus of 1700 MPa yields the response shown in figure 17.
This response remains as close to the tested response as is possible with a two-line segment

model.

When elongations are expected to be very large (e.g., up to 22 percent) and may include failure, a
perfectly plastic material model is appropriate. For this model, the yield stress is increased above
the actual value and the true-stress true-strain tangent modulus is 300 MPa resulting in an
essentially perfectly plastic force-elongation response as shown in figure 18. Since the yield stress
is too high, this formulation requires more strain energy. The amount of strain energy that is
inappropriately lost using this method is approximately 11 Joules, only about 5 percent of 230
Joules required to fail the specimen.

27



Table 4

LS-DYNA3D material parameters for modeling AASHTO M-180 Class A Type
II steel with matenial type 3.

Bilinear model (elongations less than 11 percent)

Density (Mg/mm?) 7.86E-09
Young's Modulus (MPa) : 200.E+03
Poisson's Ratio 0.33
Yield Stress (MPa) 400.0
Tangent Modulus (MPa) 1700.0
Hardening Parameter ' 1.0

Perfectly plastic model (eiongations up 22 and including failure)

Density (Mg/mm?) 7.86E-09
Young's Modulus (MPa) 200.E+03
Poisson's Ratio ‘ 0.33
Yield Stress (MPa) ' ' 525.0
Tangent Modulus (MPa) ' 300.0
Hardening Parameter 1.0

Plastic Strain at Failure 0.24
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Class A Type II guardrail steel for material type 3.



Material Type 24

When the material is loaded to strains at or near failure, material type 24 is a good choice for
steel. LS-DYNA3D parameters for material type 24 that yield good results are summarized in
table 5. Material 24 allows the user to provide a tabular stress-strain curve and an effective
plastic strain when the material fails. Basic properties like the modulus of elasticity, the density of
steel and Poisson's ratio were taken from standard references on materials since these
characteristics of steel do not vary appreciably among steels. The yield stress, the effective plastic
strain at failure, and the effective-stress versus effective-plastic-strain curve are all determined
using the experimental results. As shown in table 5, the parameters listed table 5 yield a force-
elongation response that is almost completely within the 90 percent confidence envelope.

Table 5 LS-DYNA3D material parameters for modeling AASHTO M-180 Class A

Type I steel for material type 24.
Density (Mg/mm?) 7.86E-09
Young's Modulus (MPa) 200.E+03
Poisson's Ratio 0.33
Yield Stress (MPa) 415.0
Strain rate effects none
Plastic Strain at Failure 0.66
Increments of strain - 0.0 0.02 0.08 0.165 0.33 0.49 0.66 1.0
Increments of stress (MPa) 415 415 548 575 585 595 600 €
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Material Type 19

Material type 19 is similar to material type 3 being a bilinear model, however, material type 19
was developed to be strain-rate sensitive. It is very easy to use without strain rate sensitivity.
The LS-DYNA3D parameters are found for material type 19 with quasi-static loading for
AASHTO M-180 guardrail steel. The quasi-static model is to be used to compare quasi-static
results with strain-rate sensitive results in chapter 7. The parameters in table 6 provide good
results as shown in figure 20. The effect of strain rate is not included in the input deck producing
a quasi-static effect. There are four load curves for material type 19: yield stress, Young’s
modulus, tangent modulus, and failure stress. Although these load curves are marked optional in

the LS-DYNA3D User’s Manual, all load curves must be defined for LS-DYNA3D to run.%?

Table 6 LS-DYNA3D material parameters for modeling AASHTO M-180 Class A Type
IT steel for material type 19 (quasi-static parameter values).

Density (Mg/mm?) ' 7.86E-09
Young's Modulus (MPa) 200.E+03
Poisson's Ratio ‘ - 0.33
Load curve 1

Yield Stress (MPa) 440.0 440.0
Strain rate (s7) 0.0 1.0E+05
Load curve 2

Young's Modulus (MPa) 2.0E+05 2.0E+05
Strain rate (s) 0.0 1.0E+05
Load curve 3 '
Tangent Modulus (MPa) : 9.7E+02 9.7E+02
Strain rate (s) 0.0 1.0E+05
Load curve 4

Failure Stress (MPa) 6.4E+02 6.4E+02
Strain rate (s7) 0.0 1.0E+05

33



143

20

15

............

90 Percent confidence envelope

g Material type 19 quasi-static response
o 10f
o
o
-J i
sl
0 1 ] 1 L |
0 0.05 0.1 0.15 02 0.25 0.3
' Elongation '
Figure 20 Load versus elongation curve for the simulated response of AASHTO M-180 Class A Type II

guardrail steel without strain rate sensitivity.



Several cautionary points should be addressed before completing this discussion of modeling
AASHTO M-180 Class A Type II steel. First, the properties shown in AASHTO M-180 are
actually referring to the base metal characteristics of the sheet before it is cold worked into its
final shape. The amount of cold working varies in different parts of the cross section. By its
definition, the cold-rolling process introduces plastic strains and residual stresses into the section
that change its properties somewhat. Although the effect of cold working on the guardrail is
important to recognize, this effect is not examined in this report. The material properties probably
vary somewhat with both the location and orientation of the cut from the specimen of guardrail.
Specimens cut from the top of the corrugation will probably have slightly different properties than
specimens cut from the flat sloping edge of the cross section. The samples discussed in this report
were cut with the longitudinal axis of the specimen coinciding with the longitudinal axis of the
guardrail. The tensile properties are, therefore, a good representation of the tensile strength of
the guardrail beam since the orientation is the same. The specimens discussed in this paper were
cut from the flattest part of the sloped surface of the guardrail. The properties given in the
preceding paragraphs are thought to be representative of AASHTO M-180 Class A Type I
guardrails but the user should be aware that details of a coupon test as well as the random nature
of material properties can have an effect of the correlation between these tests and simulations

and other tests.
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CHAPTER 4. STEEL GUARDRAIL POST

