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Abstract 
MAT162, a laminated composite failure material model developed by The Material Sciences 
Corporation for the commercial finite element software LS-Dyna, is widely used within the 
aerospace industry to predict damage events under a range of dynamic conditions.  The 
material model involves numerous inputs consisting of both physical material properties and 
numerical calibration parameters. Due to the large number material card inputs, often there 
is a lack of uniqueness to MAT162 material cards that limits the predictive capability to only 
the directly calibrated space.  To expand this space, MAT162 requires a prudent and robust 
calibration process in which significant parameters are calibrated to high confidence damage 
events observed in experiment. Critical to this success is fully defining the material properties 
correctly, namely the fiber crush (SFC) and fiber shear (SFS) values, prior to calibrating the 
numerical parameters.  In this paper, the effect of the determination of SFS and SFC on 
subsequent calibration steps is examined using two different experimental techniques. 

 

I. Introduction 
Progressive Damage and Failure Analysis (PDFA) methods have been developed for a number of loading applications 
including static, fatigue, and impact. The technical maturity of these methods is related to the capability of the codes 
to predict damage for the loading case and is tied to the understanding of the relevant physics for that case. PDFA 
methods have been shown to be technically mature for a number of static applications including open-hole tension 
and compression [1] [2] and low velocity impact [3] [4]. Fatigue capable PDFA tools currently require additional 
analysis and development as intralaminar fatigue becomes better understood. High energy dynamic impact (HEDI) 
applications also require additional material modeling method development due to a wide variety of material and 
structural level phenomena that either do not exist at static loading rates or become much more significant due to strain 
rate effects.  
 
The NASA Advanced Composites Consortium (ACC) seeks to develop PDFA tools to reduce the timeline for 
certification of new composite aircraft structures. Further, the HEDI Team seeks to develop novel PDFA methods and 
to create industry standards for best practices for evaluating and using these methods for a variety of high energy 
impact events. An overview of the NASA ACC HEDI effort including the use of LS-DYNA MAT162, LS-DYNA 
MAT261, Smoothed Particle Galerkin (SPG), and EMU Peridynamics to HEDI was presented [5] with detailed 
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methods and results for LS-DYNA MAT261 [6] and EMU Peridynamics [7]. The focus of this paper is the comparison 
of material test methods used to obtain failure properties unique to LS-DYNA MAT162. 
 
LS-DYNA MAT162 [8] [9] is considered an industry standard for prediction of damage during HEDI events with 
composite material. The model is attractive for this application because it includes material input properties critical to 
impact performance that many less mature material models do not have. These material input properties include strain 
rate effects, failure modes only observed at elevated loading rates and a native representation of delamination behavior. 
MAT162 contains two failure modes that are generally not observed under low loading rates (e.g. static or low energy 
impact such as BVID). These failure modes are the fiber shear strength (SFS) and the fiber crush strength (SFC).   
 
MAT162 contains a number of physical material properties to represent elastic behavior and to initiate failure, but 
requires a robust calibration scheme. Several ways to calibrate the post-peak response (often referred to as the 
softening curves) are proposed including the Quasi-Static Punch Shear Test (QS-PST) [10] and Low Velocity Impact 
(LVI) [11] in which predictable damage morphologies develop and progress. In order to achieve predictive capability 
within the desired design space, it is necessary to properly determine the material failure (damage initiation values) 
properties prior to calibration, however, there are difficulties in determining the SFS and SFC properties. 
 
In this paper, two experimental procedures are examined to determine the failure parameters SFS and SFC for an 
IM7/8552 tape material system. The SFS and SFC values obtained from these two experiments will be used to populate 
a MAT162 card, which will subsequently be calibrated to a QS-PST. A comparison will be made between the 
calibration results, specifically in regard to the effects of the SFS and SFC values used. Finally, best practices and 
lessons learned will be presented.  

II. LS-DYNA MAT162 Material Model Description within PDFA Framework 
PDFA methods attempt to develop physics-based constitutive models to accurately describe the response of a 
composite material at the length scale of interest (e.g. fiber/matrix, lamina, or laminate) [12]. For MAT162, this is 
performed at the lamina level for either a fabric or a tape material system. The general lamina level offers a relevant 
length scale for the mechanics and is validated with experimental data. Figure 1 shows the four responses that are 
included in constitutive models proposed by Razi et al [12]. For the lamina level response, the domain can be 
discretized into a representative volume element. Of note, the material model presented in Figure 1 gives a 
comprehensive overview of the material model implementation that is not specific to a method, but rather describes 
the response in a method,scale or class independent way. 
 
