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ABSTRACT

Compression failure of laminated composites is a very complex mechanism involving
one or more failure modes especially under high loading rates. Tabbed specimens per ASTM
D695 / SACMA SRM 1R-94 are used to measure compressive responses of composites under
quasi-static to low strain rates. However, untabbed cubic specimens are employed in SplitHopkinson pressure bar (SHPB) experiments for studying the behavior under high loading rates.
The compression responses and failure modes observed in SHPB experiments may not correlate
well with those of tabbed specimens owing to the failure initiation mechanisms which are
dominated by contact stress distributions. This study presents the results from a numerical
investigation of the tabbed specimens in conjunction with D695 / SACMA SRM 1R-94 test
fixture for generating material response data at medium strain rates. The issues related to
dynamic testing using a traditional test fixture and the limitations of its applicability owing to
wave propagation effects are characterized using finite element models. Based on this study,
recommendations for force measurement, achievable strain rates and interpretation of test data
are made.
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CHAPTER 1
INTRODUCTION

Background
Laminated composite materials are being successfully adopted in many applications of
various industries. Thanks to their tailorability, high strength-to-weight and stiffness-to-weight
ratios, good corrosion and enhanced fatigue properties, composite materials facilitate a wide
range of structural applications [1].
The crashworthiness of aircraft structures has been increasingly considered as a key
design requirement especially for the last few decades. The main framework of a crashworthy
design consists of providing occupant safety and maintaining structural integrity without causing
catastrophic global failures [1]. Limited drop tests have been performed on composite fuselage
structures [2],[3],[5] and it is reported that structural configuration, types and geometry of
composite materials, energy absorption properties, and the strain rate effects are the major
factors which drive the crashworthiness characteristics of a composite airframe at the global
level. These factors also define the failure modes of involved in dissipating energy and failure
pattern of global structure.
In an effort to better characterize the crashworthiness capabilities of airframe structures,
building block approaches have been utilized [1]. An example of these approaches is shown in
Figure 1. The starting phase of this approach involves the composite material characterization
including strain rate sensitivity at the ply and laminate levels. In this phase, appropriate tests are
performed with the validation by theoretical calculations and FE simulations [1],[6],[7].
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Figure 1 Building block approach in crashworthiness design [1]
The laminated composite structures experience complex failure mechanisms under
crash conditions [6],[7]. These conditions are dominated by compressive loading in most
structural applications and result in multidimensional state of stress which causes ultimate
failure. Compression failure might involve a combination of multiple failure modes.
Measurement of energy absorption capability is thus focused on compression dominated loading.
As a first step, the energy absorption characteristics, sensitivity to strain rate, etc, under
compressive loading are done at the ply and laminate levels. Subsequently, the geometric effects
which address issues related to energy absorber design are addressed.
Several standard test methods such as ASTM D3410 [15], ASTM D695 [16], SACMA
SRM 1R-94 [17], ASTM D6641 [18] are widely used in aerospace industry for quasi-static
characterization of the compression behavior. The compression loads are introduced into tabbed
specimens by end surface contact [17], passive gripping or a combination of both. The high
strain compression characterization has been typically conducted on cubic specimens using Split2

Hopkinson Pressure Bar (SHPB) apparatus. The compression responses and failure modes
observed in SHPB experiments do not correlate well with those of tabbed specimens owing to
the failure initiation mechanisms which are dominated by contact stress distributions [19].
Compression Test Methods
Several test methods have been developed to characterize mechanical and dynamic
compressive properties of composite materials. American Society for Testing and Materials
(ASTM) has published the first compression test method (D 3410) by standardizing Celanese
compression test method developed by Celanese Corporation [9]. In this method, a tabbed
specimen is sandwiched with conical split cones which requires very precise manufacture and
machining process of specimen and tabs. The specimen should be placed into conical splits and
aligned carefully to avoid induced bending and buckling. Any misalignment results in lower
compressive strengths and also inaccurate measurement of compressive modulus depending
upon the location of strain gage. Also, limited range of thicknesses is available for the
compressive test specimens [10].

3

Figure 2. Celanese Compression Test Fixture [10]
Hofer and Rao [11] developed IITRI (Illinois Institute of Technology Research
Institute) compression test method in order to minimize major drawbacks of Celanese method.
This test assembly has flat grips to provide more stable loading by means of full contact. The
broader design of grips allows accommodation to test wider and thicker specimens while
Celanese test method was able to test specimens up to limited thickness and wide. The grips can
be mounted with screws and displaced easily so the specimen installation and alignment is more
convenient than Celanese method. Proper finish for grip flat surfaces should be implemented to
avoid sliding. This test assembly is massive, heavy and expensive than Celanese method [10].

4

Figure 3 IITRI Compression Test Fixture [10]
The above mentioned compression test methods have common drawbacks. They induce
shear loads from grips to the specimen via end tabs. This load transfer results in shear stresses
which affect compressive strength [12].These shear stresses also trigger stress concentrations
around gage ends where tab geometry begins. These stress concentrations trigger unexpected
failure modes around specimen tabs with lower compressive strength [13]. It has also been
demonstrated that the wedge grips introduce through-thickness stresses and stress concentrations
around specimen ends [14]. Also, the load transfer through tabs is limited and not suitable for
thick composite structures [10]. Special attention should also be paid for proper alignment and
installation to avoid buckling and bending.
5

ASTM D 695 introduces end loading directly to specimen ends and has lateral supports
to prevent global buckling of specimen [15]. Dogbone specimen (see Figure 4) with higher cross
section area at the ends is used to eliminate local buckling or end crushing and provide better
longitudinal load transfer. This method is usually used for low strength composite materials with
low anisotropy (or quasi-isotropic). Because shear and transverse tensile strength of these
materials are considerably lower than longitudinal compressive strength, so other complex
failure mechanisms are triggered around specimen ends. This situation might trigger splitting
which later ends up with end crushing [10].

Figure 4 ASTM D 695 Test Fixture and Specimen Geometry [16]
ASTM D 695 was modified in order to test thin composites and renamed it as Modified
ASTM D 695. It is also known as SACMA SRM 1R-94. In the modified fixture (illustrated in
Figure 5), base support is provided. The specimen is designated as straight sided, without any

6

change in the cross sectional area of the specimen and tabs are adhesively bonded to the lateral
surfaces (for strength measurements) to increase the bearing area for better load transfer and to
avoid local crushing [17]. Both ASTM D 695 and SACMA SRM 1R - 94 test methods provides
small gage length to trigger preferred type of failure. However, small gage length is not very
convenient for strain gage installation for the proper determination of modulus. The untabbed
specimen is used for this purpose.