Steel guardrail posts are used to support various w-beam and thrie-beam guardrail systems
shown in figure 21. Guardrail posts are usually manufactured using AASHTO M-183M (ASTM
A36M) steel commonly referred to as A36 steel.“* ' This type of steel is used with many other
roadside safety hardware systems including the weak steel post cable guardrail and the side-
mounted rectangular bridge railing. While the material used in these systems is the same, the
shape of the posts varies from one system to the other to meet the structural requirements of each
system. The mechanical properties of M-183M steel, as given in the AASHTO specification, are
summarized in table 7. ,

Experimental Results

- Three samples of AASHTO M-183M steel guardrail posts were cut, machined and tested

according to AASHTO T-244. The specimens were cut from the web of the post and the
longitudinal direction of the coupon was aligned with the longitudinal direction of the post. The
longitudinal direction corresponds to the direction of the tensile force for both the load applied in
the test and the tension experienced during impact. The thickness of the specimens varied from
4.82 mmto 4.87 mm. The load-versus-elongation curves for the three specimens are shown in
figure 22. The specimens exhibit behavior typical of mild steel. '

Table 7. Longitudinal flat tension tests of AASHTO M-183M Grade 250 steel.

AASHTO M-183M Tests

Grade 250
Number of tests - 3
Min. Yield Strength (MPa) 250 314
Min. Tensile Strength (MPa) 400 460
Elongation in 50 mm (%) 23 30

Sources: Tests by Federal Highway Administration, Structures Division (HNR-10),
September 8, 1995.

Table 7 summarizes mechanical properties of AASHTO M-183M steel obtained from the
longitudinal flat tension tests. The yield and tensile strength in these tests exceed the required
values specified in AASHTO M-183M by approximately 26 and 15 percent respectively and the
percent elongation at failure was 13 percent greater than the specified value. The actual failed

specimens are shown in figure 23.
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Post-test photograph of AASHTO M-183M steel test specimens.
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Finite Element Analysis Results

The parameters that would result in behavior similar to longitudinal flat tension tests were found
by conducting finite element analysis using LS-DYNA3D. The material was modeled using the
Belytschko-Tsay shell formulation with five integration points through the thickness. Two LS-
DYNA3D material types were investigated: the Kinematic/Isotropic Elastic-Plastic material model
(type 3) and the Rate-Dependent Tabular Isotropic Elastic-Plastic material model (type 24). The
90th percentile envelope to compare the results of the simulations was created using the results
from the experimental tests shown in figure 22.

Material Type 3

When a simple material model is desired, LS-DYNA3D material type 3 is a good choice for mild
steels. Material type 3 is a bilinear model making it difficult to completely fit the response within
the 90th percentile confidence envelope. Material type 3 parameters were found for two different
types of material behavior: bilinear (elongations up to 7 percent) and elastic-perfectly plastic
(elongations up to 25 percent). The parameters for these types of behavior are summarized in
table 8. The load-elongation plots for these simulations are shown with the test results in figure
24 and figure 25 respectively. The modulus of elasticity for the test specimens in figure 24 -
appears much lower than the commonly used value of 200E+03 MPa. The reason for this is that
the flat tension test is not a good method for measuring the small strains needed to determine the
modulus of elasticity. There is always some slipping in the grips which can cause this phenomena.
For this reason, the simulated response appears much stiffer in the elastic phase than the tests.
The commonly used value of the modulus of elasticity for steel was therefore used.

When elongations are expected to be very large (e.g., up to 25 percent), a perfectly plastic
material model is a reasonable approximation. For this model, the yield stress is increased above
the actual value and the true-stress true-strain tangent modulus is 300 MPa resulting in the
perfectly plastic force-elongation response seen in figure 25. Since the yield stress is too high,
this formulation requires more strain energy. The amount of strain energy that is inappropriately
lost using this method is about 12 Joules, only about 3 percent of 380 Joules required to fail the

specimen.
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Table 8 LS-DYNA3D material parameters for modeling AASHTO M-183M steel.

Bilinear model (elongations less than 7 percent)

Density (Mg/mm’) o 7.86E-09
Young's Modulus (MPa) : 200.E+03
Poisson’'s Ratio 0.33
Yield Stress (MPa) : 315.0
Tangent Modulus (MPa) : 2000.0
Hardening Parameter 1.0

Perfectly plastic model (elongations up to and including failure)

Density (Mg/mm?®) 7.86E-09
Young's Modulus (MPa) 200.E+03
Poisson's Ratio : 0.33
Yield Stress (MPa) 440.0
Tangent Modulus (MPa) - . 300.0
Hardening Parameter ' 1.0
Plastic Strain at Failure 0.235
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Material Type 24

In an impact, M-183M posts generally fail either by twisting and bending to the ground if the
foundation is relatively stifft. AASHTO M-183M steel posts should usua.ﬂy be modeled as shell
elements since the thickness of the section is very small in comparison to its other dimensions.
The rate-dependent tabular isotropic elastic-plastic material (type 24) is suitable for use with
failing shell elements. The simulation response is shown in figure 26, and table 9 shows the
parameters for DYNA3D material 24 that provide good correlation with the force-clongation
tests performed on AASHTO M-183M steel.

Table 9 LS-DYNA3D material parameters for modeling AASHTO M-183M steel using
material type 24.
Density (Mg/mm?) : 7.86E-09
Young's Modulus (MPa) 200.E+03
Poisson's Ratio 0.33
Yield Stress (MPa) 315.0
Strain Rate Effects _ none
Plastic Strain at Failure 0.625
Increments of Strain 0.00.019 0.050.165 0.33 0.4950.625 1.0

Increments of Stress (MPa) 315 315427.8 500.8504.3506.5 400 O
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CHAPTER 5. FLANGED CHANNEL SIGN-POST

Flanged-channel posts are commonly used as roadside delineator posts as well as in several small
sign support designs, shown in figure 27. They have also been used experimentally as weak-post
W-beam guardrail and cable guide-rail posts. This type of post is usually manufactured using re-
rolled rail steel conforming to ASTM A-499 Grade 60.%"1® Delineator posts are often
manufactured using 4.5 kg/m flanged-channe] sections whereas sign posts and other structural
applications usually use 6.0 kg/m flanged-channel sections. The mechanical properties of this
material as given in the ASTM A-499 for Grade 60 steel specification are summarized in table 10.
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Figure 27 A flanged channel sign-support.
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Experimental Results

Four Samples of ASTM A-499 Grade 60 flanged-channe] posts were cut, machined and tested
according to AASHTO T-244. The specimens were cut from the flat sides of the post and the
longitudinal direction of the coupon was aligned with the longitudinal direction of the post. The
longitudinal direction corresponds to the direction of the tensile force for both the load applied in
the test and the tension experienced during impact. The thickness of the specimens varied from
3.99 mm to 4.39 mm. The load-versus-elongation curves for the four specimens are shown in
figure 28. The specimens exhibit behavior typical of brittle steels as expected since the steel is a
cold-worked rail material.

