Crashworthiness of Composites Structures – Coupon Level
Material Model Development
Gerardo Olivares* (PI), Juan Acosta†, and Vikas Yadav‡
National Institute for Aviation Research, Wichita, KS, 67260-0093
Suresh Keshavanarayana§
Wichita State University, Wichita, KS, 67260-0044
and
Allan Abramowitz**
FAA William J. Hughes Technical Center, Atlantic City, NJ, 08405

The Federal Aviation Administration, academia, and industry have been working
together for many years to understand how transport airplane occupant safety can be
improved for what are considered survivable accidents. In the evolution of the regulations,
there is at present no specific dynamic regulatory requirement for airplane level
crashworthiness. However, the FAA requires an assessment of each new model airplane to
ensure that the airplane will have comparable or improved dynamic characteristics as those
in current and previous designs.
In order to design, evaluate and optimize the
crashworthiness behavior of composite structures it is necessary to develop analytical
methods and predictable computational tools. The building block approach is being used to
support the certification process of composite aircraft structures. As part of this process, a
dynamic characterization of the CMH-17 round robin material is currently underway. Due
to the lack of standard high strain rate testing protocols, the strain rate sensitivity of Toray –
T700G/2510 Plain Weave carbon/epoxy (F6273C-07M) at strain rates ranging between 0.01
to 250\s is being characterized. Test protocols and load measurement methods are being
evaluated in five different test facilities.

I.

Introduction

The design process of aircraft structures relies to great extend on component level testing when validating the
overall crash performance of a structure/component. Component level tests may not provide with the fundamental
knowledge require to develop analysis tools that may aid design throughout the process. At a fundamental level,
designers require dynamic material properties to take into account the material response at strain rates larger than
quasi-static. Dynamic material properties are generated from coupon level testing. For this purpose, coupon-level
testing is conducted over a large range of strain rates for which testing techniques may have not yet been
standardized. Therefore, obtaining accurate dynamic experimental data suitable for material model generation
represents a challenge for current testing techniques. In order for numerical models of composite and metallic
structures to be used as a predictive tool in crash events simulations, reliable material properties need to be
developed. In addition, experimental work should be conducted in agreement with the numerical models so that
tests generate the required data for building material models.
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In this investigation, numerical material models of composite and metallic materials are developed and validated
at the coupon level. Experimental data from previous research programs [1], including various rates of loading, was
evaluated; test data variability was quantified; and material properties were estimated. Limitations in current
experimental testing methods were identified, including limitations related to the measurement of load and strain.
Material models for composite materials were developed using LS-DYNA material cards. Subsequently, numerical
models of in-plane tension, compression, and shear test methods were assembled along with associated material
models, and simulation results were validated with the experimental results. The complete set of results will be
summarized in the CBA – Coupon Level Material Characterization report.

II.

Material Systems and Coupon Fabrication

Three different composite material systems were used for the fabrication of test coupons: Toray Unitape
T800S/3900-2B, Toray Fabric T700G-12K-PW/3900-2, and Newport E-Glass Fabric NB321/7781. Autoclavecured laminates were fabricated for each of the material systems. Laminates included five different stacking
sequences: one along the principal material direction, one symmetric cross-ply stacking sequence, and three other
balanced and symmetrical off-axis orientations. The stacking sequences were: [0°]N, [0°/90°]3S, [+15°/-15°]NS,
[+30°/-30°]NS, [+45°/-45°]NS.
Material properties were extracted from three test methods. Each test method involved a specific type of
specimen. Tensile testing coupons were manufactured per ASTM D3039 [2], but accommodating the geometry
needed for high strain rate testing [1]. Figure 1 shows the straight tabbed specimen with rectangular cross-section.
Tension coupons were instrumented with uniaxial strain gages from Vishay (CEA-06-250UN-120), which are
capable of measurements up to 5% deformation. Strain gages were bonded to the mid-section gage length of the
specimen using Vishay M-BOND 200 at room temperature. V-notched test coupons for shear testing were
manufactured per ASTM D7078 [3] with a stacking sequence of [0°]12 as show in Figure 2. Shear rosette strain
gages were used for measuring shear strain. Vishay model EA-06-125TH-120 gages were bonded at the mid-section
of the gage length. Compression testing coupons shown in Figure 3 were manufactured and instrumented with
strain gages per SACMA SRM 1R-94 [4], with a stacking sequence of [0/90]3S.
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Figure 1. Tensile specimen geometry (in).
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Figure 2. Shear specimen (in) - ASTM D7078 [3].
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Figure 3. Compression modulus test specimen (in) - SACMA SRM 1R-94 [4].