Figure 5 SACMA SRM 1R-94 Test fixture [17]
ASTM D 695 and SACMA SRM 1R - 94 test methods also have notable disadvantages.
Preparation of different specimens for modulus and strength tests makes this method time
consuming and inefficient. End crushings are most likely occurred due to stress concentrations at
the specimen ends [20].
Several researchers such as Daniel et. al. [23], Hsiao et. al. [24] and Hsiao et. al. [25]
report major efforts to modify IITRI test method by combining shear and end loading to use the
7

best aspects of the two methods. The researchers at the University of Wyoming [26] have
developed Wyoming Combined Loading Compression test fixture which then was standardized
by ASTM as “ASTM D6641 - Combined Loading Compression Test Method” in 2001 [18]. This
text fixture is actually a modified version of Wyoming End-Loaded, Side-Supported (ELSS)
Compression Test Fixture [27]. In ELSS test method, the specimen is installed between four steel
blocks for proper alignment. The blocks are held together using screws and bolts and end loading
is applied through two end blocks. The method originally developed and successfully used for
low strength composite materials with untabbed configuration. However, testing high strength
(or stiffness) composites causes undesired specimen end failures due to end crushing. Also,
while shear loading is provided through clamping of steel blocks by bolts, application of high
torque loads introduces stress concentrations [10].

Figure 6 Combined Loading Compression (CLC) test fixture [18]
8

The CLC method proposes lower torque loads to achieve less clamping forces by using
a high coefficient of friction thermal sprayed surface. Less clamping force is able to develop
same level of shear stress to transfer end load to the gage section for desired type of failure [18],
[26], [28]. However, still high clamping forces are needed for untabbed high strength composites
[14]. These forces will induce through-thickness stress concentrations and excessive shear stress
states around grips. Therefore, high strength materials such as unidirectional composites, [0]NS,
can only be tested with tab configuration. The standard was then updated for high strength
composites with tabbed specimens. The major drawback for this method is to determine the
optimum clamping force or torque load.
Dynamic Material Properties and Characterization
Dynamic response in composite materials are complicated physical phenomenon that
involves complex stress states, damage and failure mechanisms [2]. Numerous studies have been
performed on strain rate dependency of composite materials. These studies show that
compressive strength and modulus of glass [2],[29]-[31] and woven fabric composites [23]-[26]
are increased compared to quasi-static values [35]. The strain rate dependency of composite
materials has been mostly quantified by experimental methods.
Experimental material characterization of fiber reinforced polymer matrix composites
for low strain (loading) rates has been successfully implemented for decades [29]-[33].
Numerical and analytical constitutive material relations and failure models also have
successfully established based on these experimental studies [29],[35]. However, the same is still
not true for high strain rates. Also, efforts to simulate dynamic loading events using analytical or
numerical models based on quasi-static experimental data had not been satisfactory.
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Different types of testing methods have been used to investigate strain rate effects on
the compressive behavior of composite materials. All these methods have inherent advantages
and limitations. They can only cover a limited range of strain rates (Table 1). Some researchers
[37] have reviewed current high strain rate test methods and best practices for composite
materials.
Table 1 Strain rate ranges and corresponding test methods [36]
Loading
Duration
[sec]
Strain Rate
Range
Test Method

106 - 104

104 - 102

100 – 10-1

10-2 – 10-4

< 10-4

< 10-3

10-3 – 10-1

100 - 101

102 - 104

> 104

Screw
Machines

Hydraulic or
Screw
Machines

Pneumatic or
Mechanical
Machines

Mechanical or
Explosive
Machines

Gas Gun or
Explosive Driven
Plate Impact

Montiel and Williams [40] developed a drop tower test assembly for high strain rate
testing up to 8/s. Reproducible failure and strength data were obtained for AS-4/PEEK
composites with no specimen size constraints. A 42% increase in compressive strength and
increase in ultimate strain were recorded at 8/s loading. Groves et al. [41] have employed a drop
tower test system (Figure 7) for compressive testing at strain rates ranging from 100/s to 1000/s.
An acoustically damped based was developed to eliminate/reduce shock waves around contact
region by using impedance mismatching principle. Tests were conducted on IM6/974 [0/90]
tapered cube and carbon epoxy laminates. Strain rate effect was recorded in terms of an increase
in strength and modulus above 10/s for flat specimens. Hsaio and Daniel [42] implemented a
series of longitudinal compression tests for unidirectional and cross-ply IM6/3501-6 laminates
up to 110/s. A drop weight and servo-hydraulic testing machine were used. For unidirectional
composites, the strength and ultimate strain values increase up to 79% and 74% respectively
10

while these values are scaled up to 67% and 57% for cross-ply composites. A slight increase was
recorded for stiffness values for both lay-up configurations. The effect of fiber waviness was also
studied.

Figure 7 Drop Tower test assembly with acoustic damping mechanism [41]
Even though drop tower test method has been used in high strain rate loading, still these
methods and aforementioned standard test methods have major disadvantages in high speed
testing. Failures most likely might initiate around specimen ends [43] due to several reasons such
as specimen-assembly interaction, non-uniform stress states, improper alignment of specimen
and stress wave reflection from assembly to the specimen. These perturbations introduce noise in
the test data which cause difficulties in data reduction and evaluation process [36].
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To overcome those issues, Split Hopkinson Pressure Bar (SHPB) method is widely used
to test composite specimen under medium to high loading rates without tabbed configuration. It
is commonly employed over a strain rate range from 100s-1 to 2000 s-1 [1].
SHPB is the most widely used test method for high strain rate compression testing and
characterization. Kolsky [44] introduce this method by modifying Hopkinson pressure bar. It
uses

one-dimensional

stress

wave

propagation

theory.

Several

researchers

[12],[30],[31],[35],[45]-[48] have effectively used this method for longitudinal dynamic
compressive characterization. Figure 8 shows a classical SHPB setup. Detailed setup and
working principle can be found in [31], [49]-[51]. Both unidirectional [30] and fabric [35],[54][56] composites are rate sensitive in terms of compressive strength and strain failure. The
strength and failure to strain values significantly increased under high strain rates. However,
modulus show slight strain rate dependency.