Table 10 Longitudinal flat tension tests of ASTM A-499 Grade 60 steels.

ASTM A-499 Tests
Grade 60
Number of tests -- 4
Min. Yield Strength (MPa) - 415 495
Min. Tensile Strength (MPa) 620 903
Elongation in 50 mm (%) 7 17

Sources: Tests by Federal Highway Administration, Structures Division (HNR-10),
January 10, 1994,

The values obtained from the longitudinal tension tests exceed the minimum values required by
ASTM A-499 as shown in table 10. The yield and tensile strength in these tests exceed the
specifications by approximately 16 and 46 percent respectively and the percent elongation at
failure was more than twice the specified value. The actual failed specimens are shown in figure
29.
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Figure 29

Post-test photograph of ASTM A-499 Grade 60 steel test specimens.



Finite Element Analysis Results

Finite element analyses were conducted using LS-DYNAS3D to determine the parameters that
would result in behavior similar to longitudinal flat tension tests. The material was modeled using
the Belytschko-Tsay shell formulation with five integration points through the thickness. This
type of shell element is often used for modeling corrugated sheet steel in crashworthiness
applications. Two LS-DYNA3D material types were investigated: the Kinematic/Isotropic
Elastic-Plastic material model (type 3) and the Rate-Dependent Tabular Isotropic Elastic-Plastic
material model (type 24). The experimental results from the four tests were used to create the
90th percentile confidence envelope used to validate the simulated responses.

Material Type 3

When a simple material model is desired, LS-DYNA3D material type 3 is a good choice for mild
steels. Material type 3 is a bilinear model making it difficult to fit the response completely within
the 90th percentile confidence envelope. Material type 3 parameters were found for two different
types of material behavior: bilinear (elongationsup to 11 percent) and elastic-perfectly plastic

~ (elongations up to failure). The parameters for these types of behavior are summarized in table
11. The load-elongation plots for these simulations are shown with the test results in figure 30
and figure 31. The modulus of elasticity for the test specimens in figure 30 appears much lower
than the commonly used value of 200E+03 MPa since the flat tension test is not a good method
for measuring the small strains needed to determine the modulus of elasticity. For this reasorn,
the simulated response appears stiffer in the elastic phase than the tests. The conventional value
for the modulus of elasticity is used in the finite element simulations.

When the elongations are expected to be relatively small (e.g., less than 6 percent), a simple
bilinear model is sufficient. A tangent modulus of 6000 MPa yields the response shown in figure
30. This response remains as close to the tested response as is possible with a two-line model for
relatively small elongations.

When elongations are expected to be very large (e.g., up to 19 percent), a perfectly plastic
material model may be desirable. For this model, the yield stress is increased above the actual
value and the true-stress true-strain tangent modulus is set equal to 700 MPa resulting in an
essentially perfectly plastic force-elongation response as shown in figure 31. Since the yield stress
is too high, this formulation requires more strain energy than the corresponding tests. The
amount of strain energy that is inappropriately lost using these parameters is about 4 Joules, only
about 1 percent of 416 Joules required to fail the specimen.
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Table 11

for material type 3.

Bilinear model (elongations less than 6 percent)

Density (Mg/mm?) 7.86E-09
Young's Modulus (MPa) 200.E+03
Poisson's Ratio 0.33
Yield Stress (MPa) 464.0
Tangent Modulus (MPa) 6000.0
Hardening Parameter 1.0

Perfectly plastic model (elongations up to and including failure)

Density (Mg/mm®) 7.86E-09
Young's Modulus (MPa) 200.E+03
Poisson's Ratio 0.33
Yield Stress (MPa) 810.0
Tangent Modulus (MPa) 750.0
Hardening Parameter 1.0
Plastic Strain at Failure 0.155
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Material Type 24

In an impact, flanged-channel posts generally fail either by shearing at the base if the foundation is
very stiff (i.e., a concrete footing) or cracking through the line of holes in the compression flange
of the section as shown in figure 32. Since both failure modes involve tearing, material a material
model that incorporates failure is desirable for many situations where ASTM A-499 Grade 60
steel is used. Flanged-channel posts are usually modeled as shell elements since the thickness of
the section is very small in comparison to its other dimensions. The rate-dependent tabular
isotropic elastic-plastic material (type 24) is suitable for use with failing shell elements. As shown
in figure 33, table 12 shows the parameters for LS-DYNA3D material type 24 that provide good
correlation with the force-elongaticn tests performed on ASTM A-499 Grade 60 steel.

Table 12  LS-DYNA3D material parameters for modeling ASTM A~499 Grade 60 steel
using material type 24.

Density (Mg/mm?) | 7.86E-09
Young's Modulus (MPa) 200.E+03
Poisson's Ratio o 0.33
Yield Stress (MPa) o 464.0
Strain Rate Effects none
Plastic Strain at Failure . 0.295
Increments of Strain 0.00.02 0.030.07 0.12 0.16 0.295 1.0
Increments of Stress (MPa) 464 595 680 850 895920 890 O
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Figure 32

Photographs of flanged channel sign support failure modes.
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CHAPTER 6. FORD FESTIVA FENDER

Particular types of cars are specified in NCHRP Report 350 for performing full-scale crash tests.
The Ford Festiva, shown in figure 34, is a small car that meet the specifications for an NCHRP
Report 350 820c vehicle."” In 1994 the Federal Highway Administration developed the finite
element model of a 1989 Ford Festiva shown in figure 35 in an effort to use finite element
simulations to replicate crash tests.*” Although the finite element model resembles a Festiva and
it has been validated for frontal narrow object impact simulations, the model uses general material
definitions based on literature sources.*” While steel properties are generally similar for Young’s
modulus and Poisson’s ratio, steels vary in the amount of elongation, yield stresses, failure strains
and failure stresses. There is a need to collect data for the various components of the Festiva that
expenience large deformations in a collision including the bumper, fenders and the frame.
Manufacturers of vehicles do not normally disclose either the steel type used or its properties.
Experimental tests are necessary to both identify the steel and to determine the material definitions
required by LS-DYNA3D. Using the results of quasi-static tension tests, the material parameter
definitions for LS-DYNA3D can be inferred. The material properties for the left fender of a 1990
Ford Festiva are found in this section.
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Figure 35 Finite element model of a 1989 Ford Festiva.

