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Application of a Developmental Composite Material Model to Predict the Crush 
Response of Two Energy Absorbers 

 
 
1.0 ABSTRACT 
 
In 2012, a consortium was formed with the goal of creating a new composite material model 
capable of predicting the wide range of properties, accumulated damage behavior, and the 
many different types of failure in composites under impact loading.  The material model was 
developed for execution in the commercially available nonlinear, explicit transient dynamic 
finite element code, LS-DYNA®.  This material model incorporates three submodels for 
deformation, damage, and failure.  In addition, the model accounts for strain rate and 
temperature effects and relies heavily on the input of tabulated material response data.  The 
model is designated *MAT_COMPOSITE_TABULATED_PLASTICITY_DAMAGE, or 
*MAT_213.  Initially, *MAT_213 was developed for use with solid elements only; however, a 
thin shell element formulation for *MAT_213 has been adapted recently.  The objective of 
this project was to find a suitable modeling example to investigate the capabilities and 
performance of *MAT_213.  In 2012, two composite energy absorbers were designed and 
evaluated at NASA Langley Research Center through multi-level testing and simulation.  The 
first was a conical-shaped energy absorber, designated the conusoid, which consisted of 
four layers of hybrid carbon-Kevlar® plain-weave fabric oriented at [+45°/-45°/-45°/+45°] with 
respect to the vertical direction.  The second was a sinusoidal-shaped energy absorber, 
designated the sinusoid, which consisted of hybrid carbon-Kevlar® plain-weave fabric face 
sheets, two layers for each face sheet oriented at ±45° with respect to the vertical direction, 
and a closed-cell ELFOAM® P200 polyisocyanurate foam core.  Finite element models were 
developed of the energy absorbers and simulations were performed using LS-DYNA®.  In 
this paper, the development of a *MAT_213 model of a hybrid carbon-Kevlar® plain-weave 
fabric is presented.  Next, comparisons with material characterization tests are presented.  
Then, test-analysis results are documented for each energy absorber as comparisons of 
time-history responses, as well as predicted and experimental structural deformations and 
progressive damage under impact loading using the *MAT_213 material model.  Since a 
prior *MAT_58, or *MAT_LAMINATED_COMPOSITE_FABRIC material model was used in 
previous simulations of the energy absorbers, comparisons are made between *MAT_58 
and *MAT_213 model predictions with test data.  Finally, the paper includes a 
comprehensive list of “lessons learned,” in which a series of parametric studies are 
documented that were performed to investigate specific issues related to the material model.  
These “lessons learned” are included in hopes that they may help future *MAT_213 users. 
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2.0 INTRODUCTION 
 
Composite materials are gaining increased usage in the aerospace industry due to their 
improved stiffness- and strength-to-weight ratios compared with metals.  As an example, the 
Boeing 787 transport aircraft contains 50 percent composites by weight [1].  However, a 
major factor that is limiting additional gains in the application of composite materials is that 
it is extremely challenging to predict accurately the onset of damage and progressive failure 
response, especially under transient dynamic loading conditions.  Composite materials can 
fail in a variety of macroscopic modes, including fiber fracture, matrix cracking, and 
delamination.  Mechanisms of failure at the microscopic level include tensile, compressive, 
or shear fracture of the matrix; bond failure of the fiber-matrix interface; and, tensile or 
compressive (buckling) failure of the fibers.  Adding further complication, these failure modes 
can occur separately or in combination with one another.   
 
Many failure theories have been developed to simulate damage onset and progressive 
failure of composite materials and structures.  In fact, the Second World-Wide Failure 
Exercise (WWFE-II) is an international effort to examine 12 different failure theories and 
assess their maturity and capabilities [2-4] through detailed test-analysis comparisons.  
Results of this multiyear, multiorganizational effort have proved that one criterion cannot 
predict all observed failure mechanisms in composites. 
 
2.1 Motivation for Material Model Development 
 
A meeting of the LS-DYNA Aerospace Working Group (AWG) was held in 2012 during 
which the development of a new composite material model, to be incorporated into the 
commercial, nonlinear transient dynamic finite element code LS-DYNA® [5] was proposed.  
The LS-DYNA AWG is a partnership of federal agencies, corporations, and universities 

working together to support the use, development, and reliability of LS-DYNA for aerospace 
numerical analyses.  The primary motivation for the development of a new composite 
material model was that existing LS-DYNA material models have been found to have 
limitations in some aspect of their capabilities.  For example, a table of current composite 
material models available in LS-DYNA is provided in Table 1, along with a list of their 
capabilities.  Note that only *MAT_213 has all capabilities such as applicability to shell and 
solid elements, damage and failure predictive capabilities, strain rate effects and 
temperature effects listed as ‘yes.’   Even though *MAT_213 is applicable to solid elements, 
only the shell element formulation of *MAT_213 was exercised in this project.  Development 
of the model has continued over the past decade with close cooperation of Livermore 
Software Technology Corporation (LSTC), which was the parent company of LS-DYNA.  
Recently, LSTC was purchased by Ansys, Inc. [6].  As of today, the material model has not 
yet been generally released and access is available only through a developmental version 
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of LS-DYNA.  However, general release is expected in 2022.  Currently, *MAT_213 is 
undergoing final quality checks. 
 

Table 1. List of Current Composite Material Models in LS-DYNA. 
(Reprinted from Reference 7 with permission) 

MAT 
No. 

Title Shells Damage Failure Rate 
Effects 

Temp 
Effects 

22 *MAT_COMPOSITE_ 
DAMAGE 

Yes No Yes No No 

54 *MAT_ENHANCED_ 
COMPOSITE_DAMAGE 

Yes Yes Yes Yes No 
55 Yes Yes Yes Yes No 
58 *MAT_LAMINATED_ 

COMPOSITE_FABRIC 
Yes Yes Yes Yes No 

59 *MAT_COMPOSITE_ 
FAILURE_{OPTION}_MODEL 

Yes Yes Yes No No 

116 *MAT_COMPOSITE_LAYUP Yes No No No No 
117 *MAT_COMPOSITE_MATRIX Yes No No No No 
118 *MAT_COMPOSITE_DIRECT Yes No No No No 
158 *MAT_RATE_SENSITIVE_ 

COMPOSITE_FABRIC 
Yes Yes Yes Yes No 

161/162 *MAT_COMPOSITE_MSC/ 
*MAT_COMPOSITE_DMG_MSC 

Yes Yes Yes Yes No 

213 *MAT_COMPOSITE_TABULATED_ 
PLASTICITY_DAMAGE 

Yes Yes Yes Yes Yes 

219 *MAT_CODAM2 Yes Yes Yes No No 
221 *MAT_ORTHOTROPIC_ 

SIMPLIFIED_DAMAGE 
No Yes Yes No No 

261 *MAT_LAMINATED_ 
FRACTURE_DAIMLER_PINHO 

Yes Yes Yes No No 

262 *MAT_LAMINATED_ 
FRACTURE_DAIMLER_ 

CAMANHO 

Yes Yes Yes No No 

 
2.2 Description of the Two Energy Absorbers 
 
At about the same time that development began on *MAT_213, NASA Langley Research 
Center (LaRC) initiated design and evaluation of two composite energy absorbers through 
multilevel testing and simulations performed under the Transport Rotorcraft Airframe Crash 
Testbed (TRACT) research program [8].  One of the energy absorbers was a conical-shaped 
design that consisted of a series of righ side up and upside down cones.  This energy 
absorber was fabricated of four layers of hybrid carbon-Kevlar® plain-weave fabric oriented 
at [+45°/-45°/-45°/+45°] with respect to the vertical, or crush, direction and was designated 
the “conusoid” [9].  A sinusoidal-shaped energy absorber, designated the “sinusoid,” was 
developed that consisted of hybrid carbon-Kevlar® plain-weave fabric face sheets, two layers 
for each face sheet oriented at ±45° with respect to the vertical direction and a closed-cell 
ELFOAM® P200 polyisocyanurate (2.0 lb/ft3) foam core [10].  Additional information on the 
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development, testing, and simulation of the two energy absorbers is documented in 
References 8-13. 
 
A building block approach was used in the evaluation of the energy absorbers.  This 
approach included basic material testing of the constituent materials including both the 
hybrid carbon-Kevlar® plain-weave fabric and the closed-cell ELFOAM® P200 
polyisocyanurate foam.  Next components of the energy absorbers were fabricated and 
tested under impact loading.  Each component was 12-in. long, 7.5-in. high, and 1.5-in. wide.  
Following successful component testing, larger subfloor-level components were 
manufactured and retrofitted into a barrel section of a CH-46E helicopter, which was tested 
under vertical impact.  Finally, the energy absorbers were retrofitted into a full-scale CH-46E 
helicopter that was crash tested at the Landing and Impact Research (LandIR) Facility at 
NASA Langley Research Center [12].  Please note that only the energy absorber component 
tests are presented in the current paper.  
 
2.3  Objectives of the Paper 
 
This paper will describe *MAT_213 including its three submodels for deformation, damage, 
and failure and will document the development of *MAT_213 to represent hybrid carbon-
Kevlar® plain-weave fabric, based on limited material characterization data.  Comparisons 
of predicted and experimental material responses were generated.  Next, the existing finite 
element models of the conusoid and sinusoid energy absorbers were modified to utilize 
*MAT_213 to represent the composite layers in both energy absorbing concepts.  Crush 
simulations were conducted, and test-analysis results are presented for each energy 
absorber as comparisons of time-history responses, as well as predicted and experimental 
structural deformations and progressive damage under impact loading.  Previous 
simulations of the conusoid and sinusoid were performed in which the hybrid carbon-Kevlar® 
plain-weave fabric was simulated using a continuum damage mechanics-based composite 
material model called *MAT_LAMINATED_COMPOSITE_FABRIC or *MAT_58, see 
Reference 13.  Consequently, comparisons were made between *MAT_213 and *MAT_58 
analytical predictions and test data.   
 
3.0 DESCRIPTION OF *MAT_213 
 
The development of *MAT_213 began during a meeting of the LS-DYNA AWG in 2012.  A 
consortium was created with charter members: the Federal Aviation Administration (FAA), 
the National Aeronautics and Space Administration (NASA) Glenn Research Center (GRC), 
Arizona State University (ASU), George Mason University (GMU), Ohio State University 
(OSU), and Livermore Software Technology Corporation (LSTC).  Since its initial creation, 
the consortium has grown to include George Washington University (GWU) and NASA 
Langley Research Center (LaRC).  The initial goal of the consortium was to create a material 
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model flexible enough to represent the wide range of properties, accumulated damage 
behavior, and the many different types of failure in composites.  Some of the desired features 
of the new material model were: 
 

• Deformation and Damage Model with generalized, tabulated input, stress-strain 
curves for nondamage related behavior 

• Input parameters based upon standard mechanical property tests 
• Explicit modeling of interlaminar delamination via tiebreak contact and cohesive zone 

elements 
• Strain rate and temperature effects included 
• Strain based damage and failure parameters 
• Implemented for both shell and solid elements 
• Extremely fast computationally 

 
The initial development of *MAT_213 started with funding from the FAA in 2012. 
Subsequently, additional funding was obtained from NASA as a part of the Advanced 
Composites Project (ACP) in 2015.  The ACP project was undertaken with a goal to develop 
theory, algorithms, experimental techniques, and analysis methods to reduce the total time 
taken for the development and certification of new composite structures.   Currently, the 
certification process can take 10 to 20 years.  One goal in developing this next generation 
material model is to reduce certification time to 3 to 5 years. 
 
*MAT_213 was created to be a fully generalized material model suitable for use with any 
composite architecture (unidirectional, woven or braided).  The *MAT_213 algorithm is 
divided into three components: deformation, damage, and failure.  Specifically, the 
deformation submodel simulates the nonlinear material response of the composite (due to 
either deformation or damage), the damage submodel simulates the nonlinear 
unloading/reloading due to stiffness reduction, and the failure submodel predicts when the 
failure criterion is satisfied and erodes the element appropriately.  Additional details of each 
of these three submodels are provided in the next subsections of the paper.  Finally, 
information on the development and application of *MAT_213 is provided in References 7, 
14–35. 
 
However, before describing the *MAT_213 submodels, it is important to examine the input 

cards for *MAT_213, which are listed in Table 2.  The units are lb-in-s for this case.  *MAT 

213, like any other model, is completely flexible in terms of the units that are used, as long 
as they are consistent.  As mentioned previously, most of the parameters listed in Cards 1 
and 2 of Table 2, are used by LS-DYNA® to perform internal computations.  For example, 
setting AOPT = 2.0 tells LS-DYNA® that a local coordinate system is defined as the cross 
product of two vectors (a and d) that are defined on Cards 3 and 4.  Also, note that in Table 
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2, lines that begin with $# are comments in an actual input deck.  The definition of each 
parameter is provided in Table 3, which is reprinted from the *MAT_213 User’s Guide [35].  
Finally, please note that the input values in Table 2 are representative of hybrid carbon-
Kevlar® plain-weave fabric.  The detailed explanation of how these values were generated 
is provided in Section 4.0.  Additionally, omitted values are assumed to have the specified 
default values listed in Reference 35.   The initial moduli inputs are used in the process of 
determining the initial time steps in the simulation and other initialization actions.  However, 
moduli used in the core of the analysis are computed based on the input stress-strain data. 
 

Table 2.  *MAT_213 Input Cards 
*MAT_213 
$# Card 1 
$#        mid RO EA EB EC PRBA PRCA PRCB 

1 1.29E-4 6.42E6 2.68E6 2.68E6 0.1095 0.048 0.048 
$# Card 2 
$#      GAB GBC GAC PTOL AOPT MACF FILT VEVP 

3.26E5 3.26E5 3.26E5 1.0E-6 2.0 1  0 
$# Card 3 
$#         XP YP ZP A1 A2 A3   

   1 0 0   
$# Card 4 
$#         V1 V2 V3 D1 D2 D3 BETA TCSYM 

   1 1 0  0 
$# Card 5 
$#       H11 H22 H33 H12 H23 H13 H44 H55 

0.007 0.082  -.00085   3.875  
$# Card 6 
$#       H66 LT1 LT2 LT3 LT4 LT5 LT6 LT7 

 1001 1002  1004 1005  1007 
$# Card 7 
$#        
LT8 

LT9 LT10 LT11 LT12 YSC DFLAG DC 

  1010   100 1 50 
$# Card 8 
$#FCTYPE FV0 FV1  FV2 FV3 FV4 FV5 FV6 

3 100  2 9013    
$# Card 9 
$#       FV7 FV8 FV9 FV10 FV11 FV12 FV13 FV14 
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$# Card 10 
$#BETA11 BETA22 BETA33 BETA44 BETA55 BETA66 BETA112 BETA23 

        
$# Card 11 
$#BETA13 Cp TQC TEMP PMACC    

        
 
Parameters used by the *MAT_213 plasticity algorithm and the deformation submodel 
include PRBA, PRCA, PRCB, FILT, VEVP and the parameters on Cards 5-7, excluding 
DFLAG and DC.  These two parameters are the only ones used in the *MAT_213 damage 
submodel.  Parameters listed on Cards 8-11 are used specifically in the MAT_213 failure 
algorithm. All parameters are described in the *MAT_213 User’s Guide [Reference 35] and 
are repeated here in Table 3.  Please note that the Remarks listed in Table 3 can be found 
in Appendix A.  Additionally, note that multiple parameters point to separate tables and 
curves that may be required (e.g., LT1 and LT12) or optional input (e.g., DC). 

 
Table 3. Definition of *MAT_213 Parameters 

Parameter Symbol Description 
MID  Material identification number  
RO  Mass density 
EA EA Young’s modulus in the A-direction 
EB EB Young’s modulus in the B-direction 
EC EC Young’s modulus in the C-direction 

PRBA  Elastic Poisson’s Ratio, BA 

PRCA C Elastic Poisson’s Ratio, CA 

PRCB CB Elastic Poisson’s Ratio, CB 

GAB GAB Shear modulus, A-B plane 
GBC GBC Shear modulus, B-C plane 
GCA GCA Shear modulus, C-A plane 
PTOL  Yield function tolerance used during plastic multiplier calculations  

AOPT  Material axis option:  
EQ.0.0: locally orthotropic with material axes determined by element 
nodes 1, 2, and 4, as with *DEFINE_COORDINATE_NODES.  
EQ.1.0: locally orthotropic with material axes determined by a point in 
space and the global location of the element center; this is the a-
direction. This option is for solid elements only.  
EQ.2.0: globally orthotropic with material axes determined by vectors 
defined below, as with *DEFINE_COORDINATE_VECTOR.  
EQ.3.0: locally orthotropic material axes determined by rotating the 
material axes about the element normal by an angle, BETA, from a line 
in the plane of the element defined by the cross product of the vector v 
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with the element normal.  
EQ.4.0: locally orthotropic in cylindrical coordinate system with the 
material axes determined by a vector v, and an originating point, P, 
which define the centerline axis. This option is for solid elements only.  
LT.0.0: the absolute value of AOPT is a coordinate system ID number 
(CID on *DEFINE_COORDINATE_NODES).  

MACF  Material axes change flag for brick elements:  
EQ.1: No change, default,  
EQ.2: switch material axes A and B,  
EQ.3: switch material axes A and C,  
EQ.4: switch material axes B and C.  

FILT  Factor for strain rate filtering (optional):  
εi 1avg 1 FILT   εi 1cur  FILT εiavg  
where i is the previous time step. The value of FILT is between 0 and 1.   

VEVP  Flag to control viscoelastic and viscoplastic behavior:  
EQ.0: viscoplastic only with no rate effects in elastic region 
(default)  
EQ.1: viscoelastic and viscoplastic (see cards 10 & 11)  

XP, YP, ZP   Coordinates of point p for AOPT = 1 
A1, A2, A3   Components of vector a for AOPT = 2 
V1, V2, V3   Components of vector v for AOPT = 3  
D1, D2, D3   Components of vector d for AOPT = 2  

BETA  Material angle in degrees for AOPT = 3, may be overridden on the 
element card, see *ELEMENT_SHELL_BETA or 
*ELEMENT_SOLID_ORTHO.  