Figure 8 Classical SHPB test assembly [36]
One of the limitations of SHPB method originates from the contact surface conditions
and specimen sizes. While the specimens are designed to facilitate dynamic equilibrium, the
validity of the results are affected by the non-uniform stress distributions along the
comparatively small sized specimens. Unexpected failure modes such as end brooming and/or
fiber splitting are often reported for unidirectional composites [45]. Also, the failure responses
and failure modes observed with SHPB test usually do not correlate with tabbed test methods.
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The strain rate effects are often reported over a certain strain rate range, with the lowest value of
the strain rate being much higher than the quasi-static value. Comparing the strengths measured
using cubic specimens with those of tabbed specimens is questionable owing to the differences in
failure modes.
Several researchers have performed investigations on the effect of specimen geometry
and size to overcome size related issues in SHPB tests. Amijama and Fuji [57] used cylindrical
specimens for glass/polyester woven and unidirectional composites for compression testing.
Some researchers have employed steel rings to the end of cylindrical specimens to restrict end
splitting in unidirectional composites [58]. Woldesenbent and Vinson [60] has studied circular
specimens with different L/D ratios and compared the results square shaped specimens. No
significant difference was recorded to characterize the same unidirectional composite material
for high strain rates.
Acosta and Raju [19] carried out quasi-static compression test on cubic NCT321/G150
specimens. Three different type of strain measurement were evaluated and the quasi-static
stiffness values were compared with actual values based on tabbed specimen testing. The results
indicate that surface strain measurements using strain gages involves least error in modulus
measurement and more uniform stress distribution is obtained when the platen to specimen
compliance ratio is about 10 or higher.
Research Objective
The compressive properties of high modulus materials such as unidirectional
composites, [0]NS, can only be reliably tested with a tabbed specimen configuration. As
mentioned before, end loadings most probably might cause undesired end crushing failure for
untabbed cubic specimens due to excessive contact stress concentrations at the specimen ends.
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Test methods on tabbed specimens with end loading are usually carried out under displacement
control using a servo-hydraulic testing machine at a quasi-static (0.05 in/min) rate or low stroke
rates (15 in/min).
In the present study, the use of tabbed specimens with extended length in conjunction
with SACMA SRM 1R-94 test fixture is evaluated for medium strain rate testing using finite
element analysis. The issues related to dynamic testing using a traditional text fixture and the
limitations of its applicability owing to wave propagation effects are characterized using finite
element models (LS-DYNA) and corresponding results are compared with limited test results.
Different material models are compared and loading rate effects on the failure are also studied.
Based on this study, recommendations for force measurement, achievable strain/loading rates
and interpretation of test data are made.
The main objectives of this research are:
1. To identify limitations of high loading rate compressive testing and high strain rate
composite material characterization
2. To employ a new specimen geometry for high strain rate composite material
characterization
3. To investigate dynamic response of composite materials with different material models.
4. To address issues related with stress wave reflections for end loading testing mechanisms
Thesis Organization
The main objective of this study is to address issues related to high strain rate composite
material characterization and offer a new approach to high rate end loading compressive strength
testing using numerical validation tool.
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In Chapter 2, the assembly and the modified specimen for compressive strength test
using SACMA SRM 1R-94 is explained.
In Chapter 3, the details of the finite element modeling for SACMA SRM 1R-94 test
method are presented. The corresponding specimen is modeled with different material
formulations under a wide range of loading rates.
In Chapter 4 the results of experimental work and finite element simulations are
compared. The effect of loading rates, material formulations and stress wave effects are also
discussed.
The last Chapter covers the conclusion and recommendations. More details about finite
element simulation and results can be found in Appendices.
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CHAPTER 2
TESTING
In the present study, a previous experimental work [62] on the compression testing
using a modified version of the SACMA SRM 1R-94 has been extended using a numerical
model. The effectiveness of using a tabbed compression specimen for testing at elevated strain
rates is investigated using the numerical models. For the sake of completeness, the details of the
experiments are summarized in this chapter.
Text Fixture and Assembly
As shown in Figure 9, the fixture consists of two cover plates and a base support. The
base support is used for supporting cover plates and specimen aligned horizontally and provides
smooth load transfer to the load cell. The cover plates are I - shaped and have grooves on the
contact surface to specimen (Figure 10). These grooves are used to reduce frictional surface
force between specimen and cover plates. The cover plates and base support are manufactured
from stainless steel. The dimensions of the test fixture can be found in SACMA SRM 1R-94
[17].

Figure 9 Base support with mounted support plates [17]
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The base support is secured to the testing machine via an aluminum platen. This
aluminum platen is mounted to fixed crosshead using stud and a load cell is installed between the
aluminum platen and the crosshead to measure the force.
After that, the back cover plate is assembled to the base support in vertically parallel
position. The specimen is installed properly between front and back cover plates. It must be
ensured that the ends of the specimen are parallel with the surface of the compression platen and
base support bearing surface. Later, the support plates are connected to each other by tightening
the screws (Figure 9).

Figure 10 Compression test fixture for dynamic testing
Finally, the servo-hydraulic displacement controlled actuator is loaded and compression
load is introduced to the specimen by steel platen. The load history is recorded by load cell and
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stress-strain data is recorded by strain gages mounted on the gage area. A schematic picture of
the text fixture and assembly is shown in Figure 10.
Specimen
The width of compressive test specimen is defined as 0.5” while the length is defined as
3.18” in the standard. The gage length is also defined 0.188”. In the present study, the length of
the specimen is extended by 0.321”. T700SC-12K-50C/#2510 plain weave fabric [62] composite
specimen is tested with [0]12 stacking sequence. The thickness for each ply is 0.2174 mm. 0.321"
longitudinally extended specimen is used in this study because an extra length is needed for the
actuator after failure of the specimen to stop completely without touching cover plates. Any
contact might cause permanent damage on the assembly at medium/high loading rates. The
specimen geometry is presented in Figure 11.