Experimental Results

Four samples of fender steel were cut, machined and tested according to AASHTO T-244. The
specimens were cut from the flattest part of the fender. The thickness of the specimens varied
from 0.749 mm to 0.775 mm. The load-versus-elongation curves for the three specimens are
shown in figure 36 and the actual failed specimens are shown in figure 37.
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Table 13 Longitudinal flat tension tests of a 1990 Ford Festiva fender.

Tests ASTM A6l11
Grade A
Number of tests 4 --
Min. Yield Strength (MPa) | 282 170
Min. Tensile Strength (MPa) o 303 290
Elongation in 50 mm (%) 31 26

Sources: Tests by Federal Highway Administration, Structures Division (HNR-10),
September 8, 1995,

Table 13 summarizes mechanical properties of fender steel obtained from the longitudinal flat
tension tests. The specific type of steel is unknown. Using the Automotive Steel Design Manual,
the mechanical properties found for the fender do not meet the minimum requirements of any steel
listed. One of the three minimum requirements for yield stress, tensile stress or percent elongation
is too low for all the steels listed.™ The fender’s materials properties do match for ASTM A611
Grade A, in the Standard Specification for Steel, Sheet, Carbon, Cold-Rolled, Structural Quality.
While the minimum requirements are just met, little else is known to match the steel. ™ In table
13 the properties for A611 are listed.
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Load versus elongation curves for Festiva fender steel.
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Figure 37

Post-test photograph of Festiva fender steel test specimens.



Finite Element Analysis Results

The parameters that would result in behavior similar to longitudinal flat tension tests were found
conducting finite element analysis using LS-DYNA3D. The material was modeled using the
Belytschko-Tsay shell formulation with five integration points through the thickness. This type of
shell element is often used for modeling sheet steel in crashworthiness applications. Two LS-
DYNA3D material types were investigated: the Kinematic/Isotropic Elastic-Plastic material model
(type 3) and the Rate-Dependent Tabular Isotropic Elastic-Plastic material model (type 24). The
90th percentile envelope of the results of the tests was created to compare to the simulations as

shown in figure 36.

Material Type 3

When a simple material model is desired, LS-DYNA3D material type 3 is a good choice for mild
steels. Material type 3 is a bilinear model making it difficult to fit the response completely within
the 90th percentile confidence envelope. Material type 3 parameters were found for two different
types of material behavior: bilinear (elongations up to 11 percent) and elastic-perfectly plastic
(elongations up to 25 percent). The parameters for these types of behavior are summarized in
table 14 and the load-elongation plots for these simulations are shown with the test results in

figure 38 and figure 39 respectively.

Table 14 LS-DYNA3D material parameters for modeling Festiva fender steel for material

type 3.

Bilinear model (elongations less than 11 percent)

Density (Mg/mm”®) 7.86E-09
Young's Modulus (MPa) 200.E+03
Poisson's Ratio 0.33
Yield Stress (MPa) 325.0
Tangent Modulus 600.0
Hardening Parameter - 1.0

Perfectly plastic model (elongations up to and including failure)

Density (Mg/mm?®) 7.86E-09
Young's Modulus (MPa) 200.E+03
Poisson's Ratio : 0.33
Yield Stress (MPa) ' 352.0
Tangent Modulus _ 180.0
Hardening Parameter 1.0
Plastic Strain at Failure 0.59
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When elongations are expected to be very large (e.g., up to 25 percent), a perfectly plastic
material model is adequate. For this model, the yield stress is increased above the actual value
and the true-stress true-strain tangent modulus is 180 MPa resulting in the perfectly plastic force-
elongation response shown in figure 39. Since the yield stress is artificially high, this formulation
requires 0.8 Joules more strain energy. The additional 0.8 Joules is only about 2 percent of the
45 Joules required to fail the specimen. The effect on the simulations is considered negligible.

Material Type 24

In an impact, fenders generally fail in buckling as shown in figure 40. Fenders should usually be
modeled as shell elements since the thickness of the section is very small in comparison to its
other dimensions. The rate-dependent tabular isotropic elastic-plastic material (type 24) is
suitable for use with failing shell elements. Table 15 shows the parameters for LS-DYNA3D
material 24 that provide good correlation with the force-elongation tests performed on Festiva
fender steel, and figure 41 shows the result of the simulation.

Table 15 LS-DYNA3D material parameters for modeling Festiva fender steel using

material type 24.
Density (Mg/mm?) 7.86E-09
Young's Modulus (MPa) : 200.E+03
Poisson's Ratio : 0.33
Yield Stress (MPa) 315.0
Strain Rate Effects none
Plastic Strain at Failure 0.64
Increments of Strain 0.0 0.0155 0.05 0.15 0.30 0.50 0.64 1.0
Increments of Stress (MPa) 315 340 358 390 400 400 365 O
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Figure 40

G/

Typical impact damage to the sheet-metal of a small car after a guardrail test.
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CHAPTER 7. DYNAMIC TENSION COUPON TESTS

Full-scale crash testing involves a vehicle impacting a roadside hardware structure. The
mechanical response of many materials under impact or dynamic loading differs from the
mechanical response under quasi-static loading. The loading and deflection rates affect the
mechanical response of the materials. The rate of deflection is also known as the strain rate which
is defined as the change in strain over the change in time, Ae/At. Because strain rate effects are
significant for metals, an understanding of strain rate effects is necessary for the proper finite
element modeling and design of roadside hardware.®