TCSYM  Flag for handling tension-compression asymmetry in all three material 
directions:  
EQ.0: Do not adjust user-defined data (default)  
EQ.1: Compute and use average of tension and compression elastic 
moduli in adjusting the stress-strain curve. See Remark 7.  
EQ.2: Use compression modulus as user-defined tension modulus in 
adjusting the stress-strain curve. See Remark 7.  
EQ.3: Use tension modulus as user-defined compression modulus in 
adjusting the stress-strain curve. See Remark 7.  
EQ.4: Use user-defined tensile curve as the compressive curve 
overriding the user-defined compressive curve. This implies that the 
normal stress-strain curves are symmetric including yield values.  
EQ.5: Use user-defined compressive curve as the tensile curve 
overriding the user-defined tensile curve. This implies that the normal 
stress-strain curves are symmetric including yield values.  

H11, H22, 
H33, H12, 
H23, H13, 
H44, H55, 

H66  

 Plastic flow rule coefficients. H33, H55 and H66 are not 
required for shell elements.  
See Remark 1.  

LTi, i=1,12   TABLE_3D ID’s containing temperature and strain rate dependent 
stress-strain input curves for the 12 separate tests (LT: 3D Load 
Tables):  
LT1-3: Tension A, B, C directions,  
LT4-6: Compression A, B, C directions,  
LT7: Shear a-b plane,  
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LT8: Shear b-c plane,  
LT9: Shear a-c plane, 
LT10: 45° Off-axis a-b plane Tension or Compression,  
LT11: 45° Off-axis b-c Tension or Compression,  
LT12: 45° Off-axis a-c Tension or Compression.  
For shell elements: LT3, LT6, LT8, LT9, LT11 and LT12 are not 
required while LT10 is optional.  
See Remarks 2, 8 and 9.   

YSC  Load curve ID containing the stress-strain curve ID’s and 
associated initial yield strain values. See Remark 3.  

DFLAG  
 

 Damage formulation flag:  
EQ.0: Based on effective stress (default)  
EQ.1: Based on corrected plastic strain  

DC   Curve ID that specifies which components of the damage model 
are active. It contains the damage parameter ID and the 
corresponding damage versus total strain curve ID. Set this value 
to zero if damage should not be included in the analysis. See 
Remark 4.  

FCTYPE   Failure criterion type:  
EQ.0: No Failure considered (default)  
EQ.1: Puck Failure Criterion (PFC) (solid elements only)  
EQ.2: Tsai-Wu Failure Criterion (TWFC) (solid elements only)  
EQ.3: Generalized Tabulated Failure Criterion (GTFC)  
See Remarks 5 and 6 for FCTYPE, FV1, … FV12 input 
parameters. Tsai-Wu Failure Criterion and Generalized 
Tabulated Failure Criterion are abbreviated TWFC and GTFC, 
respectively. It should be noted that *DEFINE_ELEMENT_ 
EROSION_SHELL keyword is required for element erosion for 
shell elements.  

FV0 – FV14  These parameters depend on the selected failure criteria 
Please find additional information in Reference 35. 

BETA11-
BETA66 

 These parameters are used to define VEVP parameters. 

cp  Specific heat capacity (per unit mass)  
TQC  Taylor-Quinney Coefficient  

TEMP  This is the reference (initial) temperature used to obtain the 
corresponding stress-strain curves.  

PMACC  Plastic multiplier computational accuracy  
EQ. 0: Use up to a maximum of 1000 increments (default)  
EQ. N: Specify a positive value N greater than 1 as the maximum 
number of increments. An error message is issued if a converged 
solution cannot be found.  

 
It should be noted that full implementation (e.g. deformation, damage and failure) of 
*MAT_213 requires additional input, beyond the parameters shown in Table 2.  In fact, for 
the model simulations performed and documented in this report, four separate files were 
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created to fully define *MAT_213.  These are 12_MAT213.k (master input curve), 
13_MAT213_InputCurves_wDamage.k (input curves and yield strains), 14_DAMAGE.k 
(damage parameters), and 15_FAILURE_SURFACE.k (failure parameters).  Consequently, 
these four files are reprinted in Appendix B. 
 
3.1 Deformation Submodel 
 
The deformation submodel is a strain-hardening orthotropic plasticity model which is 
generated by utilizing a yield function with the functional form of the Tsai-Wu composite 
failure criteria [36] and a nonassociative flow law.  The input needed for the plasticity-based 
deformation submodel can be derived from a set of twenty experiments performed under 
uniaxial stress conditions: uniaxial tension in each of the three Principal Material Directions 
(PMDs), uniaxial compression in each of the three PMD, pure shear in each of the three 
Principal Material Planes (PMP), and optionally-defined 45° off-axis tension or compression 
in each of the three PMP.  The PMDs are referred to as the 1, 2, and 3 directions, 
respectively (analogous to the a, b, and c material directions in the LS-DYNA® keyword 
user’s manual [5]).  For a general orthotropic material, the twenty experiments are expected 
to be performed under Quasi Static and Room Temperature (QS-RT) conditions during 
laboratory testing or virtual testing.  Each of the experiments may be performed at various 
combinations of temperature and strain rate to provide additional input to *MAT_213.  
However, if shell elements are used, the required number of experiments can be reduced to 
five. These five experiments are uniaxial tension in each of the two in-plane PMDs, uniaxial 
compression in each of the in-plane PMDs and in-plane pure shear.  The requirement for in-
plane off-axis test data is optional for shell and solid elements.   
 
The plasticity algorithm relies heavily on input of the constant flow rule coefficients, H11 
through H66, which are found on cards 5 and 6 of the input deck (see Tables 2 and 3).  The 
flow rule coefficients are used to reflect the development of plastic strain in the material.  
Note that a software program was developed at ASU to assist in calculating the flow rule 
coefficients based on tabulated input curves [37].  In fact, the flow rule coefficients listed in 
Table 2 for the hybrid carbon-Kevlar® plain-weave fabric were provided by ASU, based on 
the available test data.  
 
In addition to plasticity, the deformation submodel also supports viscoelastic/viscoplastic 
behavior and thermomechanical effects using optional user-supplied input.  The input stress-
strain curves are converted into effective stress-effective plastic strain during the pre-
processing step, which is later used to compute the yield function coefficients during the 
simulation. The effective plastic strain is used as a tracking parameter to see where the 
current load state lies on each of the stress-strain curves.  Both the effective stress versus 
total strain and the effective stress versus effective plastic strain need to have positive 
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slopes.  It should be noted that beyond the end of each curve, an extrapolation is conducted 
using the last two points in each curve.  For additional information on the deformation 
submodel, the reader is referred to References 7, 20, 25, 28-29, and 31. 
 
3.2 Damage Submodel 
 
In a practical sense, the damage submodel is a “wrapper” around the deformation model.  
The damage model converts the stresses from the true stress space to the effective stress 
space.  The deformation/plasticity model then utilizes the effective stresses to track the 
evolution of the material response.  The new stresses computed using the deformation 
model are then converted back into the true stress space to reflect the actual material 
response.  The damage model can be used both to capture nonlinear unloading before the 
peak stress is reached and stress degradation after the peak stress is reached.  Unloading 
tests and simulations can be used to distinguish between softening due to plasticity and 
damage. 
 
For *MAT_213, only two parameters are required to initiate the damage submodel: DFLAG 
and DC.  These parameters are found on Card 7 of the *MAT_213 input, as shown in Table 
2.  DFLAG serves as a damage formulation flag.  If it is set to 0 (default), then damage is 
based on effective stress.  If it is set to 1, then damage is based on the corrected plastic 
strain. The DC parameter identifies a curve ID that specifies which components of the 
damage model are active. It contains the damage parameter ID and the corresponding 
damage versus total strain curve ID. If damage is not to be included in the analysis, then DC 
should be set to 0.  
 
Finally, the damage model is optional.  If a user truly just wants a deformation only analysis, 
damage is not needed.  Also, even though only two parameters are included in the input 
deck, setting up the tabulated curves required for the damage model can be complex, 
particularly for the prepeak stiffness reduction.  Consequently, users should be aware that 
setting up and using the damage model is not a trivial process.  
 
3.3 Failure Submodel 
 
Three different failure models are implemented in *MAT_213 and they can be activated one 
at a time. These are: Puck Failure Criteria (PFC), Tsai-Wu Failure Criteria (TWFC) and 
Generalized Tabulated Failure Criteria (GTFC). Of these three failure models, only GTFC 
utilizes tabulated parameters. Note that Puck and Tsai-Wu are existing failure criteria, while 
GTFC was developed for *MAT_213. The number of parameters required are different for 
each of the implemented failure submodels.  The selection of the failure criteria to be used 
is designated by the parameter FCTYPE, which can be set to 0 for no failure, 1 for the PFC, 
2 for TWFC, and 3 for GTFC.  As indicated in Table 2, the failure criterion selected for the 
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present simulations was GTFC, or FCTYPE equal 3.  Additional information on the failure 
submodel can be found in References 7, 15-16, 18. 
  
4.0 DEVELOPMENT OF A *MAT_213 MODEL FOR HYBRID CARBON-KEVLAR® PLAIN-
WEAVE FABRIC BASED ON MATERIAL CHARACTERIZATION TEST DATA 
 
As mentioned previously, *MAT_213 is based on tabulated test data, and, as a reminder, 
the shell formulation of *MAT_213 requires input from five tests: longitudinal tension, 
transverse tension, longitudinal compression, transverse compression, and shear.  The off-
axis test input is optional.  For the hybrid carbon-Kevlar® plain-weave fabric, only a limited 
set of test data were available including longitudinal tension, transverse tension, and biaxial 
tension.  In this case, the compression properties were assumed to be identical to the tensile 
properties.  Also, the biaxial tension data were used to derive shear properties, as well as 
for the optional off-axis curve.  This section of the report will describe the available test data 
and show test-analysis comparisons between test data and *MAT_213 predicted responses. 
 
4.1 Material Characterization Data 
 
A close-up photograph of the hybrid carbon-Kevlar® plain-weave fabric is shown in Figure 
1, in which the carbon fibers are oriented vertically (warp direction) and the Kevlar® fibers 
are oriented horizontally (fill direction).  The hybrid material is composed of T300 carbon and 
Kevlar® 49. The resin is a West System 105 resin with 205 hardener.  Specimen fabrication 
was performed using a wet layup with curing at room temperature for a minimum of 24 
hours.  This hybrid material was used to fabricate all coupons and the energy absorbers 
described herein.  Note that *MAT_213 does not represent the individual fibers within a layer 
of fabric material, and, instead, represents each layer in the composite laminate with overall 
effective properties. 
 
A limited set of material characterization tests were performed on the hybrid carbon-Kevlar® 
fabric, including tensile tests of coupons in which the carbon fibers were oriented in the 0° 
longitudinal (axial) direction, tensile tests of coupons in which the carbon fibers were oriented 
in the 90° transverse direction, and tensile tests of coupons in which the carbon fibers were 
oriented in a ±45° direction.  These tests were performed on 10 in. x 1 in. coupons with a 
gauge length of 6 in., and a 4-ply stacking sequence, with total thickness of approximately 
0.04 in.  Tensile tests were conducted in accordance with the American Society of Testing 
and Materials (ASTM) 3039 [38], and in-plane shear tests were conducted in accordance 
with ASTM 3518 [39]. 
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Figure 1.  Hybrid carbon-Kevlar® plain-weave fabric. 

 
The longitudinal tensile stress versus strain response is plotted in Figure 2(a), which 
represents the average response obtained from three repeated tests of coupons in which 
the carbon fibers are oriented at 0° with respect to the axial direction.  Stress was determined 
by dividing the measured load, recorded on a MTS load-test machine, by the cross-sectional 
area of the specimen.  Strain was determined at three locations along the length of the gauge 
section using Digital Image Correlation (DIC) in conjunction with a speckle pattern that was 
sprayed onto the specimen.  The three strain measurements were averaged for each test.  
The longitudinal tension response is nearly perfectly linear elastic until a maximum stress of 
89,386 psi, at which point a load drop occurs indicating loss of load-carrying capability in the 
coupon.  Unfortunately, the test was stopped at this point and no additional “post-peak 
degradation” response was measured.  The parameter EA, Young’s modulus in the A-
direction, was obtained from this plot (see Table 2).  Also, the data shown in Figure 2(a) 
were input as tabulated data assigned to LT1, which is a *DEFINE_TABLE_3D identification 
(ID) containing temperature and strain rate dependent stress-strain input curves (ID 1001).  
Please note that the longitudinal tension data, shown in Figure 2(a), were input without 
filtering or smoothing.  In addition, since no longitudinal compression data were available, 
the tabulated data from Figure 2(a) were also assigned to LT4 (*DEFINE_TABLE_3D, ID 
1004). 
 
Test results are plotted in Figure 2(b) for transverse tensile stress versus strain from 
coupons in which the carbon fibers are oriented at 90° with respect to the axial direction. 
Two coupon responses were averaged to obtain the response.  A reference line is added in 
the plot which begins at the origin and matches the elastic response of the test curve.  Unlike 
the longitudinal tension curve, the transverse response exhibits a short period of linear 
elastic response followed by a nonlinear response.  The transition between linear and 
nonlinear behavior initiates at a strain of 0.006 in/in.  A load drop occurs at 53,315 psi 
indicating initial failure of the coupon.  Unfortunately, the test was stopped at this point and 
no additional post-peak degradation was recorded.  The parameter EB, Young’s modulus in 
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the B-direction, was obtained from this plot (see Table 2).  The data shown in Figure 2(b) 
were input as tabulated data assigned to LT2 (*DEFINE_TABLE_3D, ID 1002), without 
filtering or smoothing.  In addition, since no transverse compression data were available, the 
tabulated data from Figure 2(b) were also assigned to LT5 (*DEFINE_TABLE_3D, ID 1005). 
 
Average test results are plotted in Figure 2(c) for two coupons in which the carbon fibers are 
oriented at ±45° with respect to the axial direction.  This biaxial tension test is used to derive 
shear properties of the material.  Also, the averaged curve was filtered to remove high 
frequency oscillations.  Shear stresses and shear strains (and the corresponding shear 
stress versus shear strain curve) were approximated using procedures based on standards 
and equations discussed in References 40-42.  Given the lack of shear test data and 
transverse strain data, these curves are most likely approximations and can be refined 
based on the results of future testing.  Obviously, both the biaxial tension and shear 
responses, shown in Figures 2(c) and 2(d), are highly nonlinear.  The data shown in Figure 
2(c) were converted to shear stress versus shear strain and are plotted in Figure 2(d).  The 
parameter GAB, shear modulus in the A-B plane, was obtained from this plot (see Table 2).  
The data shown in Figure 2(d) were input as tabulated data assigned to LT7 
(*DEFINE_TABLE_3D, ID 1007).  In addition, since *MAT_213 allows for input of off-axis 
data, the tabulated data from Figure 2(c) were also assigned to LT10 (*DEFINE_TABLE_3D, 
ID 1010).  
 
To further clarify how the test curves, shown in Figure 2, are input into *MAT_213, lines of 
code from the LS-DYNA® file containing the tabulated curves are listed in Figure 3.  The 
example shown is for the longitudinal tension load curve.  While temperature dependency 
can be easily ignored, strain rate dependency must be included, even if strain rate test data 
are not available.  For example, in Figure 3, the *DEFINE_TABLE_3D card establishes the 
base temperature as 21° C.  Next, the *DEFINE_TABLE card establishes two input load 
curves, Load Curve ID (LCID) 1111 at a strain rate of 0.0 s-1 and LCID 10000001 at a strain 
rate of 1.0 s-1.  Since no strain rate data were available for the hybrid carbon-Kevlar® plain-
weave fabric, LCID 1111 and LCID 10000001 are identical.  Note that all load curves were 
input to the 13_MAT213_InputCurves_wDamage.k file. 
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                     (a) Longitudinal response.                    (b) Transverse tensile response. 

 

        
                        (c) Biaxial tension response.                        (d) Shear response. 
 

Figure 2. Material characterization test results. 
 

Before moving on, it is worth mentioning that beginning users of *MAT_213 should know 
that entering tabulated test data from load curves can present numerous difficulties.  First, 
the tabulated data must be input in ascending order.  Often it may be necessary to filter the 
test data to remove oscillations.  Second, it may be best to input the test data for a fixed 
number of points.  For example, one hundred points per load curve is sometimes used.  
When error messages occur, it is best to refer to the *MAT_213 User’s Guide [35].  
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4.2  Test-Analysis Comparison with Material Characterization Data 
 
This section of the paper presents test-analysis comparisons between material test data and 
model predictions.  The section is divided into four subsections:  Comparison with 
Longitudinal Tension Test Data, Comparison with Transverse Tension Test Data, 
Comparison with Biaxial Tension Test Data, and Comparison with Shear Test Data.  For all 
simulations, the *MAT_213 model, shown in Table 2, was used with no changes.  The GTFC 
was specified for each simulation and three modes of failure were enabled including 
longitudinal tension, transverse tension, and shear. 
 

 
Figure 3. Lines of code from the file containing tabulated stress-strain test data. 

 
A simple finite element model was developed and executed to represent the material 
characterization tests previously described.  Instead of simulating the actual 1-in. x 6-in. 
gauge section of the coupon, a 1-in. x 1-in. model was developed, which provided a more 
uniform stress distribution across the width of the specimen.  The model, shown in Figure 4, 
contained 289 Belytschko-Tsay shell elements, 329 nodes, and 1 material property 
(*MAT_213) and had a nominal element edge length of 0.0588 in.   Four layers were input 
using the *PART_COMPOSITE feature in LS-DYNA® which allows the user to assign ply 
thickness, orientation, and material property for each layer in the composite.  A Single Point 
Constraint (SPC) was defined to fix the nodes on the left side of the model.  In addition, the 
nodes on the right side of the model were assigned a boundary prescribed motion card such 
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that, at the start time, the displacement in the x-direction was zero and at the end time (0.5 
s) it was a prescribed value based on the test being simulated.  The model was loaded slowly 
to minimize the kinetic energy of the simulation, thus recreating the quasi-static conditions 
used during the test.  Output from the model included the SPC force at each node on the 
left side of the model.  These forces were summed and divided by the cross-sectional area 
of the specimen to obtain stress.  Strain was derived as a ratio of the time and displacement 
and was divided by the original length (1 in.) of the specimen.  To further clarify this 
statement, an example illustrating the method used to determine strain is described, as 
follows.   
 