Figure 11 Modified specimen geometry [Dimensions are in inches]
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As indicated in the standard, the end tabs are used to increase the bearing area and avoid
end crushing of the specimen. The tabs were fabricated by Newport/Fabric [7781/NB321]
fiberglass epoxy material [64] with a [-60/60]3 stacking sequence. The tab thickness is 0.06”.
The tabs were bonded to the specimen using FM300 [65] film adhesive.
Application of the Test
The tests are performed by Raju [62] for the loading rates of 1, 10 and 100 in/s. The
details of the test setup, application and results can be found in the literature [62].
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CHAPTER 3
FINITE ELEMENT ANALYSIS

Introduction
The experimental observations on the rate sensitivity of composite materials may be
confounded by the artifacts of the test apparatus. It is impossible to establish the contribution of
the test apparatus to the observed material behavior if the material behavior itself in not known a
priori. To better understand the issues related to the test apparatus and specimen geometry in a
dynamic compression test, a numerical model will be employed. In these simulations,
hypothetical materials with a known rate sensitivity will be used. Using these material models,
the effectiveness of measuring the rate sensitive properties using the test apparatus described in
the previous chapter will be characterized. In particular, the effectiveness of force measurement
and its correlation with the force experienced by the specimen in the gage region and the wave
propagation along the specimen length. In this chapter, the details of the finite element models,
assumed material behavior, and the analysis cases are enumerated.
There are several motivation factors for using finite element model. Experimental
testing for each design modification or scenario is usually expensive and impractical. Different
geometries and configurations can easily be adapted to FEA model with less effort. Also, other
factors that have impact on the test method can be easily monitored and evaluated. This
capability provides a better insight to the physics of the test method. On the other hand, detailed
strain / stress analysis can easily be performed for the specific areas of interest.
Even though FEA methodology has so many advantages, several factors should be
taken into consideration with knowledge and expertise such as:
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Selection of the correct/appropriate element type



Mesh density and quality



Proper application of loads and boundary conditions



Material modelling



Contact – constraints definitions (if exists any)



Proper selection of solution scheme
o Linear or nonlinear
o Quasi-static or dynamic
o Implicit or explicit



Evaluation of results

There are numerous industrial and academic approaches, guidelines and practices to
adjust these factors. However, there is still no academic and industrial consensus on universal
modeling of composite material response & failure. The WWFE studies show that there are no
universal failure or response criteria which can handle all load cases and failure modes
accurately [65]. Each failure criteria are able to handle limited number of load cases and failure
modes. No FEA solver has the capability to handle composite material response and failure
universally or with one material model. Therefore, FEA solvers offer various material models
and the user should select and/or tailor one model based on the physical problem.
In this study, LS-DYNA R.6.0.0 [67] solver was used to simulate SACMA SRM 1R-94
test method with extended specimen geometry. The test system was preloaded and the specimen
was loaded by displacement controlled actuator under several loading rates. Also, various
material models are tested and compared. First, simple hypothetical material models are selected
in order to model brittle nature of composite material failure and understand physical response of
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the whole test system. Later, dedicated composite material models are used for specimen to
simulate experimental tests more accurately.
Several results such as failure strength, stress/strain envelopes, load cell efficiency,
strain rate behavior, failure modes and stress wave reflection effects are discussed and presented
in Chapter 4. A correction factor is estimated for all load cases. Also, the dedicated composite
material models are also compared.
Geometry
Each component of the test fixture was modeled as defined in SACMA SRM 1R-4 and
the geometric dimensions of actuator, loading platen, strut, load cell, aluminum platen and
loading nut were modeled and assembled in CATIA CAD software [68]. The extended specimen
was modeled according to the dimensions as given in Figure 11.
Discretization
The CAD model of the test apparatus was imported to the pre-processor software,
Hypermesh [69] for numerical discretization.

Figure 12 Finite element model of the test assembly
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The accuracy and reliability of FE simulations are dependent on the quality of the mesh.
The quality of the FE model should be verified before running the simulations. The mesh of the
whole model is shown in Figure 12 and Figure 13.

Figure 13 Finite element model of the test assembly (zoom)
In explicit dynamics, the central difference method is used to calculate the response at
each successive time step. Time step size defines the accuracy and duration of the simulation
time. The time step size is controlled by the smallest element size in the FE model therefore
element size plays critical role in simulations. A special care should be paid during modeling
process. If the element size is small, the computational cost increases considerably. If the
element size is modeled as larger, the geometric details might not be able to capture accurately.
Therefore, an optimum size is selected in this study. Also, other mesh quality parameters such as
Jacobian ratio, aspect ratio and number of triad elements affect the strain/stress gradients,
solution time and stability of the finite element model. The quality values are presented in Table
2.

23

Table 2 FE discretization and quality
Component

Element shape

Size [mm]

Aspect ratio

Jacobian

Hex

Penta

Max

Min

Min

Max

Min

Actuator

16000

0

5.34

2.44

1.16

1.88

0.848

Steel platen

1969

0

8.22

0.94

1.30

4.53

0.686

Specimen

105408

0

0.57

0.13

2.27

4.55

1.000

Base Support

3732

0

4.25

2.93

1.34

1.45

1.000

Al platen

14768

0

5.00

1.62

1.00

1.96

0.710

Load Cell

384

0

5.10

2.47

1.26

1.78

0.828

Locking Nut

384

0

4.98

2.49

1.32

1.73

0.840

Strut

780

60

4.62

2.62

1.49

1.76

0.768

Cover Plate 1

1950

0

2.13

1.73

1.06

1.15

0.983

Cover Plate 2

1950

0

2.13

1.73

1.06

1.15

0.983

In order to capture most accurate response for composite material, fine mesh is used for
the specimen, adhesive and tab region. Each ply is modeled with single solid element through
thickness for the specimen and tab region Figure 14. The adhesive part is also modeled with one
single element through its thickness. The tab region, adhesive and specimen share nodes with
each other along their boundaries. No contact or cohesive element definition is used to define the
connection. As shown in the Table 2, the minimum element size is dictated by adhesive
component with 0.13 mm. Thus, the time step size is calculated based on elements in adhesive
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region. The remaining parts of the model are modeled with elements bigger enough to capture
the exact geometry.

Figure 14 Specimen mesh configuration
Element Types
Three-dimensional structural model of each component of the test assembly was
generated using solid elements with a combination of hexahedral (8 noded) elements in majority
and pentahedral (6 noded). *SECTION_SOLID is defined with ELFORM = 1. There are several
reasons to use solid elements for modeling of the components especially the specimen. The 3D
solid elements represent the actual geometry and help the user to simulate the physical problem
more realistically with less assumptions. Also, the stress and strain gradients can be achieved in
all directions with better accuracy. It is a fact that all these benefits can be obtained by the
combination of proper selection of element type, shape, formulation and size. Special attention
should be taken during finite solid element modeling.
In this study, reduced integrated constant stress element formulation was chosen. It
means that only one Gauss integration point is used in element formulation. The reduced
integrated element formulations have some advantages and drawbacks. It is more efficient and
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accurate and can handle even severe deformations. However, reduced integrated element
formulation can produce instability due to zero-energy deformation modes which is also named
as “Hourglassing”. In a hourglassing mode no strain is recorded due to zero-strain energy at the
Gauss point even though the element deforms physically. Therefore, a non-physical deformation
produces no strain and stress at the integration point (Figure 16). This can be controlled or solved
by replacing the reduced element formulation with fully integrated elements or imposing
artificial resistive forces to the reduced integrated elements with Hourglass control mechanisms.