Strain rate significantly affects the mechanical response of mild steel. Lower yield stress steels are
more strain-rate sensitive than higher yield-stress steels. The geometry of the material has no
influence upon strain-rate sensitivity. Strain rate manifests itself by strengthening the material. In
tensile loading, both the yield stress and ultimate stress are increased as the strain rate increases,
the yield stress being influenced more.* ** *® Unlike either the yield stress or the ultimate stress,
the modulus of elasticity is not significantly influenced by strain rates according to experiments by
Soroushian and Choi.®® The failure strain
is strain-rate sensitive. The failure strain
decreases as strain rate increases.
A . ey - Additionally mild steel becomes more brittle
E2 as strain rate increases.*”* These findings
are supported by Campbell and Cooper.®
While temperature has been shown to
greatly influence the effects of strain rate,
o these effects are not examined in this
paper.®% 3

Many empirical models have been

- developed to model strain rate effects upen
£ steel. The stress-versus-strain curves for
steel usually shift upward as strain rates
increase, as shown in figure 42. The
Cowper-Symond empirical strain rate model
steel is of particular interest. The model has

' been experimentally validated for many
steels. In addition to being very widely used, the model is incorporated into several LS-DYNA3D
material models including material types 3 and 24. The empirical relationship developed by

Cowper-Symonds is:

Figure 42 Stress versus strain curves with the
typical strain rate effects for mild

01=1+(%)1fp @

[}

where o, is the quasi-static stress, € is the strain rate and ¢ is the resulting rate-affected dynamic
stress. The constants, C and p, are material dependent with C= 40.4 s™ and p= 5 being typical
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values for mild steel.®*” The Cowper-Symonds equation is technically only a predictor of yield
stress. It was not developed to predict the ultimate or the failure stress. Research by Jones found
that when large strains are experienced, the Cowper-Symonds empirical equation over predicts
the strengthening effect of strain rate ©?

Since roadside hardware fails under impact loadings, understanding the role of strain rates for
common materials is important. The effect of strain rate is examined for AASHTO M-180 Class
A Type II guardrail steel. Dynamic tensile tests were conducted at five different strain rates. The
results of these tests are compared to LS-DYNA3D simulations of dynamic tensile tests. The
material parameters for strain-rate sensitive simulations are presented.

Standard Laboratory Tests

Length 200 mm
-«— gt - —»
Grip - Grip
Reduced Section _
50 mm )| <o mm >‘ |( somm >
Ne— -
Width ¢ 7.0mm 2%’7,?:1

Gauge Length
l < 50.8mm >(

Figure 43 Dynamic tension specimen

Dynamic tensile tests were conducted at five strain rates: 1, 5, 10, 50, and 100 s™. The specimens
were machined to AASHTO T-244 specifications, however, due to machine limitations the gauge
section was milled to 7.0-mm width as shown in figure 43. The tensile tests were conducted on
an MTS 312 servo hydraulic testing machine at Vanderbilt University. The constant strain rate
was produced by linearly increasing the stroke. The results of the tensile tests conducted at a
strain rate of 100 s™ were not accepted as valid since both the load and the stroke were filtered
differently than the tests at other strain rates.

The experimental results are summarized in table 16 through table 19. In these tables the yield
stress, ultimate stress, percent elongation and the reduction in area are presented. The yield stress
and ultimate stress increase as the strain rate does. The average percent elongation decreases
with the increased strain rate when comparing these tests. There was no significant change in the
reduction of area. The engineering stress versus strain curves for each strain rate are presented in
figure 44 through figure 47.6¥
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Table 16 Tensilert'g'set results forstrain rate 1'(£P=1 gyt

L]

Specimen Yield Stress Ultimate Stress % %
ID (MPa) (MPa) Elongation Red. Area
1 573.80 707.92 29.7 61.18
2 606.60 744.40 33.95 65.87
-3 547.50 71871 30.2 63.96
Mean 575.97 723.67 3128 63.67
Stand. Dev. 29.60 18.74 232 2.36
Table 17 Tensile test results for strain rate 2 (€°=5 s™).
Specimen Yield Stress Ultimate Stress = % %
D (MPa) (MPa) Elongation  Red. Area
1 626.23 764731 24.70 66.35
2 632.79 761.81 24 42 61.79
3 672.13 75437 26.90 62.11
Mean 643.72 760.16 25.34 63.42 .
Stand. Dev. 24 82 5.17 1.36 2.55
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Table 18

Tensile test results for strain rate 3 (€°=10 s™).
Specimen Yield Stress Ultimate Stress % %
D (MPa) (MPa) Elongation  Red. Area
1 665.57 772.59 2296 60.52
2 652.46 754.35 24 81 60.97
3 718.03 770.10 2422 65.19 ,
Mean 678.69 765.68 23.90 62.23
Stand. Dev. 34.70 9.8% 0.95 2.58
Table 19 Tensile test results for strain rate 4 (€°=50 s™).
Specimen Yield Stress Ultimate Stress % %
ID (MPa) (MPa) Elongation Red. Area
1 845.90 793.13 21.28 62.68
2 790.16 $81.99 23.09 61.72
3 672.13 985.87 2208 62.30
Mean 769.39 886.99 2215 62.23
Stand. Dev. 88.72 96.46 0.91 0.48
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Figure 48 has stress versus strain curves of one specimen from each of the different strain rates
‘and the average quasi-static response. The graph shows how the stress versus strain curves shift
upward as the strain rate increases. The steel behaves similarly to other steels in that the failure
strain tends to decrease as the strain rate increases. This behavior is demonstrated by the
reduction in the percent elongation as the strain rate increases in the experimental tests. Figure 49
shows the percent elongation at failure versus the strain rate. The logarithmic regression results
in an R-squared value of 0.81. The regression line is plotted on the graph indicating the
relationship between the percent elongation and the strain rate. Figure 50 shows a similar, but not
as strong of a relationship between strain energy and strain rate. The strain energy decreases as
the strain rate increases. The logarithmic regression results in an R-squared value of 0.58. The
regression line is plotted on the graph indicating this relationship.