A general PDFA response includes four main regions:  

A. Elastic Response: The elastic properties are one of the major inputs for PDFA methods. In general, it is best 
to characterize all nine elastic properties to provide the highest confidence in the constitutive model, however, 
assumptions exist to limit the necessary testing (e.g. transverse isotropy for a traditional tape system). 

B. Pre-Peak Response: The pre-peak response determines how the model represents nonlinearity that occurs as 
a result of damage at a length scale below the scale of interest. In general, this nonlinearity has been shown 
to have both elastic/recoverable nonlinearities as well as non-recoverable damage. The sophistication of the 
constitutive model of the pre-peak response ultimately governs how much of this energy is dissipated or 
recoverable. 

C. Failure Criteria: PDFA methods have a number of failure modes that are characterized by failure stresses. In 
order to know that an element has failed, a relevant failure criteria is necessary for each mode of failure. 
Many methods have traditional matrix interaction failure criteria, however, in high velocity impact, mode-
mixity laws do not exist or are not fully matured. 

D. Post-Peak: The post-peak response governs how energy is dissipated from a a representative unit cell after 
the failure criteria is met. The post-peak response can have one of three forms:  

1. Instantaneous energy degradation where energy is instantly removed from the system by element 
deletion or similar method. Another form of instantaneous energy degradation is through the use of 
a finite slope of an unloading curve that is not linked to a physical material property. 

2. Energy-based degradation where fracture-like processes take place and dissipate the energy through 
an apparent fracture.  This type of degradation uses traction-separation laws in which the area under 
the curve is equal to the fracture energy in the failure mode of interest. 
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Figure 13 shows the calibration attempts for AM4 using SFS and SFC values obtained from LCC testing.  The 
variation in the model result curves shows the sensitivity of the model to the post-peak behavior of one failure mode.  
The response of all model runs using various AM4 values in Figure 13 indicates that the values of SFS and SFC are 
sufficiently high to allow matrix damage and delamination to occur prior to fiber damage.  The curve using AM4=4 
is promising, as it captures the nonlinear behavior, softens during delamination, then recovers loading up to 
approximately the same value as the peak seen in testing.  For these values of SFS and SFC, further calibration of 
AM4 values greater than 4 is warranted to evaluate greater amounts of softening due to matrix damage.  The next step 
would be to determine the influence of the AM3 softening parameter, which controls the post-peak behavior of the 
next sequential damage mode, fiber crush. 
 
Figure 14 shows the calibration attempts for AM4 using SFS and SFC values obtained from QS-PS testing.  The 
response of the model runs using various AM4 values in Figure 14 indicates that the value of SFS was slightly too 
low.  Fiber shear damage occurs concurrently with matrix damage and initial delamination failure.  The value of SFC 
is sufficiently high to allow for the accumulation of matrix damage prior to fiber crush damage at the second peak in 
the curve.  The curve using AM4=2 is promising, as it captures the initial nonlinear behavior, softens during 
delamination, then recovers load up to approximately the same value as the peak seen in testing.  However, AM4=2 
does not allow for softening to the extent that test data indicates after the first peak.  The curve using AM4=4 shows 
more softening after the first peak, however, it does not quite reach the first peak.  The AM4=4 curve also experiences 
an abrupt load drop  prior to reaching the displacement at peak load seen in the test data.   For these values of SFS and 
SFC, values of AM4 between 2 and 4 appear to sufficiently represent the initial behavior of the average QSPS test 
data.  Further calibration is warranted by investigating the influence of the AM3 softening parameter. 
 
The influence of  failure stress limits SFS and SFC on model behavior can be even larger than the value of the softening 
parameter AM4.  In the QS-PS test, the fiber shear and/or crush mode of damage follows matrix damage sequentially 
as the second damage initiation mode. Altering SFS and SFC allows for a large difference in stress distribution at the 
point of fiber shear or fiber crush damage initiation.  A comparison of calibration curves using the various values of 
SFS and SFC with an AM4 value of 4.0 is shown in Figure 15. Higher values enable further accumulation of matrix 
damage prior to fiber damage. Lower values tend to limit the extent of matrix damage prior to fiber damage, as the 
crush or shear mode initiates earlier.  This truncates the peak load with an abrupt load drop.   
 
The QSPS model is also used to calibrate softening parameters AM1-3, and the element erosion parameter E_LIMT 
in a sequential process. The results of a QS-PST calibration including all softening parameters, AM1-AM4, can be 
seen in Figure 16. Element erosion parameters have not yet been calibrated, and so the model run was truncated prior 
to load runout.  The model response is in good agreement with the average test data curve. Both the qualitative and 
quantitative behavior of the model match the test data well. 