The end time of the simulation (0.5 s) and the maximum displacement (0.02 in.) are known 
values.  A ratio is formed, as shown in Eqn. 1: 
   

Time(s) Displ(in)               (1) 
0.5       =         0.02 

 
Then, solving for displacement as a function of time yields Eqn. 2:      
 
                                                       Displ (in) = 0.02 x Time(s)              (2) 

                                                                     0.5 
        
Calculating displacement for the example case is shown in Eqn. 3: 
 

Displ(in) = 0.04 x Time(s)              (3) 
 
Finally, since strain is displacement/length, then: 

 
    Strain = 0.04 x Time(s)                        (4) 
                                            1.0-in. 
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Figure 4. Tensile coupon model. 

 
4.2.1 Comparison with Longitudinal Tension Test Data 
For the longitudinal tension simulation, four plies were input using *PART_COMPOSITE.  
Each ply was 0.0117-in. thick, giving the laminate a total thickness of 0.047 in.  The model 
was executed for an end time of 0.5 s and a maximum displacement of 0.02 in.  The model 
required 36 hours and 56 minutes of Central Processing Unit (CPU) running the Massively 
Parallel Processing (MPP) developmental version of LS-DYNA® on a Linux-based 
workstation with 8 processors.  The excessively long run time was attributed to the fact that 
the parameter TSSFAC, which is used to control the time step, was mistakenly set to 0.1.  
Note that the default value of TSSFAC is 0.9. 
 
A plot showing the longitudinal tensile test response and the *MAT_213 predicted response 
is shown in Figure 5(a).  The model matches the linear elastic stiffness of the test response 
exactly.  The *MAT_213 model predicts the maximum stress and failure almost perfectly.  
The *MAT_213 response shown in Figure 5(a) was generated by summing the SPC forces 
at the nodes on the left edge of the model and dividing by the cross-sectional area.  The 
strain was calculated as a ratio of time and displacement using the method described 
previously.  Some analysts may not approve of using this approach for calculating stress 
and strain due to the influence of boundary conditions on the response.  Consequently, a 
plot of element stress and strain in the x-direction is shown in Figure 5(b) for Elm 145, which 
is located directly in the center of the tension coupon model (see Figure 4), along with the 
test response.  The predicted curve shown in Figure 5(b) is nearly identical to the one shown 
in Figure 5(a).  As a result, the SPC-method will continue to be used to generate predicted 
response data in the remainder of the paper. 
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         (a) Test versus *MAT_213 using SPC.        (b) Test versus element x-stress-strain. 
 

Figure 5. Test-analysis comparisons of longitudinal tension response. 
 
4.2.2 Comparison with Transverse Tension Test Data 
For the transverse tension simulation, four plies were input using *PART_COMPOSITE.  
Each ply was 0.0117-in. thick, giving the laminate a total thickness of 0.047 in.  The same 
tension coupon model, shown in Figure 4, was used for this simulation.  The model was 
executed for an end time of 0.5 s and a maximum displacement of 0.03 in. and required 37 
hours and 12 minutes of CPU running the MPP version of LS-DYNA® on a Linux-based 
workstation with 8 processors.  The excessively long run time was again attributed to the 
fact that the parameter TSSFAC, which is used to control the time step, was set to 0.1.  Note 
that the default value of TSSFAC is 0.9.  
 
A plot showing the transverse tensile test response and the *MAT_213 predicted response 
is shown in Figure 6.  The model matches the initial linear elastic portion of the test response 
well.  As nonlinearity develops in the test response beginning at 0.006 in/in strain, the 
predicted response exhibits deviations from the test response, which are subsequently 
restored.  The “stair step” behavior is likely due to the influence of damage parameters.  The 
*MAT_213 model over predicts the maximum stress and failure strain. The test response 
has a maximum stress of 53,315 psi and exhibits failure at a strain of 0.025 in/in. The 
predicted response has a maximum stress of 61,833.3-psi and a failure strain of 0.028 in/in.  
Thus, the *MAT_213 predicted response has a 16% higher failure stress than the test and 
a 12.7% higher failure strain. 
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Figure 6. Test and analysis transverse tensile responses. 

  
4.2.3. Comparison with Biaxial Tension Test Data 
For the biaxial tension model, four ±45°plies were assigned to the tensile coupon model (see 
Figure 4) using the *PART_COMPOSITE command.  Each ply was 0.0117-in. thick, giving 
the laminate a total thickness of 0.047 in.  The model was executed for an end time of 0.5 
s, a maximum displacement of 0.25 in. and required 31 hours and 16 minutes of CPU 
running the MPP version of LS-DYNA® on a Linux-based workstation with 8 processors.  
Once again, the excessively long run time was attributed to the fact that the parameter 
TSSFAC, which is used to control the time step, was set to 0.1.  Note that the default value 
of TSSFAC is 0.9. 
 
Test-analysis comparisons are shown for the biaxial tension model in Figures 7(a) and 7(b).  
The first plot shows that the *MAT_213 response matches the test response up to a stress 
of 9,000 psi and a strain of 0.03 in/in.  After that point, the predicted stress begins to reduce 
dramatically until it hits zero at 0.125 in/in strain.  As a reminder, the *MAT_213 material 
parameters listed in Table 2 were used for this simulation, which has three active damage 
modes (longitudinal tension, transverse tension, and shear).  It was determined by 
examining fringe plots of the damage parameters that both longitudinal tension and 
transverse tension damage modes were activated and interfering with the shear response.  
A solution was found that did not involve changing *MAT_213.  For the biaxial model, an 
extra constraint was added along the bottom edge of nodes (see Figure 4) to limit y-
displacement.  With this added constraint, the *MAT_213 model accurately predicted the 
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biaxial tension response up to a strain value of 0.06 or 0.07 in/in, as shown in Figure 7(b).  
During the test, beginning at 0.08 in/in strain, the fibers in the ±45° laminate start to realign 
themselves with the direction of loading until failure occurs.  The *MAT_213 material model 
does not have the capability of predicting this type of response.  Additionally, some of the 
discrepancies should be expected since *MAT_213 assumes small strains. 
  
 

 
         (a) Initial test-analysis comparison.    (b) Revised simulation with added constraint. 
 

Figure 7. Test-analysis comparisons for biaxial tension. 
 

For the biaxial tension simulation with added y-displacement constraint, a fringe plot of 
history variable 18 for shell elements is shown in Figure 8.  History variable 18 is strongly 
associated with shear.  The large band of red moving across the coupon resembles a shear 
wave and is indicative of the loading experienced by the coupon. Note that history variables 
for shell elements can be different than those used for solid elements. 
  
 



 

 28 
 

 
Figure 8. Contour plot of history variable 18. 

 
4.2.4 Comparison with Shear Test Data 
The predicted shear response, shown in Figure 9(a), exhibits the same behavior as the initial 
biaxial tension model.  In this case, the stress and strain values at which the load begins to 
drop are lower due to the shear conversion.  However, the simulation that was performed 
with additional y-displacement constraint of the bottom nodes, shows excellent agreement 
with the test data up to a stress of 5,300 psi and a strain of 0.05 in/in, as shown in Figure 
9(b).   
 

      
        (a) Initial test-analysis comparison.    (b) Revised simulation with added constraint. 
 

Figure 9. Test-analysis comparisons for shear. 
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5.0 APPLICATION OF *MAT_213 TO SIMULATE THE CRUSHING RESPONSE OF 
TWO COMPOSITE ENERGY ABSORBERS 
 
In 2012, the NASA Rotary Wing (RW) Crashworthiness Program [43] initiated the TRACT 
research program by obtaining two CH-46E helicopter airframes from the Navy CH-46E 
Program Office (PMA-226) at the Navy Flight Readiness Center in Cherry Point, North 
Carolina.  Full-scale crash tests were conducted to assess dynamic responses of transport-
category rotorcraft under combined forward and vertical impact loading. The first crash test, 
TRACT 1 [44], was performed at the NASA LandIR Facility.  Impact tests conducted at 
LandIR provide data that enable the study of critical interactions between the airframe, seat, 
and occupant during a controlled crash environment. The CH-46E airframe is categorized 
as a medium lift rotorcraft with length and width of 45 and 7 ft, respectively, and a capacity 
for 5 crew and 25 troops.  TRACT 1 was conducted in August 2013 under combined 
conditions of 300-in/s (25-ft/s) vertical and 396-in/s (33-ft/s) forward velocity onto soil, which 
is characterized as a sand/clay mixture. The primary objectives for TRACT 1 were to assess 
improvements in occupant loads and flail envelope with the use of crashworthy features 
such as pretensioning active restraints and load-limiting seats and to develop novel 
techniques for photogrammetric data acquisition to measure occupant and airframe 
kinematics [44].  Pre- and post-test photographs of the TRACT 1 crash test are shown in 
Figure 10. 
 

 
                         (a) Pretest photograph.                           (b) Posttest photograph. 
 

Figure 10. Pre- and post-test photographs of the TRACT 1 full-scale crash test. 
 
The TRACT 1 airframe was tested in a baseline configuration with no changes to the 
structural configuration, including the discrete aluminum shear panels in the subfloor.  It is 
important to note that the CH-46E does not contain a center keel beam; hence the airframe 
relies on the aluminum shear panels, the cargo rails in the floor, and the airframe structure 
to provide longitudinal and torsional stiffness.  A final objective of TRACT 1 was to generate 
crash test data in a baseline configuration for comparison with data obtained from a similar 
TRACT 2 crash test.  The crash test of the second CH-46E airframe (TRACT 2) was 
conducted on October 1, 2014 and was performed for the same nominal impact velocity 
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conditions and onto the same sand/clay surface [8].  The difference is that the TRACT 2 
airframe was retrofitted with three different composite energy absorbing subfloor concepts 
located in the midcabin region: a corrugated web design [45, 46] fabricated of carbon fabric; 
the conusoid fabricated of four layers of hybrid carbon-Kevlar® fabric [9]; and, the sinusoid 
foam sandwich design, fabricated of the same hybrid fabric face sheets with a foam core 
[10].  While the TRACT 2 airframe contained similar seat, occupant, and restraint 
experiments, one of the major goals of the test was to evaluate the performance of novel 
composite energy absorbing subfloor designs for improved crashworthiness. 
 
Following the TRACT 1 crash test, a research effort was initiated to develop two composite 
energy absorbers for retrofit into the TRACT 2 test article. The design goals were to limit the 
average vertical accelerations to between 25 to 40 g on the floor, to minimize peak crush 
loads, and to generate relatively long crush stroke limits under dynamic loading conditions, 
typical of those experienced during the TRACT 1 crash test [44].  To further clarify the design 
goals, it is important to note that the loading conditions on the frames of the TRACT 1 crash 
test provided dynamic crush loads of approximately 2,500 to 4,000 lb. per linear foot, 
measured from one side of the floor to the other (a distance of 60 in. or 5 ft).  These values 
are determined by multiplying the design acceleration levels (25 to 40 g) by the floor mass 
loading of 100 lb per linear foot.  Note that the weight times the g-factor equals the force. 
The loading condition was based on seat and occupant loads that were recorded during the 
TRACT1 crash test.  A schematic drawing is shown in Figure 11 illustrating design conditions 
for floor loading. 

 
Figure 11. Floor loading condition schematic. 

 

Figure 11 shows an idealized schematic of the floor and subfloor located at an individual 
fuselage frame.  The floor, which is approximately 5 ft wide, is divided into 5 segments of 1 
ft. length, each having an associated floor loading of 100 lb.  The energy absorbers, depicted 
as individual springs, are designed to limit floor-level accelerations to 25 to 40 g. 
 
Often, design goals for energy absorbers are defined in terms of Specific Sustained Crush 
Stress (SSCS).  The SSCS is a measure of the energy absorbing capability of the material 
and is defined in Eqn 5, as 
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                                               SSCS = Pavg/(A x ρ)               (5)
            
where Pavg is the average sustained crush load, A is the cross-sectional area, and ρ is the 
density of the material.  The SSCS is also the energy absorbed per unit weight of material 
crushed.  Assuming an average acceleration level of 25 g, a floor loading of 100 lb. for a 1-
ft. length, a cross-sectional area of 0.98 in2 and a material density of 0.03486 lb/in3, an SSCS 
value of 72,590 in2/s2 is obtained for a typical conusoid energy absorber.  This value is 
particularly high.  For example, Reference 47 documents the energy absorption capabilities 
of flat plate composite specimens and reports values of SSCS ranging from 28,710 to 40,200 
in2/s2.  Part of the explanation for the high SSCS value is the fact that an average crush load 
is based on the dynamic design goal.  In Reference 9, the average crush load for the 
conusoid is reported between 900 to 1,500 lb, based on quasistatic loading.  Using these 
averages, SSCS is lowered to values between 26,132 and 43,611 in2/s2.  The SSCS is 
typically reported in metric units.  Thus, a SSCS value of 72,590 in2/s2 is converted to 18.1 
Nm/g.  Note that Farley [48] reported SSCS values of between 20 and 75 Nm/g for various 
composite tubes that were subjected to quasi-static compressive loads. 

 
Farley [48, 49], Kindervater [50], Bannerman [51], and Hanagud [52] have investigated the 
crushing response of composite structural elements and sine wave beams.  Farley [49] has 
shown that high values of SSCS are obtained when using hybrid carbon-Kevlar® composites 
in which the carbon fibers are oriented in the same direction as the loading axis and the 
Kevlar® fibers are oriented at 45° to the loading axis.  As stated in Reference 49, “the Kevlar® 
fibers are positioned in the laminate to provide containment and support for the carbon 
fibers, which absorb energy through a combination of crushing and fracturing modes.”  
 
5.1 Description of the Conusoid Energy Absorber 
 
The geometry of the conusoid is based on alternating right side up and upside down half-
cones placed in a repeating pattern.  As such, the conusoid combines a simple cone design, 
which has been extensively studied in the literature [53-56], with sinusoidal beam geometry 
to create a structure that utilizes the advantages of both configurations.  An isometric view 
of the conusoid is shown in Figure 12(a).  Variations in geometry, materials, and laminate 
stacking sequences were evaluated during development of the conusoid and the final design 
consisted of four layers of a hybrid carbon-Kevlar® plain-weave fabric oriented at ±45° with 
respect to the vertical, or crush, direction.  A photograph of a typical conusoid component is 
shown in Figure 12(b).  Dimensions of the component are 12-in. long, 7.5-in. high, with an 
overall width of 1.5 in.  Additional information on the development and fabrication of the 
conusoid energy absorber may be found in Reference 9. 
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5.2 Description of the Sinusoid Energy Absorber 
 
The sinusoid energy absorber consisted of hybrid carbon-Kevlar® plain weave fabric face 
sheets, two layers for each face sheet oriented at ±45° with respect to the vertical, or crush 
direction and a closed-cell ELFOAM® P200 polyisocyanurate (2.0 lb/ft3) foam core.  Sine 
wave energy absorbers have been studied extensively because they offer desirable features 
under compressive loading [57-60].  Energy absorption values from sine wave concepts can 
be similar to values obtained from crush tubes.  In addition, sine wave concepts tend to 
deform in a stable manner through plastic hinge formation and crushing, rather than global 
buckling.  Often, the actual shape of the energy absorber is not truly a sine wave, but a 
series of alternating half circles.  In fact, the sinusoid concept described in this paper is a 
series of half circles with a diameter of 1.75 in.; however, the designation of “sinusoid” will 
continue to be used. 
 

   
                    (a) Schematic drawing.                        (b) Photograph of component. 

 

Figure 12. Isometric view and photograph of a conusoid energy absorber. 
 
The total thickness of a sinusoid component was 1.5 in. with a length of 12 in. and a height 
of 7.5 in. Design parameters were assessed through component testing including different 
materials for the face sheets and different laminate stacking sequences.  Variations in 
sinusoid geometry were not evaluated since an existing mold was used in construction.  A 
photograph of a sinusoid foam sandwich specimen is shown in Figure 13.  Note that, in 
preparation for the component drop test, 0.5-in.-thick polycarbonate plates were attached to 
both the top and bottom surfaces of the specimen. 
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Figure 13. Pretest photograph of a sinusoid foam sandwich component. 

 
5.3 Impact Testing and Simulation of the Conusoid Energy Absorber 
 
The conusoid energy absorber component was dynamically crushed in a 14 ft. drop tower 
with an instrumented 110 lb. falling mass, providing an impact velocity of 264 in/s (22 ft/s). 
The drop mass was instrumented with a 500 g damped accelerometer and data were 
acquired using a National Instruments Data Acquisition System (DAS) sampling at 25 kHz. 
All post-processed acceleration data were filtered using a low-pass 4-pole Butterworth filter 
with a 500-Hz cut-off frequency. A high-speed camera filming at 1 kHz captured the 
deformation time history, which is depicted in Figure 14. The identified failure mechanism is 
folding of the conusoid walls, which is a desirable failure mode that produces a stable and 
constant crush response within the design level of 25 to 40 g. 
 
A depiction of the baseline finite element model representing the conusoid energy absorber 
is shown in Figure 15.  The model contained: 4 parts; 185,940 nodes; 44,294 Belytschko-
Tsay shell elements; 66,380 solid elements, 1 initial velocity card assigned to nodes forming 
the rigid mass, and 1 body load card defining gravity.  The nominal shell element edge length 
is 0.032 in.  The shell elements representing the hybrid carbon-Kevlar® fabric layers were 
assigned *MAT_213, as listed in Table 2.  Once verified through comparison with coupon 
test data, these properties were unchanged for all subsequent simulations of the energy 
absorbers.  It should be noted that during initial conusoid simulations it was discovered that 
the model was 9 in. tall.  Thus, the model was trimmed in the vertical direction to match the 
component height of 7.5 in.  Also, initial simulations exhibited a buckling failure model, not 
seen in the test.  As a result, a ply-drop crush trigger was implemented on the upper edge 
of the conusoid, as shown in Figure 16.  
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Figure 14. High speed video clips of conusoid deformation. 

 

   
         (a) Model with impact mass.                         (b) Model without impact mass. 
 

Figure 15. Pictures of the original conusoid component model. 
 