Figure 15 Reduced Integrated element (left) vs. fully integrated element (right) [70]
There are more than one Gauss integration points defined in fully integrated elements
and Hourglass mode has no effect on it. However, this type of formulation has major drawbacks.
It is slower than reduced integrated elements and very unstable under large deformations. A FE
model is usually too stiff than real physical model due to its numerical nature. Additional Gauss
points more than one result with overly stiff response by capturing higher order terms in element
stiffness calculation. This numerical problem becomes really dominant in bending problems
especially for poor aspect ratios. It is also called as “Shear Locking” and no shear strain is
recorded. In this study, the specimen undergoes large deformations. Therefore, reduced
integration elements with hourglass control were selected.
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Figure 16 Hourglass modes [70]
Material Models
The material models define the internal structural response of the FE models. The
materials used in the model are shown in Figure 17 and Figure 18.

Figure 17 Material configuration of various components
The material models must be able to handle the expected structural response accurately.
Therefore, special attention should be given during determination and assignment of the proper
material models. In most cases, the material models are specified based on the expected
structural response and the type of physical material. The components of test assembly and
fixture are made up of stainless steel and aluminum. The material properties are listed in Table 3.
No plastic response or failure for these components are expected and observed during
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experimental test. Therefore, these components were modeled as linear elastic using
MAT_ELASTIC keyword.
Table 3 Material properties
Material
Stainless Steel
Aluminum

Density
[tonnes/mm3]
7.86E-9
2.796E-9

Young’s Modulus
[GPa]
196
71

Poisson’s Ratio
0.33
0.33

Failure is only expected and was observed for the composite specimen. An appropriate
material model should be selected for the specimen. The material model must be able to handle
most accurate elastic response and failure mode. However, there is still no single universal
material model to cover all types of loadings, responses and failure for composite models. LSDYNA provides several material cards to model composite material response and failure. Each
model has advantages and limitations. Several cards are tested in this research and compared in
terms of model response and proper failure. The material and the corresponding material cards
are listed in Table 4.

Figure 18 Material configuration of the specimen, the tab and the adhesive
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Table 4 Materials used for the components
Component

Physical Material

Material Model

Actuator

Steel

MAT_001

Steel Platten

Steel

MAT_001

Specimen

Toray 700SC

MAT24 and MAT_22,54 &
59

Adhesive

Epoxy

MAT_001

Newport Fabric
NB321/7781

MAT_054

Steel

MAT_001

Al Platten

Aluminum

MAT_001

Load Cell

Steel

MAT_001

Locking Nut

Steel

MAT_001

Load Cell Strut

Steel

MAT_001

Cover Plate 1

Steel

MAT_001

Cover Plate 2

Steel

MAT_001

Bolts

Steel

MAT_SPOTWELD

Tab
Base Support

First of all, hypothetical material models are used to evaluate stress wave reflection
effects of the end loading and the efficiency of the current assembly configuration under
different loading rates. Therefore, the strain rate dependent material models with both ductile and
brittle failure capability were implemented. MAT_PIECEWISE_LINEAR_PLASTICITY
(MAT_024) was used with two different configurations. This is an elasto-plastic material model
and strain rate dependency can be defined [80]. The material properties and the corresponding
material models are provided in Table 5 and Table 6.
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Table 5 Material Model 1
MAT_024

Parameter
Value
ro
1.50E-09

3

Density [tonnes/mm ]
Young’s Modulus [Mpa]

e

68947.57

Poisson Ratio

pr

0.3

Yield Stress [Mpa]

sigy

6.89E+02

Tangent Modulus [Mpa]

etan

0

Plastic Failure Strain

fail

0

MAT_ADD_EROSION

Parameter

Value

Maximum effective strain at failure

effeps

0.01

Table 6 Material Model 2
MAT_024

Parameter Value
ro
1.50E-09

3

Density [tonnes/mm ]
Young’s Modulus [Mpa]

e

68947.57

Poisson Ratio

pr

0.3

Yield Stress [Mpa]

sigy

6.89E+02

Tangent Modulus [Mpa]

etan

1532.168

Plastic Failure Strain

fail

0.09

In brittle material model, only the elastic portion of the stress/strain curve is defined by
young’s modulus and yield stress and brittle failure is triggered with *MAT_ADD_EROSION
card at the strain of 0.01 as shown in the figure. In ductile model, same elastic portion is used
and the strain hardening is modeled by tangent modulus (ETAN). The failure is triggered when
the plastic strain of that particular element reaches 0.09 by defining FAIL parameter. The strain
rate dependency is defined by scaling only yield’s stress and failure strength using a curve
(LCSR). Figure 19 provides a better visualization for these material models.
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Figure 19 Stress – strain curves under different strain rates
LS-DYNA has several composite material models. These models can be classified into
two types: Models with and without failure. The composite material models without failure are
not discussed in this study. These models implement orthotropic linear elastic response within
the failure surface. The shape of failure surface is dependent to adopted failure criteria [71].
When the material reaches failure surface under applied loadings, the models handle pre-failure
state and failure with different methods. Therefore, the composite material models including
failure capability can be classified according to their capabilities for handling pre-failure and
failure state:


Stiffness reduction method (Ply discount method)



Continuum damage mechanics



Plasticity formulation

In stiffness reduction method, usually the appropriate elastic anisotropic material
properties e.g. longitudinal modulus, shear modulus or Poisson’s ratio are set to zero when a ply
satisfies a pre-defined failure condition. This also is named as “Ply Discount Method” which
results with a discontinuous failure scheme. While undamaged condition is stated by 1, the fully
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damaged ply condition is stated by 0. When all the plies are progressively has fully damaged
condition, the corresponding element is deleted from the solution [72], [73].
The other material degradation models use continuum damage mechanics approach
where the stiffness of the material is degraded gradually by damage parameters associated with
loading and elastic properties when failure occurs in plies for certain modes [74]. After
degradation of stiffness, the stresses are updated for each element again. This type of model
provides more smooth and continuous softening before failure. It accounts damage accumulation
for each element [75].
In plasticity formulation, the material models are assumed elastic-plastic. They are
implemented on the basis of faceted failure and ellipsoidal failure surfaces [75]. The composite
material types with failure option available in LS-DYNA are presented in Table 7.
Table 7 Available composite material models (with failure) in LS-DYNA [73]
Material
Model