III.

Experimental Methods

The available experimental data was generated at several loading rates, which required different testing systems.
Quasi-static properties were generated on a standard 22 kip MTS servo-hydraulic machine under displacement
control at a constant rate of 0.05 in/sec. Medium stroke rates up to 10 in/sec were conducted on a high-stroke-rate
servo-hydraulic MTS testing machine with no feedback control. This testing machine is rated for 5,000 lbf (22,241
N) at rates as high as 500 in/sec (12.7 m/sec) and 9,000 lbf (40,034 N) at quasi-static rates. The system includes a
slack-inducer mechanism that allows the actuator to reach the desired speed before loading the specimen [1]. The
actuator accelerates through a predefined distance before engaging a pin that pulls from a slack inducer rod attached
to the bottom grip, see Figure 4.
Test methods to determine in-plane mechanical properties included tensile, compressive, and shear. This
involved the use of specific test fixtures. The high-stroke-rate system at the National Institute for Aviation Research
(NIAR) was used for in-plane tensile testing and in-plane shear testing as shown in Figure 4. Compression tests
were conducted at quasi-static rates only. Tensile testing grips were light-weight wedge-grip assemblies designed at
NIAR/WSU. They were manufactured from Al 7075-T6. The wedge inserts were manufactured from 17-4 PH
stainless steel with a tungsten carbide surface for improved grip. Shear testing was conducted implementing the VNotched Rail Shear test method due to its direct implementation using the high stroke servo-hydraulic machine.
Compression testing was conducted per ASTM D 695 [5].

Figure 4. Slack-inducer mechanism used for tension and shear testing at NIAR [1].
A. Experimental Data Evaluation
Previous investigations included an evaluation of a benchmark metallic material that allowed for the
characterization of the high-stroke testing system and the evaluation of piezoelectric and strain-gage based load cells
for load measurement in high-speed testing. Aluminum 7075-T6 specimens were tested in tension over a wide
range of medium loading rates. An alternative load measurement device was introduced by mounting a strain gage
on an extended tab of the specimen as shown in Figure 5. The material in tab area was assumed to remain under
elastic conditions throughout the duration of the test. Tensile force histories at a stroke rate of 100 in/s are plotted in
3

Figure 6 and include the tab strain gage, piezoelectric load cell, and strain-gage based load cell. Oscillations were
observed for both types of load cells following the initial rising segment. Even though the piezoelectric load cell
displayed smaller amplitude oscillations than the strain-gage based load cell, the remaining oscillations in the
piezoelectric load measurement prevented proper estimation of the flow stress. On the other hand, load
measurements taken from the extended tab were free of oscillations. However, this procedure was limited to
metallic specimens with low-strain-rate sensitivity. The strain-rate sensitivity of composite materials reported in
previous investigations limits the application of this methodology [1].
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Figure 5. Location of strain gages for load and strain measurements.

Figure 6. Comparison of load measurement of Al 7075-T6 at stroke rate of 100 in/s.
Additional data-collection limitations originate from the strain measurement technique. Various methodologies
can be used to determine the strain in a specimen during quasi-static testing. Conventional extensometers,
commonly used to measure strain in tensile testing, are difficult to use for high-speed testing due to the inertia
effects of the extensometer [6]. Alternately, strain can be estimated based on the relative displacement of the grips
in a tension test or the platens in a compression test; however, precaution must be taken since such a practice would
not consider the compliance of the testing system [7]. If the modulus of elasticity is to be determined and specimen
dimensions are not a constraint, placing strain gages directly over the specimen surface is the best practice.
However, the specific operational range of bonded strain gages may impose a practical limitation to stress-strain
curves. Conventional strain gages are limited to 5% deformation, and large deformation strain gages are limited to
20% deformation. Figure 7 depicts an example of this issue. The strain history plot shows a spike early in time
compared to the stress history plot. The spike in the strain history may indicate either material failure, wire
disconnection, or adhesive failure from the surface. Such limitations truncate the stress-strain curve, thus preventing
the extraction of the failure strength values from this curve.