As shown in Figure 16, the ply-drop trigger was created by generating a new part for the two 
upper rows of elements (shaded red), which were assigned one ply thickness.  The two rows 
of elements below that (shaded blue), were also assigned a new part and were given the 
thickness of two plies. The next two rows of elements (shaded green) were also assigned a 
new part with a thickness of three plies.  All remaining elements were assigned four ply 
layers.  The ply-drop trigger proved to be an effective means to enable stable crushing of 
the conusoid.  The 7.5-in.-high ply-drop conusoid model contained 137,654 nodes; 56,474 
shell elements; 66,380 solid elements; 7 parts; 1 initial velocity card; and, 1 automatic 
contact.  The nominal element edge length is 0.032 in.  Also, note that all of the solid 
elements were used to create the drop mass and were not used in the conusoid model. 
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(a) Conusoid model with ply-drop crush trigger. 

 
(b) Front view. 

Figure 16. Updated pictures of the conusoid model. 
 
For the conusoid, individual ply layers were input using the *PART_COMPOSITE feature in 
LS-DYNA®.  SPCs were used to constrain the nodes forming the bottom plate. In addition, 
the nodes forming the impact mass were assigned an initial velocity of 264 in/s, matching 
the test condition.  The conusoid model was executed using the developmental version of 
LS-DYNA® MPP on a Linux-based workstation with 8 processors and required 163 hours 
and 53 minutes of clock time to execute the simulation for 0.035 seconds.  The excessively 
long run time was attributed to the fineness of the mesh, since TSSFAC was set to 0.9.  
Model output included time-history responses of the drop mass, and image sequences of 
structural deformation. 
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Comparisons of predicted and experimental acceleration and displacement time histories of 
the drop mass are shown in Figures 17(a) and (b), respectively. Since the design goal for 
the energy absorbers was based on average acceleration, these values were determined 
for the test and simulation.  The average acceleration for the test is 28.06 g and for model it 
is 30.2 g, for a pulse duration of 0.0 to 0.025 s, which is a difference of 7.6%.  In addition, 
the *MAT_213 simulation closely matched the peak acceleration, 61.5 g for the test and 63.7 
g for the simulation.  However, the timing of the predicted peak acceleration occurs later in 
time with a delay of 0.0018 s.  The explanation of the delay is the extra time required to 
initially crush the ply-drop trigger.  Maximum crush displacement for the test is 2.9 in. and 
for the model it is 2.7 in., which is a difference of 6.9%.  Thus, the *MAT_213 model did an 
excellent job of predicting the test response. 
 
A sequence of model deformation is shown in Figure 18.  Stable crushing occurs through 
plastic hinge formation and folding, along with some tearing of the conusoid walls.  The 
predicted response matches the model deformation captured by the high-speed camera, as 
shown in Figure 14.  
 

    
               (a) Acceleration responses.                          (b) Displacement responses. 

 

Figure 17. Test-analysis comparisons for the drop test of the conusoid. 
 



 

 37 
 

  
Time = 0.0014 s Time=0.0056 s 

  
Time=0.021 s Time=0.0308 s 

 
Figure 18. Deformation sequence of the conusoid. 

 
5.4 Impact Testing and Simulation of the Sinusoid Energy Absorber 
 
The sinusoid foam sandwich energy absorber was initially evaluated through quasistatic and 
dynamic crush testing of components. A post-test photograph of a typical sinusoid 
component is shown in Figure 19 for a dynamic crush test in which a 113.5 lb mass impacted 
the sinusoid at 265 in/s (22.08 ft/s).  The sinusoid component is approximately 12 in. long, 
7.5 in. high, and 1.5 in. wide.  A flat 0.5-in.-thick polycarbonate plate was glued to both the 
top and bottom surfaces of the specimen.  As shown in Figure 19, the specimen exhibits 
stable, plastic-like deformation with uniform folding of the face sheets and crushing of the 
foam core. Crushing initiates along the top edge of the specimen. Note that the sides of the 
specimen were not covered with face sheets, which allowed splaying of the foam core. 
 
The LS-DYNA® finite element model representing the sinusoid component drop test is 
shown in Figure 20.  The model contained: 53,540 nodes; 7,380 Belytschko-Tsay shell 
elements; 37,515 solid elements; a rigid drop mass; SPCs to fully constrain the bottom 
nodes of the sinusoid; 1 automatic single surface contact; and 3 material definitions.  The 
nodes forming the impact mass were assigned an initial velocity of 265 in/s, matching the 
test condition.  As with the conusoid, the shell elements were assigned *MAT_213, using 
the properties listed in Table 2.  The nominal element edge length in the sinusoid model was 
0.2 inches.  
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Figure 19. Post-test photograph of a sinusoid foam sandwich energy absorber. 
 
 

   
                      (a) Sinusoid component model.              (b) Model without drop mass. 
 

Figure 20. Depictions of the finite element model of the sinusoid component. 
 

The solid elements representing the foam core were assigned *MAT_63 or 
*MAT_CRUSHABLE_FOAM, which is a crushable foam material model in LS-DYNA® that 
allows user input of the stress-strain response of the material in tabular format.  The stress-
strain response of the P200 foam was determined through quasistatic testing of 4 in. x 4 in. 
x 3 in. rectangular blocks.  A plot of the experimental curve obtained at a crush rate of 1.0 
in/minute is shown in Figure 21, along with the stress-strain response used as input to 
*MAT_63.  Note that the input curve matches the test data to a strain of 0.67 in/in.  At this 
point, the test data ends, yet the *MAT_63 input response continues and increases 
dramatically up to 100,000 psi at 1 in/in (note that this data point is not shown in the plot).  
The large “tail” added to the end of the stress-strain response represents compaction of the 
foam and is needed to stabilize the response of the solid elements for high values of 
volumetric strain. 
 
The sinusoid model was executed using the developmental version of LS-DYNA® MPP on 
a Linux-based workstation with 4 processors and a termination time of 0.06 s, which required 
21 hours and 6 minutes to achieve normal termination.  Note that TSSFAC was set to 0.9.  
Model output included time-history responses of the drop mass, and image sequences of 
structural deformation.  



 

 39 
 

 

 
Figure 21. Plot of P200 foam stress-strain response. 

 
Test-analysis comparisons of time-history acceleration and displacement responses are 
plotted in Figure 22 for the sinusoid component crush test.  Based on a pulse duration of 
0.0- to 0.03 s, the average acceleration for the test is 22.11 g and for model it is 22.04 g, 
which is a difference of 0.32%.  Maximum crush displacement for the test is 4.0 in. and for 
the model it is 3.83 in., which is a difference of 4.25%.  Thus, the *MAT_213 model did 
another excellent job of predicting the test response, including the peak acceleration, the 
average sustained crush acceleration, the unloading response, and the maximum crush 
displacement.  

 
 

           
                     (a) Acceleration responses.                (b) Displacement responses. 

Figure 22. Test-analysis time history comparisons for the sinusoid component. 
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The predicted sinusoid model deformation is shown in Figure 23 for six discrete time steps.  
The model exhibits stable crushing through folding and plastic-like deformation of the face 
sheets and crushing of the foam core.  The deformation pattern matches the post-test 
response shown in Figure 19. 
 

 

 

 

 
Time = 0.0 s Time = 0.006 s 

  
Time = 0.012 s Time = 0.018 s 

 

 

 

 

Time = 0.024 s Time = 0.028 s 
 

Figure 23. Predicted sinusoid model deformation. 
 

6.0 COMPARISON OF *MAT_213 RESULTS WITH RESULTS FROM A PRIOR 
SIMULATION USING MATERIAL MODEL *MAT_58 
 
During the TRACT research program at NASA LaRC, finite element simulations were 
conducted to represent all structural impact testing, as documented in Reference 11.  As 
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part of that effort, a material model was developed of the hybrid carbon-Kevlar® plain-weave 
fabric that is described in Reference 13.  The model selected was *MAT_58 or 
*MAT_LAMINATED_COMPOSITE_FABRIC, which is a continuum damage mechanics 
material model used in LS-DYNA® for representing composite laminates and fabrics [61].  
The *MAT_58 model input is listed in Table 4.   Please note that certain parameters, such 
as EA, EB, GAB, etc. were modified slightly from those reported in Reference 13 to match 
those in *MAT_213. Additionally, the *MAT_58 SLIM and ERODS parameters were not 
correlated to match the *MAT_213 input and damage curves. 
 

Table 4. Input parameters for *MAT_58 
 

*MAT_LAMINATED_COMPOSITE_FABRIC 
$#   MID RO EA EB (EC) PRBA TAU1 GAMMA1 

1 1.29E-4 6.42E06 2.68E06 2.68E06 0.1095 4500.0 0.0218 
$#  GAB GBC GCA SLIMT1 SLIMC1 SLIMT2 SLIMC2 SLIMS 
3.26E05 3.26E05 3.26E05 0.8 1.0 0.8 1.0 1.0 
$#AOPT TSIZE ERODS SOFT FS    

2.0 0.0 0.5 0.0 -1    
$#      xp yp zp A1 A2 A3   

0.0 0.0 0.0 1.0 0.0 0.0   
$#      V1 V2 V3 D1 D2 D3 BETA  

0.0 0.0 0.0 1.0 1.0 0.0 0.0  
$# E11C E11T E22C E22T GMS    

0.013 0.0143 0.025 0.025 0.45    
$#     XC XT YC YT SC    
70000.0 89000.0 40000.0 54000.0 8000.0    

 
The *MAT_58 model requires input of material properties in tension, compression, and shear 
to define stress-strain behavior within the lamina or laminate.  The user specifies the in-
plane elastic moduli in two primary directions, designated A (typically used for the 
longitudinal or fiber direction) and B (typically used for the transverse or perpendicular-to-
the-fiber direction) in LS-DYNA®.  The maximum strength values in tension, compression, 
and shear are also specified at corresponding strain values.   A representation of the stress-
strain curve for in-plane tension is illustrated in Figure 24.  The tensile response is initially 
linear elastic with the modulus specified by EA.  Stress increases nonlinearly until XT, the 
maximum strength, is reached, which also corresponds to the strain at the longitudinal 
strength, E11T.  The nonlinear portion of the response is defined internally by LS-DYNA® 
based on a continuum damage approach.  Once XT is reached, the stress is reduced based 
on the “stress limiting” factor, SLIMT1, and is then held constant at the reduced value until 
a strain specified by the ERODS parameter is reached, at which point the individual ply 
within the composite laminate is removed.   
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Figure 24. Typical in-plane tension stress-strain curve used in Mat 58 [13]. 

 
6.1 Comparison of Material Characterization Responses 
  
Test-analysis comparison plots are shown in Figure 25 for longitudinal tension, transverse 
tension and biaxial tension.  Predicted responses were generated from 1-in. by 1-in. model 
simulations (see Figure 4) using *MAT_213 (Table 2) and *MAT_58 (Table 4). 
 
The stiffness of the longitudinal tension responses (test, *MAT_213, and *MAT_58) match 
nearly exactly, as shown in Figure 25(a).  In addition, the failure of the test response and the 
*MAT_213 predicted response match closely; however, the *MAT_58 simulation indicates 
that initial failure occurs at a slightly lower stress and strain.  Following initial failure, the 
*MAT_58 predicted response exhibits a constant, but 20% lower, stress value, which is 
caused by the SLIMT1 parameter, which is set to 0.8. 
 
The *MAT_58 simulation predicts a nonlinear response, when compared with the test 
transverse tensile response, shown in Figure 25(b).  The failure of the *MAT_58 model 
occurs at an equivalent stress, but lower strain than the test.  Once again, the *MAT_58 
response exhibits a 20% drop in stress, based on the SLIMT2 parameter.  In contrast, the 
*MAT_213 model does a better job matching the stiffness of the test response, but over 
predicts the failure stress and strain.   
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                        (a) Longitudinal tension.                        (b) Transverse tension. 
 

 

 
(c) Biaxial tension. 

 

Figure 25. Comparison of material characterization data with predictions from *MAT_213 
and *MAT_58. 

 
Finally, the biaxial tension responses (test, *MAT_213, and *MAT_58) are plotted in Figure 
25(c).  In this case, the *MAT_213 predicted response does an excellent job of matching the 
test response, up to a strain of 0.06 in/in.  The *MAT_213 response matches the “knee” in 
the test curve nearly exactly, whereas the *MAT_58 response predicts a sharper “knee” and 
exhibits a response that is close to linear elastic with yielding and strain hardening. The 
*MAT_58 predicted response fails at a strain of 0.125 in/in with a sudden loss of load. 
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6.2 Comparison of Energy Absorber Crush Responses 
 
The conusoid and sinusoid models were re-executed in which the material model for hybrid 
carbon-Kevlar® plain-weave fabric is replaced with *MAT_58, as listed in Table 4.  As a 
result, it is possible to compare test responses with analytical predictions from models 
executed with *MAT_213 and *MAT_58. 
 
6.2.1 Conusoid Energy Absorber   
Comparisons of the acceleration responses (test, *MAT_213, and *MAT_58) are shown in 
Figure 26 for the conusoid energy absorber.  Average accelerations were determined for 
each curve based on a pulse duration of 0.0 to 0.025 s.  The resulting average acceleration 
values are shown in the legend of Figure 26.   The *MAT_213 simulation is closest to the 
test (30.2 g for the model compared with 28.6 g for the test).  In addition, *MAT_213 does a 
good job of matching the peak acceleration: 61.5 g for the test, 63.7 g for *MAT_213, and 
95.3 g for *MAT_58.  Please note that the *MAT_58 model did not incorporate the ply-drop 
trigger.  Consequently, the timing of the predicted peak matched the test response.  In 
addition, as documented in Reference 13, both models did an excellent job of matching the 
deformation mode of plastic hinge formation and folding.  
 

 
Figure 26. Comparison of test, *MAT_213, and *MAT_58 predictions for the conusoid. 
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6.2.2 Sinusoid Energy Absorber   
A comparison of the acceleration responses (test, *MAT_213, and *MAT_58) is shown in 
Figure 27 for the sinusoid energy absorber. Average accelerations were determined for each 
curve using a pulse duration of 0.0 to 0.03 s.  Based on these numbers, which are shown in 
the legend of Figure 27, the simulation with *MAT_213 is slightly lower than the test, 22.04 
g versus 22.11 g for the test. The average sustained crush acceleration of the *MAT_58 
simulation is slightly over the test, at 22.89 g.  Both simulations show excellent agreement 
with the test response, including peak acceleration, sustained crush acceleration, and 
unloading.  Finally, both simulations matched the experimental deformation modes of folding 
and plastic-like deformation of the face sheets and crushing of the foam core. 
 

 
Figure 27. Comparison of test, *MAT_213, and *MAT_58 predictions for the sinusoid. 

 
7.0 DISCUSSION OF RESULTS 
 
The new material model, *MAT_213, is multifaceted and offers many additional capabilities 
when compared with other composite material models available in LS-DYNA®.  It is hoped 
that by reviewing the information contained in the present document, it becomes apparent 
that the investment required to learn *MAT_213 is well worth the time, based on 
improvements in model accuracy.  Several topics are highlighted in this section of the report 
including: 7.1 Limitations of the Material Characterization Test Data, 7.2 Test-Analysis 
Correlation Methods, and 7.3 Potential Future Testing and Simulation.  Each topic will be 
discussed separately.  Finally, the paper includes a comprehensive list of “lessons learned,” 
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in which a series of parametric studies are documented in Appendix C that were performed 
to investigate specific issues related to the material model.  These “lessons learned” are 
included in hopes that they may help future *MAT_213 users. 
 
7.1 Limitations of the Material Characterization Test Data 
 
As stated previously for shell element models, *MAT_213 requires tabulated input from 5 
material characterization tests: longitudinal tension and compression, transverse tension 
and compression, and pure shear.  Off-axis data are not required, but may be added, if 
available.  Test data for this project are plotted in Figure 2.  The first obvious deficiency is 
that no compression data are included.  Consequently, the compressive responses were 
assumed to be equivalent to the tension responses.  For material stiffness, the “goodness” 
of this assumption depends upon the level of bimodularity in the material.  Most composites 
exhibit some degree of bimodularity.  However, without compression test data for the hybrid 
carbon-Kevlar® plain-weave fabric, this effect is unknown, and, consequently, is a potential 
source of error for the model.  During a recent internet search of material data sheets for 
composite fabric materials, it was found that the compressive strength is generally 20 to 
40% lower than the tensile strength.  However, without compression test data, it is not 
possible to know the actual response. 
 
In addition to the lack of compression properties, another major deficiency in the test data is 
that the post-peak degradation response was not collected.  For example, as shown in 
Figure 2, the stress-stain response increases to a maximum value, then initial failure occurs 
with an accompanying load drop.  At this point, the test is stopped.  However, had the loading 
continued, a post-peak degradation response might have been obtained.  A stylized 
stress/strain curve including post-peak degradation data is illustrated in Figure 28.  
*MAT_213 relies heavily on this information.  Without the actual post-peak response, an 
assumed curve is input, which is a potential source of error in the model. 
 
7.2 Test-Analysis Correlation Methods 
 
For the two energy absorbers, test-analysis comparisons were based on average sustained 
crush acceleration and maximum crush displacement.  The reason these metrics were used 
is that the design goals for the energy absorbers were based on these two factors.  However, 
many, more rigorous, methods exist for performing test-analysis correlations.  Model 
validation is the process of comparing model outputs with test measurements in order to 
assess the validity of the model.  One of the critical tasks to achieve quantitative assessment 
of models is to develop a validation metric that can quantify the discrepancy between time 
history responses from a physical test and simulation predictions from a dynamic finite 
element model.  Note that the subject of quantitative model validation methods has attracted 
considerable interest, with many prior methods documented in References 62-67. 
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Figure 28. Stylized stress-strain curve with post-peak degradation response. 

 
For the International Standards Organization (ISO) Technical Report ISO/TR 16250 [68], 
four state-of-the-art objective rating metrics are investigated, and they are: CORrelation and 
Analysis (CORA) metric, [69-70]; Error Assessment of Response Time Histories (EARTH) 
metric, [71-72]; model reliability metric, [73-75]; and, the Bayesian confidence metric, [72, 
76-77].  Further enhancements of the CORA corridor rating and the development of an 
Enhanced Error Assessment of Response Time Histories (EEARTH) metric have been 
incorporated to improve the robustness of these metrics.  A new combined objective rating, 
R, metric is developed to standardize the calculation of the correlation between two time-
history curves.  A Matlab computer program exists that performs the test-analysis correlation 
and outputs the results in five categories: overall ISO objective rating (R), EEARTH 
magnitude, EEARTH slope, EEARTH phase, and CORA.  The objective ISO rating score 
ranges from 0 to 1 and the higher the score, the better the correlation between the two time-
history curves.  In the ISO/TR 16250, a grade is assigned based on the objective rating 
score, R, as shown in Table 5. 
 
