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Executive summary

One of the challenges in building a predictive numerical model for composites is accurately
modeling the behavior of the structure, especially under impact loading. In prior reports, details
of a newly developed orthotropic material model that has three distinct sub-models for
describing deformation, damage, and failure of general composites, and has been implemented in
the commercial finite element program, LS-DYNA, as *MAT 213

(*MAT_COMPOSITE TABULATED PLASTICITY DAMAGE), were presented.
Specifically, the prior implementations supported the use of thin shell and solid finite elements.
This report discusses the implementation of thick shell elements to support the MAT 213
constitutive model in LS-DYNA as well as the verification and validation (V&V) tests carried

out to ensure that the implementation is accurate and robust.
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1 Introduction

There are many different element types with underlying behavioral assumptions that can be used
in finite element (FE) models. In this research project, test coupons and structural components
subjected to quasi-static and impact loadings have been modeled with three different element

types: thin shell, thick shell, and solid FEs.

Based on the ratio of thickness / to length L for any given component or structure, Akin (2010)
provides some excellent guidance as shown in Figure 1. The thickness-to-length ratio, (/L) can
provide some guidance on when an element type may be appropriate to use. When (4/L) is
large, transverse shear deformation in the thickness direction becomes increasingly important,
requiring the use of solid elements to capture the deformations. In contrast, transverse shear
deformation is negligible when (%/L) is small, and thin shell elements are probably the most
efficient element choice. The thick shell elements will be the most economical in the

intermediate (4/L) range.

Figure 1 shows the extensive overlap between thin and thick shells as well as thick shell and
solid elements, highlighting the fact that thick shells bridge the gap between thin shells and solid

elements.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 hiL

Thin shell

' Thick shelf
- Sofid

Figure 1. Overlapping valid ranges of element types

The following sections contain a summary of implementation, the material properties obtained
from experiments, nine verification tests, and two validation tests. The verification tests include
tension and compression tests in 1, 2 and 3 directions and shear tests in 1-2, 2-3 and 1-3 planes.
The validation tests include stacked-ply compression and tension tests loaded at quasi-static

loading conditions, and impact tests.



2 Implementation of thick shell finite element
LS-DYNA (LS-DYNA®, 2022) has six different element formulations for thick shell. These
formulations can be divided into two types based on the constitutive models used: Type 1 and

Type 2 (Figure 2).

Type 1 thick shell formulations are based on solid thin-shell constitutive models and include

ELFORMs 1, 2, and 6:

= ELFORM=1 employs a one-point reduced integration scheme and is the default

formulation.
= ELFORM=2 uses selective reduced integration with a 2x2 in-plane Gauss quadrature.

= ELFORM=6 uses an assumed strain reduced integration technique specifically developed

for shell materials.

These Type 1 elements are based on the Reissner-Mindlin kinematic assumption involving five
degrees of freedom (DOF) in the local coordinate system and results in six DOFs globally (Haufe,
Schweizerhof, & Dubois, 2013). A plane stress-based constitutive law is applied, and the thickness

change is governed by Poisson’s ratio.

Type 2 thick shell formulations are based on solid constitutive models and include ELFORMs 3,
5,and 7:

e ELFORM=3 utilizes an assumed strain formulation with 2x2 in-plane integration.

e ELFORM=5 applies an assumed strain reduced integration method designed for brick

elements.

e ELFORM-=7 also uses an assumed strain formulation with 2x2 in-plane integration.

Type 2 elements use a three-dimensional constitutive law, and thickness changes arise naturally

from the associated degrees of freedom.

All six thick shell element formulations are supported by MAT 213. However, only ELFORM=1
and ELFORM=5 have been used in the V&V tests as documented in this report.
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Figure 2. Thick shell element formulations- (a) Type 1, and (b) Type 2

Thick shell element in MAT 213 has been implemented in LS-DYNA in exactly the same manner
as the existing implementation in MAT 213 for thin shell (for Type 1 thick shell elements) and
for solid (for Type 2 thick shell elements) FEs.