Figure 7. Stress-Strain curve limited by strain gage capability in Fiberglass [0°]4 at stroke rate of 10 in/s.
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Variability in the available tensile test and shear test experimental results from previous research programs was
evaluated from quasi-static to medium loading rates. Some of the variability observed in the material properties was
introduced by the testing and measurement techniques used to collect the data. This is due in part to the lack of a
standard procedure for conducting high-strain-rate testing. Newport E-Glass Fabric average tensile failure strength
and strain rate are shown in Figure 8 for three nominal strain-rates: 0.00041, 0.5, and 5 s-1. Similarly, average shear
failure strength and shear strain rate are shown in Figure 9. The coefficients of variation shown in the histograms
provide a measure of the residual variability in the data as a percentage of the mean.
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Figure 8. Variability of tensile failure strength and strain rate of various Fiberglass orientations
at various nominal strain rates.
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Figure 9. Variability of shear failure strength and strain rate of Fiberglass at various nominal strain
rates.

IV.

Analysis

The material model, Laminated Composite Fabric (MAT-58) [8], was selected for the present work after a
previously published evaluation of LS-DYNA material models suitable for composite crashworthiness simulations
[9]. In summary, MAT-58 is a linear elastic material model bounded by a failure surface. The material model
addresses the non-linearity observed in the material response by off-axis material orientations. It assumes that
deformation in the material introduces micro cracks and cavities causing stiffness degradation leading to nonlinear
deformation [10]. The material model allows for a special control of the shear behavior of weaved material
architectures via a nonlinear shear stress-strain curve.
Numerical models of in-plane tension, compression, and shear test methods were assembled along with associated
material models, and simulation results were validated with the experimental results.
A. Tension Testing Simulation
The composite tension specimen was modeled with Belytschko-Tsay shell elements with as many thru-thethickness integration points as layers. The average element size was 0.0625 in (1.58 mm). Dimensions were taken
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from the testing specimen. The meshed model and associated boundary conditions are shown in Figure 10. The top
tab of the model was rigidly constrained to represent the stationary top grip. The displacement history extracted
from the test was introduced to the bottom tab along the negative z-direction. Lamina material properties were
introduced at each integration point.
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Figure 10. Boundary conditions of composite specimen model for tensile testing.
B. Compression Testing Simulation
The composite compression specimen was modeled with Belytschko-Tsay shell elements with twelve (12) thruthe-thickness integration points. An element size of 0.0625 in (1.58 mm) was used. Dimensions were taken from
the test specimen. The compression model was created to represent the boundary conditions imposed on the
specimen by the test fixture; see Figure 11. The top row of nodes is rigidly constrained. End loading was
introduced to the bottom row of nodes with the actual test displacement history in the positive z direction. The
lateral constraint provided by the test fixture, to prevent buckling, was introduced by constraining the nodes above
and below the gage length of the specimen. The test fixture provides a small area that is not constrained to allow for
specimen buckling. This area allows for space to mount strain gages. Accordingly, the nodes corresponding to the
gage length were not constrained.
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Figure 11. Boundary conditions of composite specimen model for compression testing.
C. Shear Testing Simulation
The shear specimen was modeled with Belytschko-Tsay shell elements with twelve (12) integration points.
Dimensions were taken from the test specimen. An average element size of 0.00118 in (0.03 mm) was used. The
material axis was defined to coincide with the fiber orientation of 0° as shown in Figure 2. The 0°-90° testing plane
corresponds to the material plane 1-2. The meshed model, with associated boundary conditions, is shown in Figure
12. The right tab of the specimen is rigidly constrained, similar to the physical test. An experimental displacement
history was introduced to the left tab along the negative z direction. Appropriate lamina material properties were
defined for each integration point.
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Figure 12. Boundary conditions of V-Notched shear specimen model.
D. Material Models Evaluation for Fabric Materials
The material card MAT-58 allows for the definition of a nonlinear shear stress-strain curve to control the shear
behavior of weaved material architectures. The material model provides three types of failure surfaces: a faceted
failure surface (FS = -1), a smooth failure surface with quadratic criteria for both fiber and transverse direction (FS =
1), and a smooth failure surface in the transverse direction with a limiting value in the fiber direction (FS = 0) [11].
However, shear behavior control is used in combination with a faceted failure surface type only. The adequacy of
each failure surface when handling different fiber architectures was evaluated by fixing every parameter but the
failure surface. Simulation results are summarized in Figure 13 to Figure 16 for Newport E-Glass Fabric.
Simulation results show that the faceted failure surface (FS = -1) closely followed experimental data