None of the aforementioned test-analysis validation metrics was applied as part of this work. 
However, they have been used previously with good success [78].  It is highly recommended 
that the impact dynamics technical community study these test-analysis methods and select 
one as a standard.   
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Table 5. Sliding Scale of the Overall ISO Rating. 

Rank Grade Rating, R Description 
1 Excellent R > 0.94 Almost perfect characteristics of the reference 

signal are captured 
2 Good 0.8 < R  0.94 Reasonably good characteristics of the reference 

signal are captured, but there are noticeable 
differences between the two curves 

3 Fair 0.58 < R  0.8 Basic Characteristics of the reference signal are 
captured; but there are significant differences 

between curves 
4 Poor R  0.58 Almost no correlation between the two curves 

 
 7.3 Potential Future Testing and Simulation 
 
NASA has recently undertaken the action to generate a complete set of material 
characterization tests of the hybrid carbon-Kevlar® plain-weave fabric.  These data will be 
used in a *MAT_213 material model assigned to solid elements of the conusoid energy 
absorber, which is depicted in Figures 29 and 30.  This model contains: 107,427 nodes; 
86,797 solid elements; 6 parts (impact mass, bottom rigid plate, and four parts representing 
the four composite layers); 6 material cards; 1 initial velocity card; and 1 automatic single 
surface contact card.  The nominal element edge length of the conusoid solid element model 
is 0.15 in.  The component is 12 in. in length, 7.5 in. tall, and 1.5 in. in overall width. 

 

 
Figure 29. Complete solid-element conusoid model. 
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Figure 30. Depiction of the conusoid model showing the edge details. 
 

8.0 CONCLUDING REMARKS 
 
This document has focused on the application of a new composite material model that was 
developed for the commercial nonlinear transient dynamic finite element code, LS-DYNA®.  
The material is designed *MAT_COMPOSITE_TABULATED_PLASTICITY_DAMAGE, or 
*MAT_213.  The material model incorporates three submodels for deformation, damage, 
and failure.  It is capable of predicting strain rate and temperature effects and it relies heavily 
on the input of tabulated experimental data.  *MAT_213 was originally developed for use 
with solid elements, but a thin shell element formulation of *MAT_213 has been recently 
adapted.  While the material model is not generally available at this time, a developmental 
version was used in this exercise. 
 
This paper documents the development of a *MAT_213 material model to represent hybrid 
carbon-Kevlar® plain-weave fabric.  Limited test data were available including: longitudinal 
tension, transverse tension, and biaxial tension.  Compression properties were assumed to 
be the same as the tensile properties and the biaxial tension data were converted to shear 
stress and shear strain.   
 
The hybrid carbon-Kevlar® plain-weave fabric was used in the construction of two energy 
absorbers.  The first energy absorber, designated the conusoid, consisted of four layers of 
hybrid carbon-Kevlar® plain-weave fabric oriented at [+45°/-45°/-45°/+45°] with respect to 
the vertical direction.  The second energy absorber, designated the sinusoid, consisted of 
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hybrid carbon-Kevlar® plain-weave fabric face sheets, two layers for each face sheet 
oriented at ±45° with respect to the vertical direction, and a closed-cell ELFOAM® P200 
polyisocyanurate foam core. Components of the energy absorbers were constructed and 
they were 12 in. long, 7.5 in. high, and 1.5 in. wide.  Testing included material 
characterization testing of the hybrid carbon-Kevlar® plain-weave fabric and vertical impact 
testing of the energy absorbing components. 
 
Finite element models were created and executed using a developmental version of the 
commercial, nonlinear explicit transient dynamic software code, LS-DYNA®.  A simple 1-in. 
x 1-in. model containing 289 Belytschko-Tsay shell elements, 329 nodes, and 1 material 
property (*MAT_213) was used to simulate the material characterization tests.  More 
detailed models were generated for the energy absorbers.  In particular, the conusoid model 
had a nominal element edge length of 0.032 in.  The sinusoid model did not have nearly as 
fine a mesh with an element edge length of 0.2 in.  Test-analysis results are presented for 
each energy absorber as comparisons of time-history responses, as well as predicted and 
experimental structural deformations and progressive damage under impact loading.  
Finally, previous simulations of the conusoid and sinusoid were performed in which the 
hybrid carbon-Kevlar® plain-weave fabric was simulated using a continuum damage 
mechanics-based composite material model *MAT_LAMINATED_COMPOSITE_FABRIC or 
*MAT_58.  Consequently, as a last step, comparisons were made between *MAT_213 and 
*MAT_58 analytical predictions and test data. 
 
Major conclusions are: 

 *MAT_213 did an excellent job of matching the longitudinal tension response 
obtained from coupons, predicting both the stiffness and failure strength almost 
exactly. 

 For the transverse tension test, *MAT_213 matched the stiffness of the response, but 
over predicted the failure strength by 16%. 

 *MAT_213 matched the biaxial tension response very well, once an extra constraint 
was added to minimize undesirable failure modes.  Likewise for the shear response, 
which is derived from the biaxial tension data.  The *MAT_213 model matched the 
test data just prior to the point at which the fibers begin to realign themselves with the 
loading direction.  

 *MAT_213 simulation did an excellent job of predicting the conusoid crush response.  
The average crush acceleration was predicted within 7.6%.  The model also matched 
the progressive deformation and failure mode exhibited by the test article.  However, 
it should be noted that a ply-drop trigger mechanism was added to achieve the 
desired behavior.  Without the trigger, the specimen tended to buckle in a global 
manner with little energy absorption.  
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 For the conusoid energy absorber, comparisons were made between the test data, 
the *MAT_213 predicted response and the *MAT_58 predicted response.  Average 
accelerations were determined for each curve using a pulse duration of 0.0 to 0.025 
s.  The test response had an average acceleration of 28.06 g, the *MAT_213 
response had an average acceleration of 30.2 g and the *MAT_58 response had an 
average acceleration of 32.2 g.  Thus, the *MAT_213 response was closest to the 
test.  In addition, the *MAT_213 simulation matched the peak acceleration: 61.5 g for 
the test, 63.7 g for *MAT_213, and 95.3 g for *MAT_58. 

 *MAT_213 did another excellent job of predicting the sinusoid crash response.  The 
average acceleration for the test was 22.11 g and for model it was 22.04 g, for a pulse 
duration of 0.0 to 0.03 s, which is a difference of 0.32%.  The maximum crush 
displacement for the test was 4.0 in. and for the model it was 3.83 in., which is a 
difference of 4.25%. 

 Based on a pulse duration of 0.03 s, the sinusoid test response had an average crush 
acceleration of 22.11 g.  The *MAT_213 simulation had an average crush 
acceleration of 22.04 g, while the *MAT_58 simulation predicted an average of 22.89 
g.  These values are extremely close to one another.  
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APPENDIX A. REMARKS CITED IN TABLE 3 
 
1. Flow rule coefficients are determined using the plastic Poisson’s ratios.  

2. A minimum of two sets of (strain rate-temperature) curves are needed. In case the material 
is not temperature and/or rate sensitive, make the two sets of table data identical. In the 
case the material is rate and temperature sensitive, the curve corresponding to the smallest 
total strain rate for the given reference temperature (TEMP in card 11) is assumed to be the 
quasistatic, room temperature (QS-RT) curve and influences the viscoelastic-plastic 
computations. An example TABLE_3D (LTi) structure for 3 total strain rates and 3 
temperatures for Tension a-direction test is provided in Reference 35. The total strain rates 
are converted within LS-DYNA® into Effective Plastic Strain Rate (EPSR) for each of the 
input stress-strain curves. The EPSR value assigned for each stress-strain curve is used for 
yield stress interpolation. Normal (tension and compression) and shear curve data: Use 
positive stress and positive strain values in the curve data. Off-axis curve data: Use positive 
stress and positive strain values in the curve data if the off-axis test is a tension test. Use 
negative stress and positive strain values in the curve data if the off-axis test is a 
compressive test. The same combination of compression test is assumed for all MAT_213 
cards used in a specific model, i. e., if LT10-LT11-LT12 combination is tension-compression-
compression for one MAT_213 data, then it is assumed that all other MAT_213 data in the 
model use tension-compression-compression data. All shear strain values are tensorial, not 
engineering (total strain rate input has to be tensorial for shear component). For an elastic 
component, e. g., a-direction in a unidirectional composite, set the initial yield strain value 
(in YSC) greater than the failure strain (last strain value in the curve).  
 
3. Curve of initial yield strain values (YSC) must list curves in ascending order as abscissa 
values with the corresponding yield strains given as the ordinate values. 
 
4. Include in this curve, only the active Damage Parameter ID and the corresponding curve 
ID. It should be noted that damage data are (a) not rate and temperature dependent, and 
(b) are used with all relevant input stress-strain curves. The Damage Parameter ID 
definitions are shown in Reference 35. For shell elements, only in-plane damage is 
considered and only parameters 1, 2, 4, 5, 7, 13, 15, 16, 18, 21, 23, 24, 26, 37, 38, 40, 42, 
45, 46, 48, 50, 61, 62, 64, 65 are active. 
 
5. Use cards 8 and 9 for the failure criterion to be included in the failure model. The failure 
types and the associated values are provided in Reference 35. Generalized Tabulated 
Failure Criterion (GTFC) for Solid element: FTYPE=3. FV1 is n, the in-plane and out-of-
plane interaction term. FV2 and FV3 are the Table IDs of the two tables for the in-plane and 
the out-of-plane values that define the in-plane and out-of-plane failure surfaces. FV2 is the 
table ID for the in-plane values. FV3 is the table ID for the out-of-plane values. For the in-
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plane failure surface, the table contains the a-direction stress (S11) value-curve ID pairs. 
For the out-of-plane failure surface, the table contains the normal c-direction stress (S33) 
value-curve ID pairs. There is no data in card 9. 
 
6. Element is eroded if failure occurs at any one Gauss point. 
  
7. The user-defined stress-strain curves are adjusted for TCSYM=1, 2, and 3 as follows. If 
EaT0 and EaC0 represent the original a-direction (1-direction) elastic tensile and 
compressive moduli respectively, then the modified strain values are computed as 
explained. For (a) TCSYM=1, EaT= EaC=0.5EaT0+EaC0, (b) TCSYM=2, EaT=EaT0 and 
EaC=EaT0, and (c) TCSYM=3, EaT=EaC0 and EaC=EaC0. The adjusted tensile strain is 
then computed as Original Tensile Strain divided by RaT, the adjusted compressive strain 
is computed as Original Compressive Strain divided by RaC, the adjusted tensile yield strain 
is computed as Original Tensile Yield Strain divided by RaT, and the adjusted compressive 
yield strain is computed as Original Compressive Yield Strain divided by RaC. The same 
process is then applied for the other two normal directions.  
 
8. LCINT option to specify the number of discretized points for the input curves can be used 
only with *CONTROL_SOLUTION (NOT with *DEFINE_CURVE). The default value is 100. 
 
9. If necessary, the input Poisson’s ratios are adjusted internally in LS-DYNA® to satisfy the 
criteria, as described in Reference 35.  

10. The plastic multiplier computations involve finding the root of the yield function. The root 
is computed numerically, not analytically. The first step is to find the interval bounding the 
root. The value of N controls the discretization of the interval to find the bound. The larger 
the value of N, the more accurate the bound. However, the computational time is likely to 
increase with larger values of N.  
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APPENDIX B. MAT_213 INPUT FILES 
 
To assist beginners in better utilizing *MAT_213, the input files needed to execute a 
complete *MAT_213 model, specifically using the shell element formulation, are included in 
this appendix.  These files can serve as a representative example of what a full MAT 213 
deck looks like. The files are:  
B-1. 12_MAT213.k, 
B-2. 13_MAT213_InputCurves_w/Damage.k, 
B-3. 14_DAMAGE.k, 
B-4. 15_FAILURE_SURFACE.k 
 
These files are incorporated into the main LS-DYNA® model file using the *INCLUDE 
command.  Please note that if the user does not wish to study damage or failure effects in 
their model, then they do not need to include 14_DAMAGE.k or 15_FAILURE_SURFACE.k.  
For information purposes, the four files listed above are reprinted in this appendix.  Finally, 
as a reminder, lines that begin with $# are comments in the deck. 
 
B-1. File: 12_MAT213.k 
*MAT_213 
$# Card 1 
$#        mid RO EA EB EC PRBA PRCA PRCB 

1 1.29E-4 6.42E6 2.68E6 2.68E6 0.1095 0.048 0.048 
$# Card 2 
$#      GAB GBC GAC PTOL AOPT MACF FILT VEVP 

3.26E5 3.26E5 3.26E5 1.0E-6 2.0 1  0 
$# Card 3 
$#         XP YP ZP A1 A2 A3   

   1 0 0   
$# Card 4 
$#         V1 V2 V3 D1 D2 D3 BETA TCSYM 

   1 1 0  0 
$# Card 5 
$#       H11 H22 H33 H12 H23 H13 H44 H55 

0.007 0.082  -.00085   3.875  
$# Card 6 
$#       H66 LT1 LT2 LT3 LT4 LT5 LT6 LT7 

 1001 1002  1004 1005  1007 
$# Card 7 
$#        LT8 LT9 LT10 LT11 LT12 YSC DFLAG DC 

  1010   100 1 50 
$# Card 8 
$#FCTYPE FV0 FV1  FV2 FV3 FV4 FV5 FV6 
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3 100  2 9013    
$# Card 9 
$#       FV7 FV8 FV9 FV10 FV11 FV12 FV13 FV14 

        
$# Card 10 
$#BETA11 BETA22 BETA33 BETA44 BETA55 BETA66 BETA112 BETA23 

        
$# Card 11 
$#BETA13 Cp TQC TEMP PMACC    

        

 
 

B-2. File: 13_MAT213_InputCurves_wDamage.k 
*KEYWORD 
*DEFINE_TABLE_3D 
$#    Tension_1 
$#    tbid Sfa offa      

1001        
$# Temperature  table_id     

 21  1013     
*DEFINE_TABLE 
$#     tbid Sfa offa      

1013        
$# strain rate  curve_id     
 0.0  1111     
 1.0  10000001     

*DEFINE_CURVE 
$# Tension_1, Temperature = 21 degrees, Strain Rate = 0.0/s 
$#     lcid Sidr sfa sfo offa offo dattyp  

1111        
$#  strain  stress    

  0.0000  0.0000    
  0.0001575  800.0    
  0.00032473  1937.7    
  0.00060879  3602.9    
  0.00086701  5396.2    
  0.0011505  7143.5    
  0.0014173  8859.2    
  0.0016853  10561.0    
  0.0019548  12255.0    
  0.0022169  13932.0    
  0.0024714  15584    
  0.0027158  17233    
  0.0030060  18890    
  0.0032253  20536    
  0.0034863  22151    
  0.0037336  23746    
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  0.0039979  25343    
  0.0042142  26925    
  0.0044669  28492    
  0.0047070  30071    
  0.0049272  31652    
  0.0051910  33210    
  0.0054154  34748    
  0.0056373  36261    
  0.0058924  37750    
  0.0061201  39245    
  0.0063459  40756    
  0.0065709  42250    
  0.0068057  43703    
  0.0070327  45142    
  0.0072506  46599    
  0.0074723  48050    
  0.0076884  49448    
  0.0079091  50811    
  0.0081243  52181    
  0.0083381  53554    
  0.0085502  54884    
  0.0087429  56137    
  0.0089177  57313    
  0.0090926  58434    
  0.0092771  59502    
  0.0094448  60511    
  0.0095842  61494    
  0.0097445  62481    
  0.0098946  63441    
  0.010058  64364    
  0.010224  65284    
  0.010370  66198    
  0.010500  67110    
  0.010659  68023    
  0.010791  68925    
  0.010935  69830    
  0.011092  70747    
  0.011232  71638    
  0.011387  72496    
  0.011529  73363    
  0.011666  74240    
  0.011822  75094    
  0.011951  75933    
  0.012100  76791    
  0.012235  77666    
  0.012372  78537    
  0.012518  79402    
  0.012666  80260    
  0.012840  81091    
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  0.013012  81893    
  0.013116  82702    
  0.013315  83552    
  0.013440  84421    
  0.013580  85265    
  0.013721  86098    
  0.013864  86930    
  0.014011  87760    
  0.014155  88645    
  0.015  8864.5    
  0.016  8864.5    

*DEFINE_CURVE 
$# Tension_1, Temperature = 21 degrees, Strain Rate = 1.0/s 

$#    lcid sidr sfa sfo offa offo dattyp  
10000001        

$#  strain  stress    
  0.0000  0.0000    
  0.0001575  800.0    
  0.00032473  1937.7    
  0.00060879  3602.9    
  0.00086701  5396.2    
  0.0011505  7143.5    
  0.0014173  8859.2    
  0.0016853  10561.0    
  0.0019548  12255.0    
  0.0022169  13932.0    
  0.0024714  15584    
  0.0027158  17233    
  0.0030060  18890    
  0.0032253  20536    
  0.0034863  22151    
  0.0037336  23746    
  0.0039979  25343    
  0.0042142  26925    
  0.0044669  28492    
  0.0047070  30071    
  0.0049272  31652    
  0.0051910  33210    
  0.0054154  34748    
  0.0056373  36261    
  0.0058924  37750    
  0.0061201  39245    
  0.0063459  40756    
  0.0065709  42250    
  0.0068057  43703    
  0.0070327  45142    
  0.0072506  46599    
  0.0074723  48050    
  0.0076884  49448    
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  0.0079091  50811    
  0.0081243  52181    
  0.0083381  53554    
  0.0085502  54884    
  0.0087429  56137    
  0.0089177  57313    
  0.0090926  58434    
  0.0092771  59502    
  0.0094448  60511    
  0.0095842  61494    
  0.0097445  62481    
  0.0098946  63441    
  0.010058  64364    
  0.010224  65284    
  0.010370  66198    
  0.010500  67110    
  0.010659  68023    
  0.010791  68925    
  0.010935  69830    
  0.011092  70747    
  0.011232  71638    
  0.011387  72496    
  0.011529  73363    
  0.011666  74240    
  0.011822  75094    
  0.011951  75933    
  0.012100  76791    
  0.012235  77666    
  0.012372  78537    
  0.012518  79402    
  0.012666  80260    
  0.012840  81091    
  0.013012  81893    
  0.013116  82702    
  0.013315  83552    
  0.013440  84421    
  0.013580  85265    
  0.013721  86098    
  0.013864  86930    
  0.014011  87760    
  0.014155  88645    
  0.015  8864.5    
  0.016  8864.5    