VI. Discussion 
LS-DYNA MAT162 has been shown to perform well for predicting impact damage on composite laminates in high 
energy events only if it is calibrated to the length scale of interest. Calibration of multiple softening parameters can be 
performed using the sequential progression of damage modes typical in QS-PST of characteristically thick composites. 
All stress limits must be well-defined prior to calibration to ensure that the initiation of each damage mode occurs at 
the appropriate state of stress. SFS and SFC are stress limits that are unique to MAT162, and typically present 
themselves as significant modes of failure only in high energy impact events 
 
Obtaining values for SFS and SFC is difficult using quasi-static tests as other more prevalent material damage behavior 
must be prevented to isolate the damage mode of interest. Two test methods were proposed to obtain SFS and SFC 
values – QS-PST and LCC. 
 
The data obtained from QS-PST (SPR=1.1) was used to calculate SFS.  Of note, the first failure in the coupons was 
not the failure mode of interest.  Each coupon experienced delamination prior to fiber shear failure.  This required 
measuring the thickness of the resultant lip on the failed shear plug to calculate the area of fiber shear failure. The 
scatter in calculated SFS values was low, SFS = 38.5 +/- 3.0 ksi.  However, using this value in QS-PST calibration 
models revealed that fiber shear failure occurred prior to major matrix damage and delamination modes of failure, 
which indicates that the calculated value is likely too low.  To improve future test results using this method, it is 
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desirable to prevent the delamination mode of failure, and to create a stress state in the fibers as close to pure shear as 
possible.  To that end, it is recommended to use a thinner laminate and approach an SPR value closer to 1.0.   
 
QS-PST (SPR=0.0) results do not present a clear point of fiber crush failure, and so the load value at which failure 
occurs must be selected based on judgment.  The load-displacement curves exhibit multiple small load drops of 
varying magnitudes.  These load drops are difficult to associate with a known amount of fiber crush failure, as it is 
unclear the extent to which the specimen has failed.  It is possible that multiple lamina have failed in a small area near 
the edge of the punch, or that a single lamina has crushed uniformly across the entire area of the punch. Some fiber 
shear failure is likely occurring at the edge of the punch as well. The scatter in calculated SFC values was low, SFC 
= 160.6 +/- 3.7 ksi.  Using this value in QS-PST calibration models revealed that it is reasonable, though likely too 
low.  It is recommended that thinner laminates and a hardened steel punch and backing plate be used to determine the 
value of SFC. 
 
The SFS and SFS values obtained from LCC testing provided the most encouraging model response during calibration 
of the AM4 strain softening parameter for MAT162. Processing the LCC test results requires measurement of the 
failure angle formed by the fracture plane through the specimen. This measurement can be difficult to obtain due to 
the tendency of the material to crush into powder.  The scatter in resulting SFS and SFC values was fairly large, as 
SFS and SFC were determined to be 52.7±10.5 ksi and 207.6±19.9 ksi respectively.  This scatter can be equally 
attributed to variations in measured fracture angle and maximum load at failure. LCC testing requires the use of 
hardened steel press and fixturing, as the compression stresses required to fail the specimen are large enough to yield 
softer materials.  It is important to ensure that coupons are machined with flat and parallel edges so that uniform stress 
states are generated.  Where applicable, it is recommended to include digital image correlation on the exposed face of 
the specimen so that the failure angle may be captured prior to total crushing failure. 
 
Preliminary modeling results showed the influence of SFS and SFC values on the calibration of AM4, generally 
considered the first calibration parameter for the QS-PST.  SFS and SFC should not play a role in the early portion of 
the curve where AM4 is being calibrated, as the fiber shear and fiber crush damage modes have not occurred at this 
point in the test.  The curves generated using estimated values of SFS and SFC exemplify this behavior.  This leads to 
an improperly calibrated AM4 parameter to overcome the poorly defined SFS and SFC stress limits.  The resulting 
state of damage and distribution of stress is not representative of physical material behavior, and so the predictive 
capabilities of the progressive failure model fall short as the problem begins to cascade. AM4 calibration model curves 
generated using SFS and SFC values generated via LCC match well with average QS-PST (SPR=4.0) test data up to 
the point where AM3 calibration would begin.  For future efforts, it is recommended to use LCC testing to acquire 
SFS and SFC stress limits. 

VII. Remarks and Future Work 
This paper highlights the difference between two test methods to determine failure strengths that are typically observed 
only under high strain rates of loading and/or localization. These failure modes are of particular importance because 
they become critical for proper prediction of ballistic impact performance. This paper shows how the selection of these 
parameters affects the downstream calibration effort for a fully populated MAT162 card. 
 