Applicable
elements
Shell, thick shell,
solid

Failure evaluation /
criteria
Stiffness Reduction/
Chang-Chang

MAT_054

Shell, thick shell,
solid

Stiffness reduction/
Chang-Chang

MAT_058

Shell, thick shell

Continuum damage mech./
Hashin

MAT_059

Shell, thick shell,
solid

MAT_158

Shell, thick shell

MAT_161/162

Solid

MAT_261/262

Shell, thick shell,
solid

MAT_022

Plasticity/
Hashin
Continuum damage mech./
Hashin
Continuum damage mech./
Hashin
Continuum damage mech./
Pinho/Camanho
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Features
Brittle failure
Element eroding
Enhanced version of
MAT_022
Crashfront algorithm
Non-linear shear
response
Crashfront algorithm
Elasto-plastic
Rate sensitive version of
MAT_058
Delamination failure
Orthotropic CDM
Physical based model

The material system of the specimen is T700SC-12K-50C/#2510 plain weave fabric
with [0]12 stacking sequence [62]. The ply thickness is modeled as 0.2174mm. The adhesive
material is epoxy [65] and the tab material is Newport/Fabric [NB321/7781] with [60/-60]3 [64].
The material properties are given in Table 8, Table 9 and Table 10 respectively.
Table 8 Toray T700SC-12K-50C material properties [62]
T700SC -12K-50C
Material properties

MAT 22, 54 & 59 Value

Density [tonnes/mm ]

3

rho

1.50e-9

Young’s Modulus (Longitudinal) [Mpa]

EA

77995

Young’s Modulus (Transverse) [Mpa]

EB

77995

Young’s Modulus (Normal) [Mpa]

EC

4275

Poisson’s Ratio (21)

PRBA

0.042

Poisson’s Ratio (31)

PRCA

0.0274

Poisson’s Ratio (32)

PRCB

0.0203

Shear modulus (12) [Mpa]

GAB

5150

Shear modulus (23) [Mpa]

GBC

3447

Shear modulus (31) [Mpa]

GCA

3447

Table 9 Material properties for tab material [64]
Newport/Fabric [NB321/7781]
Material properties

MAT 54

Value

Density [tonnes/mm ]

3

rho

1.80E-09

Young’s Modulus (Longitudinal) [Mpa]

EA

24821.13

Young’s Modulus (Transverse) [Mpa]

EB

24821.13

Young’s Modulus (Normal) [Mpa]

EC

4275

Poisson’s Ratio (21)

PRBA

0.138

Poisson’s Ratio (31)

PRCA

0.0258

Poisson’s Ratio (32)

PRCB

0.0344

Shear modulus (12) [Mpa]

GAB

4046

Shear modulus (23) [Mpa]

GBC

3447

Shear modulus (31) [Mpa]

GCA

3447
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Table 10 Material properties for Epoxy adhesive [65]
Epoxy Adhesive
Mechanical Properties

MAT 1

Value

Density [tonnes/mm ]

ro

1.27E-09

Young’s Modulus [MPa]

EA

2413.16

Poisson Ratio

nu

0.3

3

The specimen is modeled with strain-rate independent MAT_022, MAT_054 and
MAT_059 and the results are discussed in the next chapter. The tab region is only modeled with
MAT_054 while the adhesive is modeled with MAT_001 (MAT_LINEAR_ELASTIC).
MAT_022 (MAT_COMPOSITE_DAMAGE) material model is the first composite
model with failure implemented in Ls-Dyna. Orthotropic linear elasticity is used for the linear
response and the failure is evaluated by Chang-Chang [76] failure criteria. It can handle matrix
cracking, fiber breakage and compression failure [67]. These are in-plane (2D) failure modes and
the failure modes originating from out-of-plane shear & normal stresses are neglected [77]. All
failure modes are brittle and fiber compression failure cannot be captured. When the material
reaches failure, the corresponding element is deleted from the solution. The material card used in
this study is shown in Table 11.
Table 11 MAT_022 card for the specimen

MID
GAB
5150
XP
0
V1
0
SC
173

RO

*MAT_COMPOSITE_DAMAGE (MAT_22)
EA
EB
EC
PRBA
PRCA

1.50E-09

77995

77995

4275

0.042

GBC

GCA

KFAIL

AOPT

MACF

3447

3447

YP

ZP

A1

A2

A3

0

0

0

0

0

V2

V3

D1

D2

D3

BETA

0

0

0

0

0

0

XT

YT

YC

ALPH

SN

SYZ

SZX

951

775

703

0

69.5

60

60

34

0.0274

PRCB
0.02028

MAT_054 (MAT_ENHANCED_COMPOSITE_DAMAGE) is the enhanced version of
MAT_022. The linear elastic portion is implemented same as MAT_022 and Chang-Chang
failure initiation is used. This material can handle tensile fiber mode, tensile matrix mode,
compressive fiber mode and compressive matrix mode [72]. When a failure mode is triggered,
the damage is initiated and non-linearity is introduced by shear terms [78]. Later, the appropriate
orthotropic material properties are set to zero [67],[73].
Table 12 MAT_054 card for the specimen

MID
GAB
5150
XP
0
V1
0
TFAIL
0
XC
709
PEL
0
SLIMT1
0

*MAT_ENHANCED_COMPOSITE_DAMAGE (MAT_54)
RO
EA
EB
EC
PRBA
PRCA
1.50E-09

77995

77995

4275

GBC

GCA

KF

AOPT

3447

3447

0

0

YP

ZP

A1

0

0

0

V2

V3

0

PRCB

0.042

0.0274

0.02028

A2

A3

MANGLE

0

0

0

D1

D2

D3

DFAILM

DFAILS

0

0

0

0

0

0

ALPH

SOFT

FBRT

YCFAC

DFAILT

DFAILC

EFS

0

1

0

1

0

0

0

XT

YC

YT

SC

CRIT

BETA

951

703

775

173

54

0

EPSF

EPSR

TSMD

SOFT2

0

0

0

1

SLIMC1

SLIMT2

SLIMC2

SLIMS

NCYRED

SOFTG

0

0

0

0

0

1

Better validation with the experiments can be achieved by adjusting strain and stress
limiting parameters. This also triggers elasto-plastic which causes a ductile failure regime. These
parameters (SLIMXX) can be calibrated in such a way to have a brittle failure. This material
model also can implement special crashfront algorithm by applying softening factor (SOFT,
SOFT2) to reduce the strength in the crashfront elements [73]. Due to its 2D nature, the
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delamination failure cannot be captured with this material model. The material card implemented
in this study is given in Table 13.
Table 13 MAT_054 card definition for the tab material