*DEFINE_TABLE_3D 
$#     Tension_2 
$#    tbid Sfa offa      

1002        
$#          temperature  table_id     

 21  1014     
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*DEFINE_TABLE 
$#       tbid Sfa offo      
$#   1014     Strain rate  curve_id     

 0.0  2222     
 1.0  10000002     

*DEFINE_CURVE 
$#  Tension_2, Temperature = 21 degrees, Strain Rate = 0.0/s 
$#        lcid Sidr sfa sfo offa offo dattyp  

2222        
$#  strain  stress    

  0.000000  0.00000    
  0.00017413  450.0    
  0.00034826  900.0    
  0.00065327  1744.9    
  0.00094285  2581.1    
  0.0012406  3383.1    
  0.0015309  4182.0    
  0.0018319  4945.7    
  0.0021120  5738.4    
  0.0024157  6555.3    
  0.0026958  7319.7    
  0.0029837  7985.5    
  0.0032713  8920.9    
  0.0038352  10150    
  0.0041269  11031    
  0.0044081  11604    
  0.0046746  12288    
  0.0049656  12980    
  0.0052396  13604    
  0.0055052  14262    
  0.0057978  14906    
  0.0060615  15523    
  0.0063383  16168    
  0.0066190  16794    
  0.0068784  17377    
  0.0071703  17944    
  0.0074414  18509    
  0.0077046  19114    
  0.0079766  19725    
  0.0082455  20301    
  0.0085200  20882    
  0.0087778  21456    
  0.0090544  22014    
  0.0093096  22612    
  0.0095804  23211    
  0.0098451  23755    
  0.010089  24287    
  0.010377  24821    
  0.010636  25366    
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  0.010893  25951    
  0.011145  26505    
  0.011410  27008    
  0.011653  27567    
  0.011913  28140    
  0.012166  28656    
  0.012425  29184    
  0.012674  29734    
  0.012925  30270    
  0.013185  30795    
  0.013428  31303    
  0.013679  31812    
  0.013940  32331    
  0.014190  32823    
  0.014450  33319    
  0.014695  33837    
  0.014952  34337    
  0.015199  34854    
  0.015442  35352    
  0.015701  35806    
  0.015943  36291    
  0.016200  36769    
  0.016454  37240    
  0.016704  37732    
  0.016943  38193    
  0.017200  38671    
  0.017444  39175    
  0.017681  39642    
  0.017927  40108    
  0.01817  40580    
  0.018409  41045    
  0.018678  41518    
  0.018917  42001    
  0.019166  42491    
  0.019410  42945    
  0.019646  43378    
  0.019908  43847    
  0.020157  44336    
  0.020388  44824    
  0.020633  45279    
  0.020881  45698    
  0.021137  46159    
  0.021385  46641    
  0.021630  47094    
  0.021875  47553    
  0.022117  48009    
  0.022353  48469    
  0.022597  48927    
  0.022837  49354    
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  0.023080  49798    
  0.023322  50256    
  0.023561  50685    
  0.023806  51138    
  0.024036  51612    
  0.024282  51996    
  0.024490  52491    
  0.024951  53315    
  0.0250  5331.5    
  0.0500  5331.5    

*DEFINE_CURVE 
$#   Tension 2, Temperature = 21-degrees, Strain Rate = 1.0/s 
$#       lcid Sidr sfa sfo offa offo dattyp  
10000002        
$#  strain  stress    

  0.000000  0.00000    
  0.00017413  450.0    
  0.00034826  900.0    
  0.00065327  1744.9    
  0.00094285  2581.1    
  0.0012406  3383.1    
  0.0015309  4182.0    
  0.0018319  4945.7    
  0.0021120  5738.4    
  0.0024157  6555.3    
  0.0026958  7319.7    
  0.0029837  7985.5    
  0.0032713  8920.9    
  0.0038352  10150    
  0.0041269  11031    
  0.0044081  11604    
  0.0046746  12288    
  0.0049656  12980    
  0.0052396  13604    
  0.0055052  14262    
  0.0057978  14906    
  0.0060615  15523    
  0.0063383  16168    
  0.0066190  16794    
  0.0068784  17377    
  0.0071703  17944    
  0.0074414  18509    
  0.0077046  19114    
  0.0079766  19725    
  0.0082455  20301    
  0.0085200  20882    
  0.0087778  21456    
  0.0090544  22014    
  0.0093096  22612    
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  0.0095804  23211    
  0.0098451  23755    
  0.010089  24287    
  0.010377  24821    
  0.010636  25366    
  0.010893  25951    
  0.011145  26505    
  0.011410  27008    
  0.011653  27567    
  0.011913  28140    
  0.012166  28656    
  0.012425  29184    
  0.012674  29734    
  0.012925  30270    
  0.013185  30795    
  0.013428  31303    
  0.013679  31812    
  0.013940  32331    
  0.014190  32823    
  0.014450  33319    
  0.014695  33837    
  0.014952  34337    
  0.015199  34854    
  0.015442  35352    
  0.015701  35806    
  0.015943  36291    
  0.016200  36769    
  0.016454  37240    
  0.016704  37732    
  0.016943  38193    
  0.017200  38671    
  0.017444  39175    
  0.017681  39642    
  0.017927  40108    
  0.01817  40580    
  0.018409  41045    
  0.018678  41518    
  0.018917  42001    
  0.019166  42491    
  0.019410  42945    
  0.019646  43378    
  0.019908  43847    
  0.020157  44336    
  0.020388  44824    
  0.020633  45279    
  0.020881  45698    
  0.021137  46159    
  0.021385  46641    
  0.021630  47094    
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  0.021875  47553    
  0.022117  48009    
  0.022353  48469    
  0.022597  48927    
  0.022837  49354    
  0.023080  49798    
  0.023322  50256    
  0.023561  50685    
  0.023806  51138    
  0.024036  51612    
  0.024282  51996    
  0.024490  52491    
  0.024951  53315    
  0.0250  5331.5    
  0.0500  5331.5    

*DEFINE_TABLE_3D 
$# Compression_1 
$#    tbid sfa offa      

1004        
$#       temperature  table_id     

 21  1016     
*DEFINE_TABLE 
$#       tbid sfa offa      

1016        
$#   strain_rate  curve_id     

 0.0  4444     
 1.0  10000004     

*DEFINE_CURVE 
$# Compression_1, Temperature = 21 degrees, Strain Rate = 0.0/s 
$#       lcid sidr sfa sfo offa offo dattyp  

4444        
$#  strain  stress    

  0.0000  0.0000    
  0.00015750  800.0    
  0.00032473  1937.7    
  0.00060879  3602.9    
  0.00086701  5396.2    
  0.0011505  7143.5    
  0.0014173  8859.2    
  0.0016853  10561.0    
  0.0019548  12255.0    
  0.0022169  13932.0    
  0.0024714  15584    
  0.0027158  17233    
  0.0030060  18890    
  0.0032253  20536    
  0.0034863  22151    
  0.0037336  23746    
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  0.0039979  25343    
  0.0042142  26925    
  0.0044669  28492    
  0.0047070  30071    
  0.0049272  31652    
  0.0051910  33210    
  0.0054154  34748    
  0.0056373  36261    
  0.0058924  37750    
  0.0061201  39245    
  0.0063459  40756    
  0.0065709  42250    
  0.0068057  43703    
  0.0070327  45142    
  0.0072506  46599    
  0.0074723  48050    
  0.0076884  49448    
  0.0079091  50811    
  0.0081243  52181    
  0.0083381  53554    
  0.0085502  54884    
  0.0087429  56137    
  0.0089177  57313    
  0.0090926  58434    
  0.0092771  59502    
  0.0094448  60511    
  0.0095842  61494    
  0.0097445  62481    
  0.0098946  63441    
  0.010058  64364    
  0.010224  65284    
  0.010370  66198    
  0.010500  67110    
  0.010659  68023    
  0.010791  68925    
  0.010935  69830    
  0.011092  70747    
  0.011232  71638    
  0.011387  72496    
  0.011529  73363    
  0.011666  74240    
  0.011822  75094    
  0.011951  75933    
  0.012100  76791    
  0.012235  77666    
  0.012372  78537    
  0.012518  79402    
  0.012666  80260    
  0.012840  81091    
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  0.013012  81893    
  0.013116  82702    
  0.013315  83552    
  0.013440  84421    
  0.013580  85265    
  0.013721  86098    
  0.013864  86930    
  0.014011  87760    
  0.014155  88645    
  0.015  8864.5    
  0.016  8864.5    

*DEFINE_TABLE_3D 
$#   Compression 2 
$#       tbid sfa offa      

1005        
$#     temperature  table_id     

 21  1017     
*DEFINE_TABLE 
$#      tbid sfa offa      

1017        
$#          strain_rate  curve_id     

 0.0  5555     
 1.0  10000005     

*DEFINE_CURVE 
$# Compression_2, Temperature = 21 degrees, Strain Rate = 0.0/s 
$#        lcid sidr sfa sfo offa offo dattyp  

5555  strain  stress    
$#  0.000000  0.00000    

  0.00017413  450.0    
  0.00034826  900.0    
  0.00065327  1744.9    
  0.00094285  2581.1    
  0.0012406  3383.1    
  0.0015309  4182.0    
  0.0018319  4945.7    
  0.0021120  5738.4    
  0.0024157  6555.3    
  0.0026958  7319.7    
  0.0029837  7985.5    
  0.0032713  8920.9    
  0.0038352  10150    
  0.0041269  11031    
  0.0044081  11604    
  0.0046746  12288    
  0.0049656  12980    
  0.0052396  13604    
  0.0055052  14262    
  0.0057978  14906    
  0.0060615  15523    
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  0.0063383  16168    
  0.0066190  16794    
  0.0068784  17377    
  0.0071703  17944    
  0.0074414  18509    
  0.0077046  19114    
  0.0079766  19725    
  0.0082455  20301    
  0.0085200  20882    
  0.0087778  21456    
  0.0090544  22014    
  0.0093096  22612    
  0.0095804  23211    
  0.0098451  23755    
  0.010089  24287    
  0.010377  24821    
  0.010636  25366    
  0.010893  25951    
  0.011145  26505    
  0.011410  27008    
  0.011653  27567    
  0.011913  28140    
  0.012166  28656    
  0.012425  29184    
  0.012674  29734    
  0.012925  30270    
  0.013185  30795    
  0.013428  31303    
  0.013679  31812    
  0.013940  32331    
  0.014190  32823    
  0.014450  33319    
  0.014695  33837    
  0.014952  34337    
  0.015199  34854    
  0.015442  35352    
  0.015701  35806    
  0.015943  36291    
  0.016200  36769    
  0.016454  37240    
  0.016704  37732    
  0.016943  38193    
  0.017200  38671    
  0.017444  39175    
  0.017681  39642    
  0.017927  40108    
  0.01817  40580    
  0.018409  41045    
  0.018678  41518    
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  0.018917  42001    
  0.019166  42491    
  0.019410  42945    
  0.019646  43378    
  0.019908  43847    
  0.020157  44336    
  0.020388  44824    
  0.020633  45279    
  0.020881  45698    
  0.021137  46159    
  0.021385  46641    
  0.021630  47094    
  0.021875  47553    
  0.022117  48009    
  0.022353  48469    
  0.022597  48927    
  0.022837  49354    
  0.023080  49798    
  0.023322  50256    
  0.023561  50685    
  0.023806  51138    
  0.024036  51612    
  0.024282  51996    
  0.024490  52491    
  0.024951  53315    
  0.0250  5331.5    
  0.0500  5331.5    

*DEFINE_CURVE 
$# Compression_2, Temperature = 21 degrees, Strain Rate = 1.0/s 
$#        lcid sidr sfa sfo offo offa dattyp  
10000005        
$#  strain  stress    

  0.000000  0.00000    
  0.00017413  450.0    
  0.00034826  900.0    
  0.00065327  1744.9    
  0.00094285  2581.1    
  0.0012406  3383.1    
  0.0015309  4182.0    
  0.0018319  4945.7    
  0.0021120  5738.4    
  0.0024157  6555.3    
  0.0026958  7319.7    
  0.0029837  7985.5    
  0.0032713  8920.9    
  0.0038352  10150    
  0.0041269  11031    
  0.0044081  11604    
  0.0046746  12288    
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  0.0049656  12980    
  0.0052396  13604    
  0.0055052  14262    
  0.0057978  14906    
  0.0060615  15523    
  0.0063383  16168    
  0.0066190  16794    
  0.0068784  17377    
  0.0071703  17944    
  0.0074414  18509    
  0.0077046  19114    
  0.0079766  19725    
  0.0082455  20301    
  0.0085200  20882    
  0.0087778  21456    
  0.0090544  22014    
  0.0093096  22612    
  0.0095804  23211    
  0.0098451  23755    
  0.010089  24287    
  0.010377  24821    
  0.010636  25366    
  0.010893  25951    
  0.011145  26505    
  0.011410  27008    
  0.011653  27567    
  0.011913  28140    
  0.012166  28656    
  0.012425  29184    
  0.012674  29734    
  0.012925  30270    
  0.013185  30795    
  0.013428  31303    
  0.013679  31812    
  0.013940  32331    
  0.014190  32823    
  0.014450  33319    
  0.014695  33837    
  0.014952  34337    
  0.015199  34854    
  0.015442  35352    
  0.015701  35806    
  0.015943  36291    
  0.016200  36769    
  0.016454  37240    
  0.016704  37732    
  0.016943  38193    
  0.017200  38671    
  0.017444  39175    
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  0.017681  39642    
  0.017927  40108    
  0.01817  40580    
  0.018409  41045    
  0.018678  41518    
  0.018917  42001    
  0.019166  42491    
  0.019410  42945    
  0.019646  43378    
  0.019908  43847    
  0.020157  44336    
  0.020388  44824    
  0.020633  45279    
  0.020881  45698    
  0.021137  46159    
  0.021385  46641    
  0.021630  47094    
  0.021875  47553    
  0.022117  48009    
  0.022353  48469    
  0.022597  48927    
  0.022837  49354    
  0.023080  49798    
  0.023322  50256    
  0.023561  50685    
  0.023806  51138    
  0.024036  51612    
  0.024282  51996    
  0.024490  52491    
  0.024951  53315    
  0.0250  5331.5    
  0.0500  5331.5    

*DEFINE_TABLE_3D 
$#   Shear_12 
$#       tbid sfa offa      
$#         temperature  table_id     

 21  1019     
*DEFINE_TABLE 
$#       tbid sfa offa      

1019        
$#          strain_rate  curve_id     

 0.0  7777     
 1.0  10000007     

*DEFINE_CURVE 
$#  Shear_12, Temperature = 21 degrees, Strain Rate = 0.0/s 
$#        lcid sidr sfa sfo offa offo dattyp  

7777        
$#  strain  stress    

  0.0000  0.0000    
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  0.00022200  67.293    
  0.00082948  451.75    
  0.0024457  1112.1    
  0.0040950  1848.7    
  0.0057325  2453.7    
  0.0073845  2905.7    
  0.0090185  3252.5    
  0.010656  3517.6    
  0.012311  3725.3    
  0.013997  3907.7    
  0.015687  4063.0    
  0.01740  4176.6    
  0.019124  4262.5    
  0.020866  4346.1    
  0.022606  4442.2    
  0.024351  4542.2    
  0.026122  4622.7    
  0.027903  4683.4    
  0.029661  4744.0    
  0.031488  4814.9    
  0.033263  4893.0    
  0.035072  4965.5    
  0.036879  5024.3    
  0.038644  5079.4    
  0.040469  5141.8    
  0.042287  5211.3    
  0.044121  5282.8    
  0.045912  5346.0    
  0.047734  5393.1    
  0.049546  5437.4    
  0.051316  5502.2    
  0.053167  5580.8    
  0.055000  5642.6    
  0.056681  5681.1    
  0.058496  5722.9    
  0.060287  5787.8    
  0.062143  5864.6    
  0.063965  5933.3    
  0.065849  5987.1    
  0.067634  6029.2    
  0.069431  6067.7    
  0.071295  6116.7    
  0.073018  6177.5    
  0.074900  6226.3    
  0.076707  6253.7    
  0.078556  6286.8    
  0.080437  6342.2    
  0.082349  6400.4    
  0.083987  6444.5    
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  0.085889  6478.1    
  0.087616  6506.6    
  0.089419  6536.5    
  0.091323  6576.8    
  0.093113  6627.6    
  0.094875  6677.4    
  0.096695  6718.5    
  0.098440  6758.7    
  0.099888  6803.4    
  0.10176  6840.2    
  0.10323  6862.6    
  0.10530  6880.0    
  0.10704  6895.1    
  0.10913  6905.3    
  0.11281  6921.8    
  0.11454  6952.7    
  0.11628  6981.6    
  0.11807  6992.6    
  0.12197  6995.7    
  0.12345  7007.9    
  0.12559  7030.3    
  0.12772  7049.9    
  0.12917  7062.1    
  0.13126  7082.6    
  0.13286  7114.9    
  0.13411  7132.6    
  0.13614  7140.5    
  0.13729  7145.7    
  0.13850  7151.6    
  0.14031  7172.5    
  0.14178  7191.2    
  0.1418  719.12    
  0.200  719.12    

*DEFINE_CURVE 
$#   Shear_12, Temperature = 21 degrees, Strain Rate = 1.0/s 
$#      lcid sidr sfa sfo offa offo dattyp  
10000007        
$#  strain  stress    