Current work being performed under NASA ACC Phase II is utilizing calibrated MAT162 cards to execute pre-test 
model predictions for a variety of high rate structural and impact loading events.  These predictions serve to inform 
detailed testing configurations, ensuring the desired mode of failure and collection of meaningful data are achieved.  
Parametric studies are being performed to determine the effects of multiple test variables in an effort to reduce the 
overall test matrix.   
 
The length scale discussed in the paper is the material model length scale, not the size of the components being 
modeled.  The ABCD framework [12] is lengthscale independent (e.g. laminate, sub-laminate, laminate). If it is 
desired, a laminate constructed of 48 plies can be modeled as a single part with 3 elements through the thickness with 
MAT162.  This implementation only works if the material model is calibrated to represent the behavior of a 48 ply 
sub-laminate.  The target application requires calibration of the length scale of interest.  The size of the sublaminate 
depends on the desired tractability of the problem.  Ongoing work in NASA ACC Phase II includes the calibration of 
MAT162 parameters for parts idealized at the sublaminate lengthscale.  The plan is to calibrate the material model to 
represent a [45/90/-45/0] quasi-isotropic sublaminate.  This implementation method allows the use of native MAT162 
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delamination behavior, foregoing the use of tiebreak contact and improving the tractability of large assembly impact 
models. 
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Figure 1: Definition of material models for progressive damage analysis 

 
 

 
Figure 2: Schematic of the quasi-static punch shear test as proposed by Gama [9] 
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Layup 
 

Specimen 
 

Dp (in) Ds (in) SPR Load Level 

[0/90]4s 

  
 (For SFC) 

1 0.25 0 0 Ultimate 
2 0.25 0 0 Ultimate 
3 0.25 0 0 Ultimate 
4 0.25 0 0 Ultimate 
5 0.25 0 0 Ultimate 

[0/90]4s 

 
(For SFS) 

1 2.2 2.0 1.1 Ultimate 
2 2.2 2.0 1.1 Ultimate 
3 2.2 2.0 1.1 Ultimate 
4 2.2 2.0 1.1 Ultimate 
5 2.2 2.0 1.1 Ultimate 

Figure 3: Test matrix for quasi-static punch shear  
 

 

 
Figure 4: Laterally constrained compression test fixture and unidirectional specimen [13] 

 
 

 
Table 1: Comparison of Results for IM7/8552 Failure Parameters Using Two Test Methods 

Failure Parameter QS-PST LCCT 
SFS (ksi) 38.5 52.7 
SFC (ksi) 160.6 207.6 
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Figure 5: Load-displacement curves for the quasi-static punch shear with SPR=0.0 

 
 

Table 2: Tabulated QS-PST Data (SPR=0.0) 

 
 
 

 
Figure 6: Tested sample for the quasi-static punch shear with SPR=0.0 

 
 

Specimen Press Area Failure Load SFC
ID [in2] [lbf] [ksi]
6 32206 164.0
7 30872 157.2
8 30874 157.2
9 31532 160.6
10 32433 165.2

31583 160.9
728 3.7

0.19635

average
stdev
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Figure 7: Load-displacement curves for the quasi-static punch shear with SPR=1.1 

 
 

Table 3: Thicknesses of Lip Developed as a Result of Delamination 

 
 
 

Table 4: Tabulated QS-PST Data (SPR=1.1) 

 
 

1 2 3
P9-T-DYN-001-006 1.1 0.0505 0.0460 0.0510 0.0492
P9-T-DYN-001-007 1.1 --
P9-T-DYN-001-008 1.1 0.0540 0.0430 0.0480 0.0483
P9-T-DYN-001-009 1.1 0.0525 0.0595 0.0485 0.0535
P9-T-DYN-001-0010 1.1 --

AVG
LIP THRU THICKNESS (IN)

COUPON SPR

did not punch out

did not punch out

Specimen Press Circum. Plug Thickness Plug Area Failure Load SFS
ID [in] [in] [in2] [lbf] [ksi]
6 0.06875 0.393092 13993 35.6
7 14567 --
8 0.06965 0.398238 15221 38.2
9 0.06445 0.368506 15313 41.6

10 15345 --
0.06762 0.38661 14888 38.5
0.00278 0.01589 593 3.0

5.7177

average
stdev

Did not punch out

Did not punch out
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Figure 8: Tested sample for the quasi-static punch shear with SPR=1.1 

 
 

 
Figure 9: Schematic of failed LCCT coupon proposed by Pankow [13] 

 
 

 
Figure 10: Tested LCCT sample exhibiting characteristic shear plane failure 
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Figure 11: Quasi-static punch shear test results 

 
 

 
Figure 12: Sequential progression of damage modes and associated MAT162 calibration 

parameters 
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