Figure 13. Comparison of failure surface: Validation of tensile Newport E-Glass Fabric [0]4 at stroke rate
of 1 in/s.

Figure 14. Comparison of failure surface: Validation of tensile Newport E-Glass Fabric [+15/-15]2S at
stroke rate of 1 in/s.
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Figure 15. Comparison of failure surface: Validation of tensile Newport E-Glass Fabric [+30/-30]2S at
stroke rate of 1 in/s.

Figure 16. Comparison of failure surface: Validation of tensile Newport E-Glass Fabric [+45/-45]2S at
stroke rate of 1 in/s.
E. Material Models Calibration
Simulation results are based on every parameter that makes a numerical model. Material card MAT-58 provides
the means for calibrating the material response by adding failure strains measured experimentally. Caution with the
procedure is recommended since the stiffness estimated by the simulation is sensitive to the experimental failure
strain. To observe this in detail, a Newport fiberglass composite specimen with a stacking sequence of [+15/-15]2S
was simulated for various failure strains in tension at a stroke rate of 10 in/sec. The lamina failure strain from
coupon level testing was 0.028 in/in. The results are shown in Figure 17. Note that with an increase in failure strain,
the slope of the stress-strain curve in the simulation is reduced. The user may be tempted to artificially manipulate
this parameter, but only experimental failure strain data should be used for calibration.

Figure 17. Calibration of simulation material response using failure strain: Tensile Newport E-Glass Fabric
[+15/-15]2S at stroke rate of 10 in/s.
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V.

Analysis Results

The complete set of results will be summarized in the CBA – Coupon Level Material Characterization report.
Herein, simulation results are presented for the three different test methods: tension, compression, and shear. The
material models were developed at the lamina level after the experimental testing of Newport E-Glass Fabric
7781/NB321. Each stroke rate corresponds to a specific set of properties. The associated material card for the
material model corresponds to LS-DYNA MAT-58, in which a faceted failure surface was defined
Tensile simulation results included laminates with four different stacking sequences: [0°]4, [+15°/-15°]2S,
[+30°/-30°]2S, and [+45°/-45°]2S. One numerical model was assembled for each stacking sequence and then
simulated at each stroke rate with a specific material model associated per stroke rate. The simulation results for
orientation [0°]4 are summarized in Figure 18 for each stroke rate. The numerical model closely follows the material
response during the early stages of deformation. However, it deviates from the experimental response as additional
damage is introduced to the material by the deformation process. The strain distribution is also shown in Figure 18.
It shows a uniform strain distribution across the gage section of the testing specimen. The failure mode observed in
the experimental specimen verifies this observation

Figure 18. Validation of tensile Newport E-Glass Fabric [0]4 at stroke rate 0.0008, 1, and 10 in/s and
strain distribution at stroke rate of 1 in/s.
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Tensile simulation results for orientation [+15°/-15°]2S are summarized in Figure 19 for each stroke rate. The
numerical model deviates from the experimental material response during the early stages of deformation. This
deviation increases with increased stroke rate. The material model does not appear to adequately capture the
combined state of stress resulting from the off-axis material orientation. However, the strain distribution in Figure
19 shows areas in the mid-section that exhibit higher strain levels, which may lead to failure. The failure mode
observed in the experimental specimen verifies this observation