3 Verification and validation test cases

Verification and validation (V&V) tests are required exercises in the development of any
material model. Verification ensures that the implementation of the model has been performed
correctly and adheres to its theoretical foundations. This step often begins with straightforward
tests such as single-element simulations. Meanwhile, validation evaluates the accuracy, fidelity,
and reliability of the developed material model by comparing its predictions against experimental
data or well-established benchmarks. Together, these exercises provide confidence in the
robustness and applicability of the material model. The V&V processes discussed in this section
focus on a specific carbon/epoxy unidirectional composite material: T800/F3900, manufactured
by Toray Carbon Fibers America (Toray, 2020). Two computing platforms were used in the
V&V exercise: a Dell Precision workstation with four cores running Red Hat Linux was used to
the verification tests, and Arizona State University’s Sol supercomputer (Arizona State

University, n.d.) using 128 cores was used for the validation tests.

3.1 Verification tests

The verification tests are carried out using T800S/F3900 composite. These tests are carried out

using (a) quasi-static loading conditions, and (b) only the quasi-static room-temperature stress-



strain curves. The properties of the composite obtained from the experiments at the coupon level
are listed in Table 1 and Table 2 (Khaled B. , et al., 2017). The verification tests are carried out
using single element FE models initially. The single element verification model are cubes of
dimension 1 in x 1 in x 1 in. (FAA Report, 2019). The FE models were created using LS-PrePost
V4.9.

Table 1. Material properties

Property Value (Tensile) Value (Compressive)
1-direction modulus (E11, psi) 23.5 x 10° (162 GPa) 18.7 x 10°(128 GPa)
2-direction modulus (Exz, psi) 1.07 x 10%(7.3 GPa) 1.12 x 10® (7.7 GPa)
3-direction modulus (Es3, psi) 9.66 x 10° (6.6 GPa) 1.04 x 10 (7.1 GPa)

1-2 plane shear modulus (G2, psi) 5.80 x 10° (3.9 GPa)

2-3 plane shear modulus (G23, psi) 3.26 x 10°(2.2 GPa)

1-3 plane shear modulus (Gi3, psi) 3.48 x 10° (2.3 GPa)
Poisson’s ratio (vi2) 0.317 0.342
Poisson’s ratio (v23) 0.484 0.728
Poisson’s ratio (vi3) 0.655 0.578
Poisson’s ratio (v21) 0.0168 0.0207
Poisson’s ratio (v32) 0.439 0.676
Poisson’s ratio (v31) 0.027 0.032

Density (p, slugs/in®) 1.457 x 10

Table 2. T800S/F3900 strength parameters

Component Ultimate strain Peak stress (psi)
Tension 1-direction (g; )ii 0.01561 o 366097
Tension 2-direction ( & )n 0.00622 6 6491
Tension 3-direction ( & ),-,- 0.00421 ér 4002

Compression 1-direction ( & )ii 0.00629 o 105765
Compression 2-direction ( & )ii 0.04127 o 25548




Component Ultimate strain Peak stress (psi)
Compression 3-direction ( & ) 0.02856 65, 25261
Shear 1-2 plane ( g, ) 0.13316 G, 18624
Shear 2-3 plane (gu )23 0.00428 6,5 2816
Shear 1-3 plane (gu )]3 0.07015 6, 12429

In the schematic of the single element model used, all the translational displacements are
restrained either by pin or roller support. The black color arrows represent a velocity applied to
the node in the corresponding direction. The green color line represents the orientation of the
fiber in the composite. Stress-strain curves from different verification tests are extracted from the
simulation results and are plotted with Model Curves that represent the stress-strain curves

averaged over three or more test replicates.

Eight-noded thick shell elements are used with ELFORM=1 and ELFORM=5 (1-direction
tension, 2-direction tension, 1-direction compression, 2-direction compression, 1-2 plane shear)
and only ELFORM=S5 (3-direction tension, 3-direction compression, 2-3 plane shear, 1-3 plane

shear). Unless otherwise stated, the loading rate is 1 in/s.

3.1.1 1-direction tension

The schematic diagram of the model used for this simulation is shown in Figure 3. The stress-

strain curves for 1-direction tension are shown in Figure 4.