Consistent with findings of other researchers who have investigated other mild steels, both the
yield stress and the tensile stress increase as the strain rate increases for AASHTO M-180 steel.
(See references 26, 24, 27, and 29) Figure 51 has the experimental yield stress versus the strain
rate. The logarithmic regression line that is plotted has an R-squared value of 0.73. It
demonstrates how the yield stress increases with the strain rate increase. Because the yield stress
does behave like other steels, the Cowper-Symonds material dependent parameters were
investigated for AASHTO M-180 steel. Values for C and p, the material dependent parameters,
were calculated based on the experimental results. Values of C=100.4 s and p=4.9 were found
by a regression analysis to be good predictors. The Cowper-Symonds predicted yield stress
values are plotted for the four experimental strain rate values shown in figure 51. While the
material parameter values differ from the conventional values for mild steel, they are within the
reasonable range for mild steels. The Cowper-Symond’s values have a large range for steels.
Stainless steel has parameters of C=100 s™ and p=10.?Y The parameter values found for
AASHTO M-180 steel were used for simulations of dynamic tension tests.

In future strain-rate sensitivity testing of roadside safety hardware materials, it is recommended
that more than three specimens be tested for each strain rate. In addition, any galvanizing or paint
should be removed to reduce problems experienced during these tests. All results should be
filtered and analyzed similarly for consistent results. Although the results of these strain rate tests
where filtered with a Chebyshev, 2.0dB with an order of two, the band was Lowpass and the
Nyquist frequency was 0.2, the filter was not adequate when higher strain rates were analyzed.®?
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Finite Element Simulations
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Figure 52 Quarter model of a longitudinal flat tension test. -

The finite element mesh used to simulate the dynamic tension tests was similar to the mesh
used for the quasi-static tests. The XY and XZ planes of symmetry were again used

permitting the use of the quarter model in figure 52. The width of the model was not modified .
to match the new width of the specimens used in the experimental tests.

The dynamic tension tests are performed at a constant strain rate. Simulating a constant strain rate
using LS-DYNA3D should be straight forward, but problems arise from the way LS-DYNA3D
uses of the instantaneous strain rates. First, the simulation must be done such that a constant
strain rate is applied to scale stresses so that the behavior of the material models may be compared
to the experimental results. Second, strain rate effects must be permitted during the simulation so
the mathematical material models selected must be strain-rate sensitive. The material model
parameters must be verified to find the set which best duplicate the response of the tested
materials.

A constant strain rate is accomplished using a constant loading rate in the finite element
simulation. A constant loading rate over a fixed distance, the gauge length, gives a constant strain
rate as shown by the following equation:@*

Ag

. - Ae _ AL Yoy Y
IR YRRV ©)

]

where € is strain, 1, and Al are the initial and incremental length, At is the time, increment, Av is
change in velocity, and v, is the initial velocity. The loading rates for the proposed simulations
were found using the same strain rates used in the experimental tests. The length of the specimen
is 25.4 mm, the desired strain rates are 1, 5, 10 and 50 s™ so the loading rates required to achieve
these strain rates are 25.4, 127, 254 and 1270 mm/s respectively.
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Material Models

LS-DYNA3D has several mathematical material models that are strain-rate sensitive: Material
type 3 (Kinematic/Isotropic Elastic-Plastic), material type 19 (Strain Rate Dependent Isotropic
Plasticity), and material type 24 (Piecewise Linear Isotropic Plasticity).

Material types 3 and 24 are very similar in their treatment of strain rates. Both materials use the
Cowper-Symonds equation to directly model strain rate effects on the stress:

1

o, =[14(2)* 1 (0, + PE, ef7) | 6)

where o, is yield stress, € is strain rate, C and p are Cowper-Symonds constants, g, is stress, B is
strain hardening, E, is the tangent modulus, and €°4 is the effective plastic strain. The Cowper-
Symonds equation was developed as a multiplier for the yield stress only, but LS-DYNA3D
multiplies all the stresses by this value. LS-DYNA3D appears to be scaling the hydrostatic stress
by the multiplier too. The strains are then increased to compensate for the increase in hydrostatic
stress. In order to have the correct deviatoric stress, the strains are increasing more in the
simulation than they do in reality, thus, resulting in strains that appear to be scaled."” Figure 53
shows how the load-elongation curve is shifted upward and to the right resulting a failure strain
that is much too high. The failure strain should be approximately 0.24 mm/mm, but the simulation
has it as 0.61 mm/mm. If the strain rate is known for material type 3 and material type 24, the
effective plastic strain at failure could be input for the expected strain rate, however, this is not
possible if the strain rate is unknown.

Material type 19 permits the user to specify load curves that model the effect of strain rate on the
yield stress, Young’s modulus, tangent modulus and the failure stress. When using sheet steel,
this is useful for the yield and failure stresses. Young’s modulus has been shown not to be greatly
affected by strain rate effects.®® In this model the yield stress is defined as:

o, = 0,8 + E” ')

Where o, is yield stress, g, is stress, € is strain rate, E, is hardening modulus, and €? is the
effective plastic strain.

Instantaneous Strain Rates

LS-DYNA3D uses the instantaneous strain rate to both calculate the Cowper-Symonds multiplier
and to scale material type 19. The strain rate that the model experiences can be verified using LS-
TAURUS checking the strain rate in the x, y and z-directions as ‘well as the effective strain rate.
The effective strain rate incorporates the strain rate from the three directions since it is the length
of the strain rate vector. This is the strain rate that is used in LS-DYNAS3D. For the axial tension
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test, it is expected that the z-direction strain rate and the effective strain rate will be very similar
since the constant loading is only in the z-direction. The effect of the strain rates in the y-
direction due to necking should be negligible and through the thickness necking is not modeled.
The results of the simulations are examined and verified.