MID
GAB
4206
XP
0
V1
0
TFAIL
0
XC
540
PEL
0
SLIMT1
0

*MAT_ENHANCED_COMPOSITE_DAMAGE (MAT_54)
RO
EA
EB
EC
PRBA
PRCA
1.80E-09

24821.125

24821.125

4275

GBC

GCA

KF

AOPT

3447

3447

0

0

YP

ZP

A1

0

0

V2

PRCB

0.138

0.0258

0.03444

A2

A3

MANGLE

0

0

0

0

V3

D1

D2

D3

DFAILM

DFAILS

0

0

0

0

0

0

0.2109

ALPH

SOFT

FBRT

YCFAC

DFAILT

DFAILC

EFS

0

1

0

1

0.0271

0

0

XT

YC

YT

SC

CRIT

BETA

589

540

589

138

54

0

EPSF

EPSR

TSMD

SOFT2

0

0

0

1

SLIMC1

SLIMT2

SLIMC2

SLIMS

NCYRED

SOFTG

0

0

0

0

0

1

MAT_059 (MAT_COMPOSITE_FAILURE_SOLID_MODEL) mainly implements
elasto-plastic material model. There is a limited documentation for this material model. It is the
simplest composite material model. Two types of failure surfaces are implemented: faceted
failure surface and ellipsoidal failure surface [75]. This material model can consider transverse
shear stresses and failure in thickness direction including delamination. Once the element
reaches failure surface element erosion takes place. Also, no specific crashfront algorithm is
implemented for this material model [79]. There is neither damage variable nor failure indicators
for this material model. The corresponding material card used in this study is given in Table 14.
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Table 14 MAT_059 card definition for the specimen

MID
GAB
5150
XP
0
V1
0
SBA
173
XXT
951

RO

*MAT_COMPOSITE_FAILURE_SOLID (MAT_59)
EA
EB
EC
PRBA
PRCA

1.50E-09

77995

77995

4275

0.042

0.0274

GBC

GCA

KF

AOPT

MACF

3447

3447

0

0

1

YP

ZP

A1

A2

A3

0

0

0

0

0

V2

V3

D1

D2

D3

BETA

0

0

0

0

0

0

SCA

SCB

XXC

YYC

ZZC

60

60

709

703

76

YYT

ZZT

775

70

PRCB
0.02028

Table 15 shows the failure strength values used by each composite material card and
their corresponding parameter names. No strain rate dependency is defined for all the composite
material models. Only the parameters represent mechanical and strength values have been used
in this study. Other parameters have been kept as their default values. The definition of each
parameter for the composite material cards used in this study can be found in Appendix A.
Table 15 Strength properties of the specimen and tab
MAT
22
XT

MAT
54
XT

Longitudinal Compressive Strength (Direction - 1) [MPa]

N/A

XC

XXC

709

540

Transverse Tensile Strength (Direction - 2) [MPa]

YT

YT

YYT

775

589

Transverse Compressive Strength (Direction - 2) [MPa]

YC

YC

YYC

703

540

In-plane Shear Strength (Direction - 12) [MPa]

SC

SC

SBA

173

138

Normal (3) Tensile Strength [MPa]

SN

N/A

ZZT

69.5

-

Normal (3) Compressive Strength [MPa]

N/A

N/A

ZZC

76

-

Out-of-plane Transverse Shear Strength (23) [MPa]

SYZ

N/A

SCB

60

-

Out-of-plane Transverse Shear Strength (31) [MPa]

SZX

N/A

SCA

60

-

Strength Properties
Longitudinal Tensile Strength (Direction - 1) [MPa]

37

MAT
Specimen Tab
59
XXT
951
589

Contact Modeling and Constraints
Several contact and connection algorithms are available in LS-DYNA. Especially, the
contacts provide great convenience to connect different components with complex geometries
and different mesh densities. Also, the contact definitions are highly used in crash/impact
simulations to transfer the load properly. The constraints are used in order to relate DOF’s of
different components by defining constraint equations or coupling elements. They are most
commonly used for modeling bolts, beams, spotwelds etc. for proper transfer loading between
multiple components and allow connecting different parts with different mesh densities [80].
In this study, several contact and constraint formulations are used to represent the
numerical model of SACMA SRM 1R-94 test assembly with extended specimen length. The
following cards were used for contacts and connections between components:


The connection between the actuator to the steel platen is provided by
*CONTACT_TEID_NODES_TO_SURFACE



The impact load is transferred from steel platen to specimen by
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE



The connection between back cover plate with the base support is implemented
through bolt connections by *CONSTRAINED_NODAL_RIGID_BODY and
the

load

transfer

is

achieved

by

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE card.


For proper load transfer from the specimen to the base support is provided by
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE card.



The connection between the base support and the aluminum platen is
implemented by *CONSTRAINED_NODAL_RIGID_BODY algorithm by
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connecting the top surface nodes of the base support to the closest nodes of
aluminum platen within the projection area of the base support.


The shared nodes approach has not been used to connect the loading strut to
aluminum platen due to different mesh densities at the bearing area. Also, the
shared nodes approach might cause hot spot stresses along the shared boundaries
due

to

discontinuous

geometric

transitions.

Therefore,

*CONTACT_TIED_NODES_TO_SURFACE card is used to connect two
different components with different mesh densities.


The connection between the load cell and the aluminum platen is provided by
*CONTACT_TIED_NODES_TO_SURFACE because these two components
behaves together in longitudinal direction in global manner.



The same type of contact is also used for between the load cell and the locking
nut.



No specific contact or constraint algorithm is used between the bearing area of
load cell / locking nut and the outer surface of the loading strut.



The cover plates are connected to each other using beam elements with spotweld
material configuration. No pre-stress is applied.