Figure 3. 1-direction tension model schematic diagram
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Figure 4. Stress-strain curves from 1-direction tension test with model curve

3.1.2 2-direction tension

The schematic diagram of the model used for this simulation is shown in Figure 5. The stress-

strain curves for 2-direction tension are shown in Figure 6.
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Figure 5. 2-direction tension model schematic diagram
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Figure 6. Stress-strain curves from 2-direction tension test with model curve



3.1.3 3-direction tension

The schematic diagram of the model used for this simulation is shown in Figure 7. The stress-

strain curves for 3-direction tension are shown in Figure 8.

Figure 7. 3-direction tension model schematic diagram
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Figure 8. Stress-strain curve from 3-direction tension test with model curve



3.1.4 1-direction compression

The schematic diagram of the model used for this simulation is shown in Figure 9. The stress-

strain curves for 1-direction compression are shown in Figure 10.

Figure 9. 1-direction compression model schematic diagram

1-direction Compression
120000

—Model
100000 —MAT_213 (ELFORM 5)
= =MAT_213 (ELFORM 1)
_. 80000
s
«v 60000
g
40000
20000
0
0 0.002 0004 0006  0.008
Strain (in/in)

Figure 10. Stress-strain curves from 1-direction compression test with model curve



3.1.5 2-direction compression

The schematic diagram of the model used for this simulation is shown in Figure 11. The stress-

strain curves for 2-direction compression are shown in Figure 12.

Figure 11. 2-direction compression model schematic diagram
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Figure 12. Stress-strain curves from 2-direction compression test with model curve
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3.1.6 3-direction compression

The schematic diagram of the model used for this simulation is shown in Figure 13. The stress-

strain curves for 3-direction compression are shown in Figure 14.

Figure 13. 3-direction compression model schematic diagram
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Figure 14. Stress-strain curve from 3-direction compression test with model curve
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3.1.7 1-2 Plane shear

The schematic diagram of the model used for this simulation is shown in Figure 15. The stress-

strain curves for 1-2 plane shear are shown in Figure 16.

Figure 15. 1-2 plane shear model schematic diagram
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Figure 16. Stress-strain curves from 1-2 plane shear test with model curve
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3.1.8 2-3 Plane shear

The schematic diagram of the model used for this simulation is shown in Figure 17. The stress-

strain curves for 2-3 plane shear are shown in Figure 18.
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Figure 17. 2-3 plane shear model schematic diagram
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Figure 18. Stress-strain curve from 2-3 plane shear test with model curve
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3.1.9 1-3 Plane shear

The schematic diagram of the model used for this simulation is shown in Figure 19. The stress-

strain curves for 1-3 plane shear are shown in Figure 20.
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Figure 19. 1-3 plane shear model schematic diagram
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Figure 20. Stress-strain curve from 1-3 plane shear test with model curve
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3.2 Validation tests

Two different validation tests were conducted. The first test is a quasi-static loading test while
the second test is an impact test. In modeling both the tests, MAT 213 was used for the
composite ply layers and cohesive zone elements (CZE) were modeled with MAT 186 for the
interlaminar matrix. Details of the utilization of MAT 186 in combination with MAT 213 and
the specific properties used for MAT 186 in this work are given in (Khaled B. M., et al., 2019;
Shyamsunder, et al., 2022). The nine input curves are used as MAT 213 stress-strain input since
ELFORM=S5. Data from Double-Cantilever Beam and End-Notch Flexure tests (Khaled B. M., et
al., 2019) were used for modeling the CZE.

3.2.1 Stacked-ply validation test

The stacked-ply validation tests model an eight-ply panel of T800/F3900 specimens with a
[0/90/+45/-45] s layup. Details of the specimens are shown in Figure 21. The grey regions show
where fiberglass tabs were glued to the specimen. The tabs prevent the specimens from crushing
when the specimens are inserted and held in the fixtures. The white center region is the gage
section that was speckled for gathering Digital Image Correlation (DIC) data. More details are
available in earlier publications (Ashutosh & Rajan, 2024; Shyamsunder, Khaled, Rajan, &
Blankenhorn, 2020).