Through the verification of the material models, it became clear that the use of the instantaneous
strain rates is not desirable. The simulated yield stress of 875 MPa is much higher than the
Cowper-Symonds predicted value of 718 MPa for a strain rate of 7.9 s with C=40.4 5! and p=
5 in figure 53. The high vield stress is due to the use of the instantaneous strain rate. In figure
54, the effective strain rate for material type 24 is shown. The effective strain rate is again too
high and very noisy. The expected strain rate for the applied loading rate is around 7.8 s/,
however, the resulting simulated strain rate oscillates around 60 s*. This could be due to the
noisy strain rate. The coupon test is in the z-direction so the effective strain rate should be similar
to the strain rate in the z-direction. Figure 54 shows that these two curves are very different. The
z~direction strain rate is also very noisy. It is also both positive and negative indicating the
passing of tensile and compressive strain waves although the coupon is under a constant tension
loading. If the strain rate graph for a simulation with strain-rate sensitivity (figure 54) is
compared to a simulation without strain-rate sensitivity (figure 55) it can be seen that they are
quite different. The simulation without strain-rate sensitivity produces similar strain rates for the
effective strain rate and for the z-direction strain rate. The instantaneous strain rate appears to be
unstable perhaps because of numerical noise caused in calculating the strain rate. In addition by
applying the new stress due to the strain rate the model changes too rapidly and the stress waves
cause the model to ring. The coupon starts straining in the y-direction at an unstable strain rate,
thus resulting in a higher than expected effective strain rate. While the instantaneous strain rate
does not work well, the material model appears to be doing what it is supposed to do for a strain
rate of 60 s, » ‘ :

The problem with instantaneous strain rates may be due to numerical noise. When calculating a
strain rate, the difference between two strains is taken and divided by the time interval. The
calculation of the strains requires taking the difference in displacement between two time steps. .
The time steps for the simulation are on the order of 102. The displacement during this time is
very small. Thus, the strain rate is the difference of the difference of very small numbers which
may result in a loss of significant figures. The fluctuation of the numbers does not matter for the
strain, but once these numbers are used to scale the stresses, their fluctuation appears to have
drastic effects. This does not appear to be a good method of applying strain rates sensitivity to
mathematical material models.

The noisy high strain rate also occurs with material type 3 and material type 19. In the material
type 3 stress-strain curve in figure 58, the yield stress multiplier is too high for the constant
loading rate of 200 mmy/s that is applied to the model. The resulting yield stress is 1000 MPa.

The expected value is approximately 660 MPa when using the Cowper-Symonds equation to scale
yield stress. The failure strain is also too high. The strain should be less than the quasi-static
failure strain. The strain rate curve seen in figure 59 for the strain-rate sensitive simulation is
noisy and resembles the results for material type 24. The effective strain rate curve is higher in
magnitude than the z-direction strain rate curve. The strain rate curves without strain-rate
sensitivity are nearly identical in figure 60. Materiai type 3 handles strain rates very similarly to
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material type 24 resulting in similar results. Material type 3 does not provide a useful strain-rate
sensitive mathematical material model.

The stress-strain curve for material type 19 shown in figure 61 is much too high at 798 MPa for a
tension test with a strain rate of 10 s'. The yield stress should be around 680 MPa for this strain
rate. The failure stress (920 MPa) is higher than the expected failure stress (750 MPa) found
from the experimental results. The strain rate curves seen in figure 62 for the effective strain rate
and the z-direction strain rate are similar to the curves for both matenal type 24 and material type
3. Matenial type 19 has essentially the same strain rate curves for the z-direction and the effective
strain when strain-rate sensitivity is removed from the simulation as seen in figure 63.- Material
type 19 does not appear to provide a useful strain-rate sensitive mathematical material model.

All three material models are inadequate for modeling impact simulations for crashworthiness.
The use of instantaneous strain rate causes the models to behave in a manner that is not desirable
for roadside safety hardware development. Implementing strain-rate sensitivity would actually be
harmful since the simulations give erroneous results.

Conclusions

Because strain rate effects are important when examining impacts, there is a need for the
development of strain-rate sensitive mathematical material models that model sheet steel behavior
in a more physically useful manner. The use of an average or filtered strain rate for scaling may
be a better solution, however, new problems arise when using averages. While there would be
time step effects due to averaging, the simulation would not be subject to the instability of the
instantaneous strain rate. In addition to changing the strain rate apphcation, there needs to be a
modification to account for the change in effective plastic strain at failure as a function of strain
rate in material type 3 and material type 24. Currently, the effective plastic strain at failure is
scaled outward, but the experimental tests demonstrate that the failure strain is reduced as strain
rate increases as shown in figure 48. Future research should examine the failure stress, failure
strain and the strain energy to find a mechanism for predicting the failure of sheet steels. The
failure mechanism could then be incorporated into the strain-rate sensitive material model.
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CHAPTER 8. CONCLUSION

The parameters found for modeling roadside hardware materials using LS-DYNA3D are listed in
this report. The parameters were found based upon the results of the quasi-static experimental
tests. Three material models were presented, type 3, type 19 and type 24. In tables 20, 21, 22
and 24, the material parameters are summarized for material type 3, type 24 and type 19.
Choosing the best material model for a particular analysis is an important modeling decision that is
based on (1) accuracy considerations, (2) computational cost, and (3) minimizing computational
difficulties. Generally the simpler material type 3 is sufficient for good results, however, there
may be times when a more complex material model is desired. The material type 24 model
provides the most accurate model of the three since it remains wholly within the 90 percentile
envelope. The other two models provide an accurate response as well provided they are not used
outside the appropriate range of elongations. The chief advantage of material 24 is that it is
accurate for the entire elongation response including failure.

While material type 24 is generally considered the more computationally demanding, the run time
for the three material models was nearly identical (1.5 CPU hours) for these simulations. Material
type 24, however, uses a more costly contact algorithm so in cases where the material is being
contacted, the computation time may go up. In addition, numerical and contact problems can
sometimes be avoided by using simpler material models.

The method used in LS-DYNA3D to model strain rates is currently no an effective way to
incorporate strain rate effects in crashworthiness applications. The use of the instantaneous strain
rate causes inappropriate scaling of the stresses. The instability escalates the strain rates to a
higher magnitude causing the material to behave like it is having a much higher strain rate applied
than actually is. Until the material models in LS-DYNA3D incorporate strain rates differently, the
use of strain-rate sensitive material models is not recommended. Strain-rate sensitivity.is an area
requiring more research to develop material models that incorporate strain rates better as well as
finding material parameters for strain-rate sensitive models.
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Table 1

Summary of material type 3 bilinear model material parameters.