Figure 19. Validation of tensile Newport E-Glass Fabric [+15/-15]2S at stroke rate 0.0008, 1, and 10 in/s
and strain distribution at stroke rate of 1 in/s.
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Tensile simulation results for orientation [30°/-30°]2S are summarized in Figure 20 for each stroke rate. The
numerical model deviates from the material response during the early stages of deformation. This deviation
increases with increased stroke rate. The material model does not appear to adequately capture the combined state
of stress resulting from the off-axis material orientation. However, the strain distribution in Figure 20 shows areas
close to the specimen tab where deformation may result in failure types similar to those in the actual experimental
specimen.

Figure 20. Validation of tensile Newport E-Glass Fabric [+30/-30]2S at stroke rate 0.0008, 1, and 10 in/s
and strain distribution at stroke rate of 1 in/s.
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Tensile simulation results for orientation [45°/-45°]2S are summarized in Figure 21 for each stroke rate. The
numerical model follows the nonlinear trend of the material response during the early stages of deformation.
However, it deviates from the experimental response as deformation progresses for the evaluated stroke rates. The
strain distribution in Figure 21 shows areas with larger strain values where failure could develop.

Figure 21. Validation of tensile Newport E-Glass Fabric [+45/-45]2S at stroke rate 0.0008, 1, and 10 in/s
and strain distribution at stroke rate of 1 in/s.
The model for compression testing was validated with published compressive experimental data for Newport EGlass Fabric 7781/NB321 with stacking sequence [0°/90°]3S and tested at quasi-static strain rates [11]. Figure 22
shows good correlation of the stress-strain response until failure between the experimental and simulation results.
The strain distribution exhibits uniform deformation throughout the length of the specimen, except for the area
toward the loaded end.
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Figure 22. Validation of compression Newport E-Glass Fabric [0/90]3S and strain distribution at stroke
rate of 0.0008 in/s.
Shear simulation results for stroke rates 1 in/s and 10 in/s are shown in Figure 23. The available experimental
data included specimens with a single stacking sequence of [0°]12. For each stroke rate, an appropriate material
model was associated to the numerical model. The numerical model closely follows the shear experimental material
response until reliable shear strain measurement data was recorded at 10% deformation. The shear experimental
data exhibits two characteristic segments: a nonlinear segment followed by a linear segment. The simulation results
capture this response. The shear strain distribution is fairly uniform across the gage section of the testing specimen.
The damage process was observed to initiate at the notch root, similar to the experimental specimen.

Figure 23. Validation of shear Newport E-Glass Fabric [0]12 at stroke rate 1 and 10 in/s and distribution
of shear strain at stroke rate of 1 in/s.
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VI.

Conclusions

Dynamic material properties showed different levels of variability in the experimental results. The repeatability
among different laboratories could be question based on that observation. This is a consequence of the limited
guidelines for dynamic material property generation. The reliability and repeatability of the various in-house
methodologies could be evaluated by generating a set of results that could then be compared directly with published
data. In the absence of published data, comparable data between laboratories should be generated where several
parameters such as specimen geometry, load and strain measurement techniques, data analysis, and test equipment
are standardized.
Simulation results for laminated composite materials exhibited high levels of correlation with experimental data,
regardless of the material when simulating the response along the principal material direction, [0°]N. This was
expected since material properties at the lamina level are generated from testing laminates along the principal
material direction. On the other hand, simulation results for the balanced and symmetric off-axis orientations
exhibited different levels of correlation depending on the material architecture. The simulation results for Toray PW
Carbon Fabric and Newport E-Glass Fabric for orientations [+15°/-15°]2S and [+30°/-30°]2S showed deviations from
the experimental results. The numerical model deviated from the material response during the early stages of
deformation and did not adequately capture the combined state of stress resulting from the off-axis material
orientation. However, simulation results for Toray Carbon Unitape exhibited good correlation with the material
response for orientations [+15°/-15°]S, [+30°/-30°]2S, and [+45°/-45°]2S. This was expected, since the constitutive
model implemented in the LS-DYNA material card MAT-58 assumes each lamina to be unidirectional.
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