15
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Figure 21. Schematic diagrams for stack ply validation test: (a) tension, and (b) compression

3.2.1.1 Finite element model

Only the gage section was modeled using eight-noded thick shell elements with ELFORM 1 and
ELFORM 5. There are eight elements through thickness corresponding to the eight plies in the
experimental specimen. CZE were used between ply layers with eight node hexahedral solid
elements (ELFORM=19). Since only the gage section is modeled, the displacement at the end of
the gage section from the experiment was taken from the DIC analysis (Figure 21) and applied to
the FE model on the loading face nodes. Note that the loading rate has been increased by 10 for
the tension test and 10° for the compression test in order to reduce the computational time. To
mimic the actual laboratory tests that were conducted at quasi-static loading rate, rate-dependent
stress-strain curves are not used in the simulation. Energy checks show a minimal impact on the

results as kinetic energy is a small negligible fraction of the total energy.
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Figure 22. Load curves for stacked ply tests: (a) compression, and (b) tension

3.2.1.2 Material Data

The composite panels were modeled using MAT 213, with the Generalized Tabulated Failure
Criterion (GTFC) activated. Details of the implementation and use of the damage model and the
GTFC failure model are provided in (Shyamsunder, et al., Numerical validation of composite
panel impact tests, 2022; Shyamsunder, Khaled, Rajan, & Blankenhorn, 2020). The post peak

curve is obtained by calibration to match simulation results with the experimental results. Details

are provided in Table 3.

Table 3 . MAT 213 input parameters for stacked-ply test

Model

Residual Strength

Erosion strain

Solid,
ELFORM 1

10.0% (T1, T2, S12)
100% (C1, C2, C3)
10.0% (T3, S23, S13)

Tension: 0.05
Compression: 0.009

Thin shell,
ELFORM 16

10.0% (T1, T2, S12)
100% (C1, C2)

Tension: 0.05
Compression: 0.02

Thick shell,
ELFORM 1

10.0% (T1, T2, S12)
100% (C1, C2, C3)

Tension: 0.02
Compression: 0.0085

Thick shell,
ELFORM 5

10.0% (T1, T2, S12)
100% (C1, C2, C3)
10.0% (T3, S23, S13)

Tension: 0.10
Compression: 0.02

17



3.2.1.3 Results

Figure 23 shows the load versus time plots for both the stacked-ply tension and compression
models. The results from the thick shell element formulation are compared with those from solid
elements (Shyamsunder, Khaled, Rajan, & Blankenhorn, 2020) and thin shell elements
(Ashutosh, 2025; Ashutosh & Rajan, 2024). The load-time responses from the FE models of
compression tests show good agreement with the experimental results. Across all four element
formulations, the predicted peak loads fall within an acceptable range of the experimental peak
value. After 150 s, the thin shell model shows oscillating behavior due to the initiation of 2-

direction damage in the 0° ply at ¢ = 150 s.

The FE response from the tension test exhibits slightly stiffer behavior compared to the

experiment, with the peak load predicted very close to the experimental value.
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Figure 23. Stacked ply results: (a) compression, and (b) tension

3.2.2 Impact validation test

A series of impact tests were conducted at the NASA Glenn Research Center Impact Dynamics
Laboratory using a single stage gas gun shown in Figure 24. The test utilizes a cup-shaped
aluminum 2024 projectile and a 12 in X 12 in. composite panel (16-ply [(0/90/45/-45)2] s layup)
clamped with 28 bolts between two thick metal plates. Two pairs of high-speed cameras were

used to capture DIC images from the speckled composite panel both on the impacted side and
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back side of the panel. The DIC data was analyzed to obtain full-field displacements and surface

strains.

Figure 24. Single stage gas gun setup at NASA Glenn Research Center

In addition, two pairs of cameras were placed in front of and behind the panel to measure the
projectile velocity and orientation before and after impact using photogrammetry software. Further
details can be found in earlier publications (Ashutosh, 2025; Ashutosh & Rajan, 2024;
Shyamsunder, et al., Numerical validation of composite panel impact tests, 2022; Shyamsunder,
et al., 2022). LVG1075 is selected for the validation test because its high initial velocity of 385
ft/s is close to the ballistic limit of the composite panel. Note that the (experimental) rebound

velocity is 46.4 ft/s.