  0.0000  0.0000    
  0.00022200  67.293    
  0.00082948  451.75    
  0.0024457  1112.1    
  0.0040950  1848.7    
  0.0057325  2453.7    
  0.0073845  2905.7    
  0.0090185  3252.5    
  0.010656  3517.6    
  0.012311  3725.3    
  0.013997  3907.7    
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  0.015687  4063.0    
  0.01740  4176.6    
  0.019124  4262.5    
  0.020866  4346.1    
  0.022606  4442.2    
  0.024351  4542.2    
  0.026122  4622.7    
  0.027903  4683.4    
  0.029661  4744.0    
  0.031488  4814.9    
  0.033263  4893.0    
  0.035072  4965.5    
  0.036879  5024.3    
  0.038644  5079.4    
  0.040469  5141.8    
  0.042287  5211.3    
  0.044121  5282.8    
  0.045912  5346.0    
  0.047734  5393.1    
  0.049546  5437.4    
  0.051316  5502.2    
  0.053167  5580.8    
  0.055000  5642.6    
  0.056681  5681.1    
  0.058496  5722.9    
  0.060287  5787.8    
  0.062143  5864.6    
  0.063965  5933.3    
  0.065849  5987.1    
  0.067634  6029.2    
  0.069431  6067.7    
  0.071295  6116.7    
  0.073018  6177.5    
  0.074900  6226.3    
  0.076707  6253.7    
  0.078556  6286.8    
  0.080437  6342.2    
  0.082349  6400.4    
  0.083987  6444.5    
  0.085889  6478.1    
  0.087616  6506.6    
  0.089419  6536.5    
  0.091323  6576.8    
  0.093113  6627.6    
  0.094875  6677.4    
  0.096695  6718.5    
  0.098440  6758.7    
  0.099888  6803.4    
  0.10176  6840.2    
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  0.10323  6862.6    
  0.10530  6880.0    
  0.10704  6895.1    
  0.10913  6905.3    
  0.11281  6921.8    
  0.11454  6952.7    
  0.11628  6981.6    
  0.11807  6992.6    
  0.12197  6995.7    
  0.12345  7007.9    
  0.12559  7030.3    
  0.12772  7049.9    
  0.12917  7062.1    
  0.13126  7082.6    
  0.13286  7114.9    
  0.13411  7132.6    
  0.13614  7140.5    
  0.13729  7145.7    
  0.13850  7151.6    
  0.14031  7172.5    
  0.14178  7191.2    
  0.1418  719.12    
  0.200  719.12    

*DEFINE_TABLE_3D 
$# Off-Axis_12 
$#       tbid sfa offa      

1010        
$#   temperature  table_id     

 21  1022     
*DEFINE_TABLE 
$#       tbid sfa offa      

1022        
$#          strain rate  curve_id     

 0.0  1110     
 1.0  10000010     

*DEFINE_CURVE 
$# Off_Axis_12, Temperature = 21 degrees, Strain Rate = 0.0/s 
$#       lcid sidr sfa sfo offa offo dattyp  

1110        
$#  strain  stress    

  0.000  0.000    
  0.00055500  125.76    
  0.0011060  962.65    
  0.0032610  2235.4    
  0.0054600  3654.4    
  0.0076434  4881.6    
  0.0098459  5814.9    
  0.012025  6509.7    
  0.014208  7036.8    
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  0.016415  7457.3    
  0.018659  7817.8    
  0.020917  8119.5    
  0.023204  8348.8    
  0.025499  8528.0    
  0.027821  8699.3    
  0.030141  8887.5    
  0.032467  9078.7    
  0.034829  9239.8    
  0.037211  9368.4    
  0.039548  9492.7    
  0.041984  9632.7    
  0.044350  9784.1    
  0.046763  9926.6    
  0.049173  10048    
  0.051525  10162    
  0.053959  10287    
  0.056383  10424    
  0.058828  10563    
  0.061216  10686    
  0.063645  10785    
  0.066061  10883    
  0.068422  11010    
  0.070889  11156    
  0.073334  11277    
  0.075574  11364    
  0.077995  11454    
  0.080382  11579    
  0.082858  11726    
  0.085287  11863    
  0.08779  11972    
  0.090179  12058    
  0.092575  12140    
  0.095061  12239    
  0.097357  12350    
  0.099866  12444    
  0.10228  12509    
  0.10474  12582    
  0.10725  12685    
  0.10980  12796    
  0.11198  12887    
  0.11452  12956    
  0.11682  13014    
  0.11923  13076    
  0.12176  13158    
  0.12415  13256    
  0.12650  13353    
  0.12893  13438    
  0.13125  13521    
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  0.13318  13606    
  0.13569  13677    
  0.13763  13723    
  0.14040  13758    
  0.14272  13796    
  0.15041  13845    
  0.15272  13906    
  0.15504  13969    
  0.16459  14019    
  0.16746  14059    
  0.17029  14103    
  0.17223  14162    
  0.17714  14229    
  0.17881  14279    
  0.18171  14311    
  0.18708  14355    
  0.18904  14417    
  0.18990  14466    

*DEFINE_CURVE 
$# Off_Axis_12, Temperature = 21 degrees, Strain Rate = 1.0/s 
$#       lcid sidr sfa sfo offa offo dattyp  
10000010        
$#  strain  stress    

  0.000  0.000    
  0.00055500  125.76    
  0.0011060  962.65    
  0.0032610  2235.4    
  0.0054600  3654.4    
  0.0076434  4881.6    
  0.0098459  5814.9    
  0.012025  6509.7    
  0.014208  7036.8    
  0.016415  7457.3    
  0.018659  7817.8    
  0.020917  8119.5    
  0.023204  8348.8    
  0.025499  8528.0    
  0.027821  8699.3    
  0.030141  8887.5    
  0.032467  9078.7    
  0.034829  9239.8    
  0.037211  9368.4    
  0.039548  9492.7    
  0.041984  9632.7    
  0.044350  9784.1    
  0.046763  9926.6    
  0.049173  10048    
  0.051525  10162    
  0.053959  10287    
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  0.056383  10424    
  0.058828  10563    
  0.061216  10686    
  0.063645  10785    
  0.066061  10883    
  0.068422  11010    
  0.070889  11156    
  0.073334  11277    
  0.075574  11364    
  0.077995  11454    
  0.080382  11579    
  0.082858  11726    
  0.085287  11863    
  0.08779  11972    
  0.090179  12058    
  0.092575  12140    
  0.095061  12239    
  0.097357  12350    
  0.099866  12444    
  0.10228  12509    
  0.10474  12582    
  0.10725  12685    
  0.10980  12796    
  0.11198  12887    
  0.11452  12956    
  0.11682  13014    
  0.11923  13076    
  0.12176  13158    
  0.12415  13256    
  0.12650  13353    
  0.12893  13438    
  0.13125  13521    
  0.13318  13606    
  0.13569  13677    
  0.13763  13723    
  0.14040  13758    
  0.14272  13796    
  0.15041  13845    
  0.15272  13906    
  0.15504  13969    
  0.16459  14019    
  0.16746  14059    
  0.17029  14103    
  0.17223  14162    
  0.17714  14229    
  0.17881  14279    
  0.18171  14311    
  0.18708  14355    
  0.18904  14417    
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  0.18990  14466    
*DEFINE_CURVE 
$#  Curve ID vs. Yield strain 
$#       lcid sidr Sfa sfo offa offo dattyp  

100        
$#                 curve_id  yield_strain     

 1110  0.0075     
 1111  0.01     
 2222  0.00575     
 4444  0.010875     
 5555  0.00575     
 7777  0.0075     
 10000001  0.01     
 10000002  0.00575     
 10000004  0.10875     
 10000005  0.00575     
 10000007  0.0075     
 10000010  0.0075     

*END        
 

 
B-3. File: 14_DAMAGE.k 
*KEYWORD 
$#  DAMAGE VS CURVE ID 
*DEFINE_CURVE_TITLE 
Damage Parameter vs. Curve ID 
$#    lcid sidr sfa Sfo Offa offo dattyp  

50        
$# damage parameter                 curve_id 
$#  Damage in T1 due to loading in T1 

 1  100001     
$#  Damage in T2 due to loading in T2 

 2  100002     
$#  Damage in S12 due to loading in S12 

 7  100007     
*DEFINE_CURVE_TITLE 
Damage in Tension 1, due to loading in Tension 1 
$#    lcid sidr sfa Sfo Offa offo dattyp  
100001        

$#                   strain                        stress 
 0.0  0.0     
 0.014155  0.0     
 0.015  0.9     
 0.016  0.9     

*DEFINE_CURVE_TITLE 
Damage in Tension 2, due to loading in Tension 2 
$#    lcid sidr sfa Sfo Offa offo dattyp  
100002        

$#                  strain                           stress 
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 0.0  0.0     
 0.024951  0.0     
 0.025  0.9     
 0.05  0.9     

*DEFINE_CURVE_TITLE 
Damage in Shear 12, due to loading in Shear 12 
$#    lcid sidr sfa Sfo Offa offo dattyp  
100007        

$#                  strain                           stress 
 0.0  0.0     
 0.14178  0.0     
 0.148  0.9     
 0.20  0.9     

*END        
 
B-4. File: 15_FAILURE_SURFACE.k 
*KEYWORD 
*SET_PART_LIST_TITLE 
Composite Parts 
$#     sid da1 da2 da3 da4 solver   

124        
$#   pid1 pid2 pid3 pid4 pid5 pid6 pid7 pid8 

4        
*DEFINE_ELEMENT_EROSION_SHELL 
$#     sid stpy numfip Nipf     

124 4 1 1     
*DEFINE_TABLE 
$#  X-Stress vs Curve ID 
$#    tbid sfa offa      

9013        
$#                  value       curve_id 

 0 52      
 366000 53      

*DEFINE_CURVE 
$#  Theta vs Equivalent Failure Strain for T1/C1 = 0 
$#    lcid sidr sfa Sfo offa offo dattyp  

52        
$#                        a1                               o1 

 -180  0.6     
 180  0.6     

*DEFINE_CURVE 
$#  Theta vs Equivalent Failure Strain for T1 = 366000   
$#    lcid sidr sfa Sfo offa offo dattyp  

53        
$#                        a1                               o1 

 -180  0.6     
 180  0.6     

*END        
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APPENDIX C. LESSONS LEARNED 
 
During the development of the *MAT_213 material model to represent hybrid carbon-Kevlar® 
plain-weave fabric, parametric studies were performed as a means of investigating specific 
issues related to the material model.  Please view these “lessons learned” as steps taken 
by a beginning user of *MAT_213.  These issues are described in this section of the report 
in hopes that they might help future *MAT_213 users.  Also note that the sequence of issues 
is somewhat random. 
 
C-1. An Issue Involving Material Directions 
The motivation behind this study was the potential conflict in defining material directions 
using *PART_COMPOSITE and *MAT_213.  The card *PART_COMPOSITE provides a 
simple way to implement a laminated composite for shell elements and it allows input of ply 
thickness, ply material, and ply orientation for each layer in the composite. The ply 
orientation is defined by the variable bi, which the LS-DYNA® User’s Manual describes as 
the “material angle of integration point i.”  In contrast, *MAT_213 specifies input of a 
parameter identified as “AOPT,” which is defined in the LS-DYNA® User’s Manual as 
“material axis option.”  For the simulations conducted in this study, the value of AOPT was 
set to 2.0, which indicates that the material is globally orthotropic with material axes 
determined by the cross product of vectors, a and d.  So, the essential issue is:  Should the 
a and d vectors be defined in the *MAT_213 card when using *PART_COMPOSITE, i. e., 
redundant material direction cards? 
 
To answer this question, three simulations were executed based on the tension coupon 
model, which is shown in Figure C-1.  The model is 1 in. x 1 in. and the left edge nodes are 
fixed in place using a Single Point Constraint (SPC).  The right edge nodes are assigned a 
*BOUNDARY_PRESCRIBED_MOTION card such that at time = 0.0 s the x-direction 
displacement is 0.0 in.  By the end time of the simulation, 0.1 s, the maximum x-displacement 
is 0.02 in., or 2% strain.  The model contains 289 shell elements (fully integrated, type 16), 
329 nodes, and 1 part definition. 
 
Three simulations were performed: 
- Option 1 was the baseline tension coupon model that had *PART_COMPOSITE input, as 
well as material direction vectors in *MAT_213 enabled; 
- Option 2 had the material direction vectors eliminated in *MAT_213, as well as AOPT on 
*MAT_ 213 cards; however, *PART_COMPOSITE was present; 
- Option 3 had the ply angle directions eliminated that are usually specified on the 
*PART_COMPOSITE card; however, the AOPT parameter and the material direction 
vectors were present in *MAT_213.  
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Figure C-1. Tension coupon model. 

 
All three models were executed using the developmental version of LS-DYNA® running MPP 
on 8 processors of a Linux-based workstation computer and required 1 hour and 45 minutes 
to achieve normal termination.  The results are shown in Figure C-2, as a plot of average 
SPC force in the x-direction of the left edge nodes versus time.  Obviously from the plot, it 
is evident that Option 1 and Option 3 gave the exact same response.  The Option 2 
simulation gave quite different results.  The maximum loading for Option 2 was 25-lb. in 
comparison to the maximum load of 550 lb for Options 1 and 3.  As a reminder, Option 2 
used the *PART_COMPOSITE card to define material directions, as the AOPT parameter 
and the material direction vectors in*MAT_213 had been disabled. 
 

 
Figure C-2. Average SPC force (x-direction) versus time. 

 
Findings of this study are listed, as follows: 
1. Results indicate that the AOPT parameter and material direction vectors within *MAT_213 
must be enabled.  In this case, the a x d direction pointed in the normal, z, direction.   
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2. The *PART_COMPOSITE simulation in which the AOPT and material direction vectors 
were disabled in *MAT_213 behaved poorly.  This finding confirms previous indications that 
*PART_COMPOSITE is not fully enabled for *MAT_213. 
3. These findings lead to another question regarding the appropriate method to use for 
implementing a multi-ply laminate with *MAT_213.  Is the previous method of using 
*INTEGRATION_SHELL warranted?  This issue is under further investigation. 
 
C-2. An Issue Involving Command Cards 
An initial attempt to run *MAT_213 was made using the tension coupon model, shown in 
Figure C-1, with assigned properties for IM7/8552.  Initially, the model would not execute 
and there were very few, if any, clues as to why.  The model was sent to ASU and their team 
was able to get the model to execute by commenting out the following eleven LS-DYNA® 
command cards: 
 
1. *CONTROL_BULK_VISCOSITY,  2. *CONTROL_CONTACT,  
3. *CONTROL_COUPLING,    4. *CONTROL_CPU,  
5. *CONTROL_DYNAMIC_RELAXATION,  6. *CONTROL_ENERGY, 
7. *CONTROL_HOURGLASS,    8. *CONTROL_OUTPUT  
9. *CONTROL_SHELL,     10. *DAMPING_PART_STIFFNESS,  
11. *HOURGLASS 
 
The goal of this study is to examine the influence of command cards on the response of a 
tensile coupon with *MAT_213 material properties.  Note that all simulations were performed 
in which *PART_COMPOSITE was enabled.  This card defines a four-layer composite in 
which each layer is assigned a material identification of 1 (*MAT_213), a thickness of 
0.011659 in., and an orientation of 0°.  The *MAT_213 material properties were 
representative of IM7/8552, which is a carbon/epoxy prepreg tape manufactured by Hexcel.  
The material model contains the deformation and damage portions of *MAT_213 but does 
not include failure.  The essential question (Which of the command cards is causing the 
problem?) was addressed using three different approaches.  First, the model generated by 
ASU was executed as a baseline simulation.  This model had the command cards, listed 
previously, commented out.  This simulation is the starting point of this exercise and the 
average SPC force (x-direction) versus time plot is shown in Figure C-3.  Note that the left 
edge nodes of the model (see Figure C-1) were constrained using SPC’s.  These forces 
were output and averaged to generate the plot shown in Figure C-3.  Note that the model 
ended at 0.0696 s, with no indication of why it stopped. 
 
The second step was to uncomment each command card, individually, one at a time, and 
run the simulations to evaluate the responses of the tension coupon model.  Almost all the 
simulations provided similar average SPC force responses to the response shown in Figure 
C-3.  In addition, all the models failed just after 0.06 seconds, with no explanation.  The one 
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model that gave different results was the *DAMPING_PART_STIFFNESS simulation.  In this 
case, the model executed to normal termination (0.1 s); however, the predicted average 
SPC force in the x-direction had a lower magnitude response than the other models. 
 

 
Figure C-3. Average SPC force (x-direction) versus time for the baseline model. 

 
The third approach involved conducting 55 separate simulations, in which two command 
cards were uncommented at a time.  However, before performing these simulations, one 
change was made that involved replacing the *CONTROL_CONTACT card with the 
*CONTROL_ACCURACY card.  This change was made because no contact is present in 
the tensile coupon model.  The updated command cards used during this third phase of the 
study are listed in Figure C-4, along with details of the parameters used. Finally, Figure C-5 
shows the comparison of all models that were executed in the study.  Note that the results 
of the study are categorized by Round.  
 
Round 2 saw the first failed simulation.  A plot of average SPC force (x-direction) versus 
time is shown in Figure C-6 for all models executed under Round 2, including one outlier 
model, Case_2_10 (*CONTROL_ACCURACY and *DAMPING_PART_STIFFNESS). The 
simulation that failed was Case_2_9 (*CONTROL_ACCURACY and *CONTROL_SHELL).  
For Case_2_9, the model failed almost immediately after starting, with no indication or 
explanation as to why it failed.  The average SPC force for Case_2_9 is shown in Figure C-
7.  According to the d3hsp file, all of the right column of elements failed at a time step of 
1.35E-07.  Since the right column of elements contains the nodes through which load is 
applied, after removal, there is no further possibility of loading. 
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Figure C-4.  Updated list of command cards (left) and detailed input for the cards (right).  

 

 
Figure C-5. A listing of the models that were executed in which two command cards were 

enabled.  The numbers shown under each heading refer to the list in Figure C-4 (left). 
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Figure C-6. Average SPC force (x-direction) versus time of all Round 2 simulations, except 

for Case_2_9. 
 

 
Figure C-7. Average SPC force (x-direction) versus time for Case_2_9. 

 
General findings are listed for the third approach, as follows: 
(1) For all simulations, every model with *CONTROL_SHELL enabled failed. 
(2) The simulation representing Case 10_11 (*DAMPING_PART_STIFFNESS and 
*HOURGLASS) failed. 
(3) For all simulations, every model with *CONTROL_ACCURACY enabled was an outlier. 
(4) For 10 of 11 Rounds, models with *DAMPING_PART_STIFFNESS enabled were 
outliers.  The exception was Case_10_11, which failed. 
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Based on the results of this investigation, recommendations for bug fixes are made to Ansys: 
1. MAT 213 should be enabled as a material card in *PART_COMPOSITE.  
2. Model failure is triggered by activation of the laminated shell theory (*CONTROL_SHELL, 
Card 2, Parameter 3, LAMSHT).  LAMSHT is set to 1, which is not the default setting.  If 
LAMSHT is set to 0 (default), there is no erosion in the first 5000 cycles.  This finding may 
constitute a bug and needs to be addressed. 
 