AASHTO M-180 AASHTO M-183M | ASTM A-499 Festiva Fender
Density (Mg/mm’®) 7.86E-09 7.86E-09 7.86E-09 7.836E-09
Young’s Modulus (MPa) 200.E+03 200.E+03 200.E+03 200.E+03
Poisson’s Ratio 0.33 0.33 0.33 0.33
Yield Stress (MPa) 400.0 315.0 464.0 325.0
Tangent Modulus (MPa) ~ 1700.0- 2000.0 6000.0 600.0
Hardening Parameter 1.0 1.0 1.0 1.0

Table 2 Summary of material type 3 perfectly plastic model material parameters.
AASHTO M-180 AASHTO M-183M | ASTM A-499 Festiva Fender
Density (Mg/mm’) 7.86E-09 7.86E-09 7.86E-09 7.86E-09
Young’s Modulus (MPa) 200.E+03 200.E+03 200.E+03 200.E+03
Poisson’s Ratio 0.33 0.33 0.33 0.33
Yield Stress (MPa) 525.0 440.0 8100 3520
Tahgent Modulus (MPa) 300.0 300.0 750.0 - 180.0
Hardening Parameter 1.0 1.0 1.0 1.0
Plastic Strain at Failure 0.24 0.235 0.155 0.59




[01

Table 3

Summary of material type 24 material parameters.

AASHTO M-180

Failure

AASHTO M-183M ASTM A-499 Festiva Fender
Density (Mg/mm*) 7.86E-09 7.86E-09 7.86E-09 7.86E-09
Young’s Modulus 200.E+03 200.E+03 200.E+03 2_00.E+03
(MPa)
Poisson’s Ratio 0.33 0.33 0.33 0.33
Yield Stress (MPa) 415.0 315.0 464.0 315.0
Plastic Strain at 0.66 0.625 0.295 0.64

Increments of
Strain

0.0 0.02 0.08 0.165
0.33 0.49 0.66 1.0

0.0 0.019 0.05 0.1650.33

0.495 0.625 0.6251.0

0.00.020.03 007
0.120.160.2951.0

0.0 0.0195 0.050.15
03 05064 10

Increments of Stress

(MPs)

415 415 548 575
585 595 600 0.0

315 315 428 501 504 507

400 0.0

464 595 680 850
895 920 850 0.0

315 340 358 390
400 400 365 0.0




Table 23 Summary of material type 19 quasi-static

material parameters.
AASHTO M-180
Density (Mg/mm’) 7.86E-09
Young’s Modulus (MPa) 200.E+03
Poisson’s Ratio 0.33
Load Curves
Strain Rate (s')) 0 1.0E+05
Yield Stress (MPa) 440.0 440.0
Young’s Modulus (MPa) 2.0E+05 2.0E+05
Tangent Modulus (MPa) 9700  970.0
Failure Stress (MPa) 640.0 640.0
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APPENDIX A- TRUGRID INPUT FILE

title M-180 Cls A Type II -- 200 mm/s

"¢ Malcolm H. Ray

¢ The Umversity of Jowa

c March 1994

¢ modified by Amy Wright

cCarnegie Mellon University

c originally created for LLNL DYNA3D version 4.0.4 using the 88 large input format
$ 1. Change control card 9

$ 0 00 0 0C 0O O OCOQXWEHO 0 O 0 O

c Read the trugrdo file with the above changes into Is-ingrid to create an

¢ LS-DYNA3D version 930 input format. Now add these lines to the ingrido file:
$ 2. Add these lines just before the load curve definition in the ingrido file

S *

B R e Element time history blocks *
$ 137 137 138 138 139 139 140 140
i+ CROSS SECTIONS . *
§*
£ 7 06

$ 19 26 33 64 71 78 85
s 13 14 49 50 51 52
$ 3. Change control card 20, parameter 1 to 2.500e-05, parameter 3 to 2.500e-5,
$  parameter 4 to 6, parameter 7 to 4
$ 4. Change control card 21, parameter 3 to 1
$ 5. Change control card 22, parameter 1 to 2.500E-5
$ 6. Change the number of integration pts through the thickness for the shell to 5
c this is located below the first material definition where the shell is named.
dyna3d
dynaopts term 0.05 prti 2.5E-5 plti 2.5E-3 ticsf 2.5E-5;
¢ parameters for scaling up or down the stress-strain relationship
para
yld 415 cyield stress
ult 600  c true ultimate stress
fail 0.66, c plastic strain at failure (about = to elongation at failure)

¢ curve for constant head loading rate,

¢ for a more stable response, the load is ramped up to the desired value(AEW 7-9-95)
led 10.0. 2.5e-5200. 9. 200,

¢ use symmetry to reduce problem size and take advantage of the two axes symm.
plane1 0.0.0. 0.1.0. 0.5 symm;
plane2 0.0.0. 0.0.1. 0.5 symm,;

¢ (1) the COUPON part
block-1;137,16 13151830,
0
-10. 6.4262 0.,
-70.-50. -31.88 -30, -25.0,;
dei:l 2;3 6;
thic 2.67
mate 1
sfi;l 2;-3;cy 0-10.-30. 1 00'3.5738
sfi;-2;3 4,cy 0-10.-30.1003.5738
lini ;,-2;
lini ;-3;2 4;
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npb125 135
¢ The width of the gauge length narrowed to better match the specimens
¢ this is allowed in AASHTO T-244 specifications(AEW 6-1-95)
mal26y0.127

endpart

¢ (2) the GRIPS
¢ Added the grips to get a non-reflecting boundary across top (MHR.: 5-16-94)
block13;17;16;
-5.0,;
-10.0;
-70. -50,;
ooll1] 221
¢ give the grips a constant velocity
fvi;;1 1.0.0. -1,
mate 2
endpart

¢ FAILING GUARDRAIL MATERIAL
¢ properties based on HNR-10 coupon tests.
¢ belytchko-lin-tsay shell with 5 through the thickness integration pts.
dynamats 1 24 shell
rho 7.86e-5 € 200.E3 pr 0.33 sigy %yld Ic O efp 0.66tsti 5
eps 0. 0.020.080.1650.330.4950.66 1.;
es %yld %yld 548 585 591 595 600 0.;;

¢ durnmy steel for the tester grips
dynamats 2 1
tho 7.86e-9 € 200.E3 pr 0.33;

merge
stp 0.25
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