3.2.2.1 Finite element model

The structural model consists only of the composite panel and the projectile. Figure 25 shows
details of the 16 layers in the panel, the 28 bolt holes, and the projectile. A layer of CZE is
placed between each pair of plies. 164,800 eight-noded fully integrated thick shell elements
(ELFORM=5) are used to model the composite panel. 154,500 eight-noded hexahedral solid
elements (ELFORM=20) form the CZE elements. There are 17,040 solid elements in the
projectile. To replicate the test setup, the nodes on the circumference of the bolt holes were
restrained in-plane, while the nodes at location of the bolt hole clamps at the top and bottom

layers were restrained in the out-of-plane direction.
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Out-of-plane

£

(d)

Figure 25. FE model details: (a) panel, projectile, and in-plane and out-of-plane fixity
conditions; (b) close-up of typical inter-ply regions showing CZE elements; (c) panel; and (d)

3.2.2.2 Material data

projectile

The composite panels were modeled using MAT 213, with the GTFC activated. The post peak

curve is obtained by calibration to match simulation results with the experimental results. Details

are provided in Table 4. The projectile is modeled using MAT 024 incorporating strain-rate

dependent elastoplastic behavior with the data obtained from publicly available data (Nicholas,

1980).

Table 4. MAT 213 input parameters for impact test

Model Residual Strength Erosion strain
Solid, 32.0% (T1, T2, S12) 0.8
ELFORM 1 100% (C1, C2, C3) ’
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Model Residual Strength Erosion strain
30.0% (T3, S23, S13)

Thin shell, 6.0% (T1, T2, S12) 0.8
ELFORM 16 100% (C1, C2)
32.0% (T1, T2, S12 0.3
Thick shell, %0 (T1, T2, )

100% (C1, C2, C3)
30.0% (T3, S23, S13)

ELFORM 5

3.2.2.3 Results

This is a contained test where the projectile velocity is slightly below threshold penetration
velocity. The results are shown in Figure 26. The results from the thick shell element formulation
are compared with those from solid elements and thin shell elements (Ashutosh, 2025; Ashutosh
& Rajan, 2024; Shyamsunder, et al., 2022). The displacement at Point 2 is accurately captured by
both the solid and thick shell models, whereas the thin shell model overestimates the
displacement after the first peak and fails to capture the subsequent negative peak. At Point 3,
where the displacement is significantly smaller than at Point 2, the results show a varied pattern.
Initially, the thick shell and solid models over predict the displacement, while the thin shell
model under predicts it. However, all element formulations converge toward the experimental
response during the later stages of the simulation. The final projectile velocity is predicted
accurately by the thin shell model, whereas the solid and thick shell models slightly over predict
it.

Table 5 presents the run time details for each simulation.
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Figure 26. LVG1075 results: (a) points on the panel backside where out-of-plane

displacements were monitored; (b) out-of-plane displacements at point 2; (c) out-of-plane

displacements at point 3; and (d) projectile velocity

Table 5. Run time comparison for impact tests

Computing Wall-Clock
Element Type Platform # of Elements Time
(# Cores) (Hour:Min)
. _ 164800 Solid + _
Solid (ELFORM=1) 154500 CZE 3:50
185536 Shell +
Thin shell Sol i '
(ELFORM=16) supercomputer 17040 Sochgpj 173940 3:45
(128)
164800 Thick shell +
Thick shell
- 17040 Solid + 154500 3:19
(ELFORM=5) CZE
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4 Conclusions

The implementation and V&V evaluation of thick shell elements in LS-DYNA using the
MAT 213 (Version 1.3.7) material model for the T800/F3900 unidirectional composite is
documented in this report. The study conducted nine single-element verification tests and two
structural-level validation tests to assess the performance, accuracy, and applicability of the

implemented thick shell elements.

The implementation of thick shell elements in LS-DYNA, particularly using ELFORM=1 and
ELFORM=5, demonstrates reliable performance for simulating the mechanical behavior of
orthotropic composite materials such as T800/F3900 unidirectional composite. The verification
tests, conducted using single-element FE models across multiple loading modes including
tension, compression, and shear, show that the MAT 213 (V1.3.7) material model can capture
the stress-strain response of the composite with high fidelity. Structural-level validation,
including stacked-ply and high-velocity impact simulations, further supports the model’s
predictive capability, reinforcing the effectiveness of thick shell elements for capturing complex

composite behavior at various structural scales.
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