C-3. Influence of Boundary Conditions 
In March 2021, the influence of boundary constraints on the biaxial tensile response of a 1-
in. x 1-in. coupon were evaluated.  A picture of the model is shown in Figure C-1.  Initially, 
the left edge nodes were fully constrained, meaning that the nodes were prevented from 
displacement in the x-, y-, and z-directions, as well as rotations about the x-, y-, and z-axes.  
The results from the fully constrained simulations were compared with a mid-level reduced 
constraint and a highly unconstrained case.  For the midlevel constraint condition, x-, y-, and 
z-displacements were fixed, while rotations about the x-, y-, and z-axes were free.  For the 
highly unconstrained condition, only the x-displacement was fixed, and all other constraints 
were free.  Each of these three modeling conditions was evaluated for different flow rule 
coefficient conditions within *MAT_213.  The simulation matrix is shown in Table C-1.  Note 
that each simulation required between 9 and 10 hours of CPU, running the developmental 
MPP version of LS-DYNA® using 8 processors on a Linux workstation computer.  As a final 
note, a four ply ±45° laminate was simulated to generate shear properties.    
 

Table C-1. Matrix of Simulations Performed. 
Flow Rule 
Parameter 

Fully 
Constrained 

Midlevel 
Constraint 

Highly 
Unconstrained 

Only H11 enabled X X X 
Only H22 enabled X X X 
Only H44 enabled X X X 

Combo (H22 and H44 enabled) X X X 
 

Results of these simulations are shown in Figures C-8 and C-9.  Please note that all models 
with H11 (only) failed at the first time-step and did not provide any useful information.  Also, 
the models with H22 (only) gave consistent, but anomalous results.  For every simulation, 
the models with H44 (only) ran to normal termination.  In several instances, simulations of 
the Combo model (both H22 and H44 enabled) also failed before achieving normal 
termination.  In general, the H44(only) and the Combo models demonstrated similar results 
and matched the initial test response well.  The results, shown in Figure C-9, demonstrate 
that only minor variations in response are observed for different constraint conditions. 
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Figure C-8. Results of boundary effects simulation study. 

 
Figure C-9. Simulation results showing the influence of model constraint. 

 
C-4. Utilizing *INTEGRATION_SHELL to Simulate a Composite Laminate 
As noted previously, the material model, *MAT_213, and the capability used in LS-DYNA® 
to input composite laminates, *PART_COMPOSITE, do not appear to be fully compatible at 
this time.  If true, this “bug” severely limits the application of the material model for shell 
element simulations.  Until Ansys-LST can “fix” this issue, the only option for simulating 
composite laminates is *INGEGRATION_SHELL.  Consequently, a model of the biaxial 
tension test of a four-ply [+45°/-45°/-45°/+45°] laminate was simulated using 
*INTEGRATION_SHELL with properties for plain-weave carbon-Kevlar® fabric.  The results, 
including a comparison with test data, are shown in Figure C-10.  Note that the model 
required 6 hours and 53 minutes of CPU running the developmental version of LS-DYNA® 
(MPP) on 8 processors of a Linux workstation computer.  The model stopped executing at 
0.1575 s and no explanation for the stoppage was given.  In general, the model matches the 
test response very well during the initial portion of the response. 
 

(a) Fully constrained. (b) Medium constraint. (c) Least constraint

(a) Model results H22 (only). (b) Model results H44 (only) (c) Model results Combo
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Figure C-10. Comparison of experimental and predicted biaxial stress versus biaxial strain. 
 
C-5. Comparison of Run Times Between *MAT_58 and *MAT_213 
A study was conducted to answer the question: how do the run times compare between 
*MAT_213 and *MAT_58?  Consequently, six simulations were performed using the tension 
coupon model, shown in Figure C-1: 

 Unidirectional laminate [0°]4 assigned *MAT_213 
 Unidirectional laminate [0°]4 assigned *MAT_58 
 Transverse laminate [90°]4 assigned *MAT_213 
 Transverse laminate [90°]4 assigned *MAT_58 
 Biaxial laminate [+45°/-45°/-45°/+45°] assigned *MAT_213 
 Biaxial laminate [+45°/-45°/-45°/+45°] assigned *MAT_58  

Each simulation was executed for a termination time of 0.5-seconds and run on a Linux-
based machine with 8 processors using the MPP developmental version of LS-DYNA®.  
Each model had the same number of *CONTROL cards and the same *DATABASE output 
cards.  The *MAT_58 material model was copied from an earlier simulation, which is 
documented in Reference 13. 
 
The comparisons of *MAT_58 model predictions with material characterization data are 
shown in Figure C-11.  Though the test-analysis agreement is not perfect, the run time 
comparisons, shown in Table C-2, almost rule out the use of *MAT_213. Please note that 
the *MAT_213 development team is currently exploring methods to improve runtimes. 
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           (a) Longitudinal tension.            (b) Transverse tension.                      (c) Shear. 
 

Figure C-11. Material characterization test data compared with *MAT_58 model 
predictions. 

 
Table C-2. Run Time Comparisons Between *MAT_58 and *MAT_213. 

 
 
C-6. Variation in H44 
A parametric study was executed by varying H44 to obtain better correlation with the shear 
response.  Note that for shell elements, H44 is the flow rule coefficient most associated with 
shear behavior.  H44 was varied from 3.875 (value provided by ASU as optimal) to 11.8. 
Intermediate values are: 5.8, 7.8, 9.8.  Results of this parametric study are depicted in Figure 
C-12.  Obviously, changes in H44 make little or no difference in the longitudinal tension 
response, shown in Figure C-12(a), or the transverse tensile response, shown in Figure C-
12(b).  However, changes to the biaxial tension response, shown in Figure C-12(c), are 
noted based on varying H44.  The curve with the highest value of H44 (11.8) exhibits the 
highest stress, prior to decreasing load and failure.   
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                       (a) Longitudinal tension.                               (b) Transverse tension. 
 

 
(c) Biaxial tension. 

 

Figure C-12. Results of parametric study on varying H44. 
 

A follow-on study was conducted in which H44 was increased to 25 and 50 for comparison. 
The predicted results are shown in Figure C-13 along with the test data.  Only minor 
differences were noted in the shear responses for the two extreme cases (H44 = 25 and 50) 
and the trends were moving in the wrong direction, i.e., higher loads instead of lower. 
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Figure C-13. biaxial stress-strain responses for two cases of high H44. 

 
C-7. Influence of Varying the Parameter LAMSHT 
In LS-DYNA®, LAMSHT is a flag for turning on laminated shell theory and it is located on the 
*CONTROL_SHELL card. According to the LS-DYNA® User’s Guide, laminated shell theory 
is available for all thin and thick shell materials. It is activated when LAMSHT = 1, 3, 4, or 5 
and by using *PART_COMPOSITE or *INTEGRATION_SHELL to define the integration 
rule.  The various options are listed below: 
 EQ.0: do not update shear corrections, 
 EQ.1: activate laminated shell theory, 
 EQ.3: activate laminated thin shells, 
 EQ.4: activate laminated shell theory for thick shells, 
 EQ.5: activate laminated shell theory for thin and thick shells. 
 
A parametric study was executed using the tension coupon model, shown in Figure C-1, in 
which an eight-ply quasi-isotropic laminate was defined using *PART_COMPOSITE.  The 
model was executed for LAMSHT = 1, 3, and 5. All simulations were executed on a Linux 
workstation computer, running MPP with 8 processors, using the developmental version of 
LS-DYNA®.  Table C-3 shows a comparison of run times for the three models.  The models 
with LAMSHT = 3 and 5 have similar run times, while the model with LAMSHT = 1 ran to 
normal termination in a third of the time. 
 
A plot of x-direction stress versus strain for all three LAMSHT cases is depicted in Figure C-
14.  All of the right-side elements in the LAMSHT=1 simulation failed upon model initiation.  
Thus, no load response was recorded.  Both LAMSHT = 3 and LAMSHT = 5 provided 
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identical response curves.  The major finding of this study is that LAMSHT = 1 should be 
avoided. 
 

Table C-3. Results of Parametric Study on LAMSHT. 
LAMSHT Normal Termination Run Time 

1 Yes 12-min, 53-sec 
3 Yes 29-hours, 46-min 
5 Yes 30-hours, 12-min 

 

 
Figure C-14. Plot of x-direction stress versus strain for three LAMSHT cases. 

 
C-8. Influence of Varying the Damping Coefficient 
The material characterization models for longitudinal tension, transverse tension, and biaxial 
tension were executed for different values of the damping coefficient, which is input on the 
*DAMPING_PART_STIFFNESS card.  Three values were selected: 0.005, 0.05, and 0.1.  
The damping coefficient of 0.05 has been used as the baseline value for all previous 
*MAT_213 simulations.  It is also useful to note that one simulation was attempted with a 
damping coefficient of 0.0, but it failed to execute.  The stress-strain results for the 
longitudinal tension model are shown in Figure C-15.  For longitudinal tension, models that 
were assigned damping of 0.005 and 0.05 gave nearly identical responses and failed at the 
same maximum stress and strain values.  The model with a damping coefficient of 0.1 had 
the same slope but failed prematurely.  The stress-strain results for the transverse tension 
model are shown in Figures C-16(a) and (b). 
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Figure C-15. Stress-strain responses for longitudinal tension with varying damping. 

 

      
Figure C-16. Stress-strain responses for transverse tension models with varying damping. 
 
Little or no differences are seen in the transverse tension responses for models executed 
with a damping coefficient of 0.05 and 0.1.  These two curves exhibit the same response 
shape, the same maximum load, and the same failure strain.  However, as shown in Figure 
C-16(b), the model with a damping coefficient of 0.005 did not fail and did not achieve the 
same maximum load.  Finally, the results for the biaxial loading case are shown in Figure C-
17.  Little or no differences are seen in the biaxial tension responses due to changes in 
damping coefficient.  As an aside, the run times for the biaxial tension models with varying 
damping coefficients are shown in Table C-4. 
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Figure 17. Stress-strain responses for biaxial tension models with varying damping. 

 
Table C-4. Run Times for Biaxial Tension Models. 

 
 

In conclusion, variations in damping coefficient yielded inconsistent results.  The longitudinal 
tension model with damping coefficient of 0.1 failed prematurely.  For transverse tension, 
the model with a damping coefficient of 0.005 did not fail and did not achieve maximum load.  
For biaxial tension, all responses were nearly identical with no differences associated with 
damping coefficient.  Based on these results, it is recommended to stick with the baseline 
damping coefficient of 0.05. 
 
C-9. Variation in Parameter PTOL 
In many prior simulations using *MAT_213, the value of parameter PTOL was set to 1.0.  
The default value is 1.0E-6.  Consequently, the biaxial tension model was reexecuted with 
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a value of PTOL set to 1.0E-6.  Reducing PTOL from 1.0 to 1.0E-6 reduced the maximum 
load from 11,500 psi to 9,500 psi, as shown in Figure C-18.  The response is now in much 
better agreement with the test.  However, it is still uncertain as to what is causing the load 
drop-off at a strain of 0.0275 in/in. 
 

 
Figure C-18. Biaxial tension test data versus two model results (PTOL = 1.0 and 1.0E-6). 

 
C-10. Variation in Parameter TSSFAC 
Parameter TSSFAC is found on the *CONTROL_TIMESTEP card and, according to the LS-
DYNA® User’s Manual, is used as a scale factor for computing the time step.  The default 
value is 0.90.  For this parameter study, three discrete values of TSSFAC were evaluated 
using the tension coupon model, shown in Figure C-1.  All simulations were executed on a 
Linux workstation computer, running MPP with 8 processors, using the developmental 
version of LS-DYNA®.  Table C-5 shows a comparison of run time for the three simulations.  
A dramatic reduction in run time is shown as TSSFAC is increased from 0.1 to 0.9.  Next, 
the longitudinal tension stress-strain response is shown in Figure C-19.  
 
All curves match the slope of the test response well; however, differences are seen in the 
maximum stress and failure strain based on TSSFAC, as shown in the inset of Figure C-19. 
The best match to test data is the model with TSSFAC = 0.1.  These results suggest that 
the best approach might be to use TSSFAC = 0.9 initially during model interrogation and to 
run the case of TSSFAC = 0.1 as a final simulation.  
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Table C-5. Comparison of Run Times for Varying TSSFAC. 

 

 
Figure C-19.  Longitudinal tension results for varying TSSFAC. 

 
C-11. New Tension Coupon Model 
A new tension coupon model, shown in Figure C-20, was developed and LS-DYNA® 
simulations were conducted for three laminates (longitudinal tension, transverse tension, 
and biaxial tension.  The model is 1in. by 6 in. with a nominal element edge length of 0.1 in.  
It is intended to represent the gauge section of a 1-in x 10-in specimen.  The model has: 600 
shell elements, 671 nodes, 1 part, and 1 material card (*MAT_213).  Left edge nodes are 
fixed using a SPC, right edge nodes are assigned a boundary prescribed motion definition.  
As with the 1-in. x 1-in. coupon model, the laminate properties were input using the 
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*PART_COMPOSITE feature in LS-DYNA®.  Output from the model included the SPC forces 
of the left edge nodes, which were summed and divided by the cross-sectional area to 
generate stress.  Strain was determined as a ratio of time and displacement divided by the 
gage length of 6 in. Results from the new tension coupon are compared with test data and 
predictions generated by the 1-in. by 1-in. coupon model, as shown in Figure C-21. 
 

 
Figure C-20. New tension coupon model, 1 in. x 6 in. 

 
Results of the longitudinal tension simulations are shown in Figure C-21 along with the test 
response.  Both predicted curves match the stiffness and strength of the test extremely well. 
 

 
Figure C-21. Test-analysis comparison plot for longitudinal tension.  The predicted 
responses are from two models: 1-in. x 1-in. coupon and the 1-in. x 6-in. coupon. 

 
Results of the transverse tension simulations are shown in Figure C-22 along with the test 
response.  All curves have generally the same initial stiffness. However, both simulations 
over predict the maximum stress and strain.  Both simulations exhibit a “stair step” response, 
occurring at the same values of stress. 
 
Results of the biaxial tension simulations are shown in Figure C-23 along with the test 
response.  The new coupon model over predicted the magnitude of the test response, but it 
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also exhibited a sudden drop in load at 0.065-in/in strain, thus exhibiting a similar failure 
mode as the test, though at a much lower value of strain. 
 

 
Figure C-22. Test-analysis comparison plot for transverse tension.  The predicted are 

responses from two models: 1-in. x 1-in. coupon and the 1-in. x 6-in. coupon. 
 

 
Figure C-23. Test-analysis comparison plot for biaxial tension.  The predicted responses 

are from two models: 1-in. x 1-in. coupon and the 1-in. x 6-in. coupon. 
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C-12. Influence of Varying Face Sheet Thickness and Foam Width for the Sinusoid 
Energy Absorber 
Early on, one suggestion to improve the test-analysis correlation for the sinusoid model was 
to reduce the foam thickness from 1.5 in. to 1.25 and 1.0 in, as shown in Figure C-24.  For 
these simulations, a reduced thickness was used for the face sheets.  Acceleration-time-
history results are shown in Figure C-25.  These results are promising in that the 1.0-in.-
thick foam model with a face sheet thickness of 0.1 in. does the best job of matching the test 
data.  However, the fact remains that the test article had a foam thickness of 1.5 in.  
Consequently, other avenues will have to be explored to generate improved test-analysis 
comparisons for the sinusoid energy absorber. 

 
Figure C-24. Variations in foam thickness. 

 

 
Figure C-25. Test-analysis comparisons of vertical acceleration responses for three 

different foam thicknesses. 
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C-13. Influence of Adding Crush Trigger Mechanisms 
One approach for improving the level of test-analysis correlation is to introduce a crush 
trigger.  Two trigger mechanisms that have been used previously with good success are the 
steeple and chamfer triggers, shown schematically in Figure C-26.  The role of the trigger is 
to fail initially at a lower load than if the trigger were not present, and to initiate stable 
crushing. Both trigger mechanisms were incorporated into the sinusoid model, as shown in 
Figures C-27 and C-28. 
 

 
Figure C-26. Schematic drawings of two crush trigger mechanisms. 

 

 
Figure C-27. Steeple trigger added to the sinusoid model. 

 

 
Figure C-28. Chamfer trigger added to the sinusoid model. 
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Acceleration and displacement time history results for the steeple trigger are shown in Figure 
C-29(a) and (b), respectively.  The test acceleration response has an average sustained 
crush acceleration of 22.11 g for a pulse duration of 0.0 to 0.03 s.  The model response has 
an average sustained crush acceleration of 25.01 g for the same pulse duration, which is a 
difference of 13.1%.  The test displacement response exhibits a maximum crush 
displacement of 4.08 in.  In contrast, the model response has a maximum crush 
displacement of 3.22 in., which is a difference of 21.08%.  These results show that, while 
the sinusoid model remains too stiff in comparison with the test, the analytical results are 
improving with the trigger. 
 

    
                   (a) Acceleration responses.                   (b) Displacement responses. 
 

Figure C-29. Test-analysis comparisons for the sinusoid model with a steeple trigger. 
 
Acceleration and displacement time history results for the chamfer trigger are shown in 
Figure C-30(a) and (b), respectively.  The test acceleration response has an average 
sustained crush acceleration of 22.11 g for a pulse duration of 0.0 to 0.03 s.  The model 
response has an average sustained crush acceleration of 24.53 g for the same pulse 
duration, which is a difference of 10.9%.  It is also interesting to note that the chamfer trigger 
has lowered the initial peak load to match the test peak closely.  The test displacement 
response exhibits a maximum crush displacement of 4.08 in.  In contrast, the model 
response has a maximum crush displacement of 3.5 in., which is a difference of 14.2%.  The 
results for the chamfer steeple are encouraging and demonstrate the benefit of incorporating 
a crush trigger. 
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                   (a) Acceleration responses.                   (b) Displacement responses. 
 

Figure C-30. Test-analysis comparisons for the sinusoid model with a steeple trigger. 
 
 
 
 
 
 
 
 
 