Figure 20 provide visual representation of the contacts and the constraints used in the
model.
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Figure 20 Connections and contacts in the FE model

Loads and Boundary Conditions
The simulation consists of two consecutive loading processes:


Preloading of the load cell



Compressive loading of the specimen by the actuator and steel platen

In the physical test environment, the load cell was calibrated by applying 16,000 kips
pre-load. In this study, the preloading was applied using prescribed displacement
(BOUNDARY_PRESCRIBED_BOUNDARY_MOTION) to the top of the strut in the vertical
(Z) direction. The loading curve is shown in Figure 21.
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Figure 21 Preloading displacement curve
The pre-loading should take place in compressive manner to calibrate the load cell
properly. Therefore, the top surface of the locking nut is constrained vertically during the applied
displacement of loading cell strut and so the load cell is compressed between the aluminum
platen and the locking nut. Figure 22 shows the visualization of the pre-loading process and the
boundary conditions.

Figure 22 Pre-loading of the load cell and the corresponding boundary conditions
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In order to achieve desired pre-loading level, several iterations have been carried out. At
the end of iterations, the load cell is initialized properly with desired pre-stress or pre-load. The
pre-load force is monitored with the combination of *DATABASE_SECFORC and
*DATABASE_CROSS_SECTION_SET for the elements that intersects middle cross section of
the load cell. The resulting pre-stress distribution and pre-load level are shown in Figure 23 and
Figure 24.

Figure 23 Resulting preloading stress

Figure 24 Resulting preload force
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These boundary conditions were satisfied during the compressive loading of the
specimen. The final position of the top surface nodes of the strut and the locking nut was kept
constant. In the second phase, the compressive load is applied by the steel platen. The steel
platen is connected to the actuator by proper contact definition (see Chapter 4.4). The actuator is
loaded by prescribed displacement (*BOUNDARY_PRESCRIBED_MOTION) and the load is
transferred from the steel platen to the specimen. Figure 25 shows a schematic of the
compressive loading process.

Figure 25 Prescribed compressive loading by the actuator
Hourglass Control Study
LS-DYNA solver provides several hourglass controls. These controls are applied by
applying artificial resistive forces against hourglass modes and this result with an artificial nonphysical energy in the system. This “Hourglass energy” is recommended to be less than %10 of
the total internal energy of the system. The hourglass controls can be classified into two
categories: stiffness-based (IHQ = 4, 5, 6) and viscous-based (IHQ = 1, 2, 3). For all tested
hourglass controls, the default value of hourglass coefficient (QM = 0.10) is used. The stiffness
form of the hourglass control applies resistive forces proportional to nodal displacements while
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the viscous form of control applies forces proportional to nodal velocities. Even though high
speed loading is involved in this study and the viscous type hourglass formulation appears to be
more appropriate, a benchmark study was implemented. Most of the available hourglass controls
were tested to determine the best option. Different forms of hourglass formulations are compared
based on several criterias such as proportion of hourglass energy, pre-mature failure (PF) due to
hourglassing and accuracy for the response of the composite specimen. Maximum strain,
maximum stress, gage section force and Young’s modulus (EA) in longitudinal (fiber) direction
values are presented in Table 16. The strain and stress values are recorded on the element
location which corresponds to strain gage area on the specimen. The simulation model for this
comparison study consists of only the specimen, cover plates, base support and steel platen. The
remaining components are excluded because these parts are out of area of interest. Same loading
conditions are applied only for 1 in/s loading rate.
The stiffness based formulations (IHQ = 4, 5) provided better results. Hourglass
formulation 3 triggers pre-mature failure due to excessive hourglass modes. Although no premature failure or excessive hourglass deformation is recorded for formulations 1 and 2, the
composite specimen response - in terms of longitudinal modulus (EA) - does not match with
experimental value. However, type 4 and 5 shows fairly good match with experimental
longitudinal modulus while the ratio of hourglass energy to internal energy is less than %0.1
without almost any hourglass deformation. Therefore, the stiffness form hourglass control with
exact volume integration (IHQ = 5) is selected for further steps. The results are presented in
Table 16.
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Table 16 Results for hourglassing test
Type
1
2
3
4
5
6

Material

Hourglass
Energy

Internal
Energy

%

BF

Max.
Axial Strain

MAT 22
MAT 54
MAT 59
MAT 22
MAT 54
MAT 59
MAT 22
MAT 54
MAT 59
MAT 22
MAT 54
MAT 59
MAT 22
MAT 54
MAT 59
MAT 22
MAT 54
MAT 59

0.353
0.286
0.203
0.35
0.297
0.204
81.6
81.7
82
23.3
12.8
4.66
29.3
13.1
3.15
12.8
13.8
6.45

2410
2480
1080
2410
2480
1080
742
742
741
3730
2790
1120
3780
2850
1110
2590
2590
1120

0.01
0.01
0.02
0.01
0.01
0.02
11.00
11.01
11.07
0.62
0.46
0.42
0.78
0.46
0.28
0.49
0.53
0.58

No
No
No
No
No
No
YES
YES
YES
No
No
No
No
No
No
No
No
No

0.0073
0.0072
0.0054
0.0073
0.0073
0.0054
0.0055
0.0055
0.0055
0.0103
0.0090
0.0057
0.0104
0.0090
0.0057
0.0080
0.0079
0.0055

Max.
Axial Stress
[Mpa]
640.06
634.23
451.02
633.38
644.82
451.51
455.47
455.2
454.22
812.9
702.32
446.8
822.45
704.35
444.43
687.11
678.05
453.86

Gage
Section
Force [N]
7250.2
7231.3
4985.6
7216.2
7227
4985.6
4052.2
4051.5
4049.2
9116.6
7791.9
4961.8
9162.6
7819.6
4935.5
7718.8
7401.7
5047.6

Analysis Cases
In this study, the current SACMA SRM 1R-94 with extended specimen is simulated
several material models under several loading rates after preloading. First, the hypothetical
material models are tested under 1 in/s, 10 in/s, 100 in/s and 500 in/s. After that, the composite
material models MAT_022, MAT_054 and MAT_59 were assigned to the specimens and they
have been loaded with 1 in/s, 10 in/s, 25 in/s, 50 in/s, 75 in/s, 100 in/s, 250 in/s and 500 in/s.
Table 17 provides a summary of the load cases.
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EA
[Mpa]
87402
87560
82926
86867
88167
82940
82426
82471
82148
79230
78297
78115
79082
78343
78111
85733
86007
81961

Table 17 Load cases
Phase

Material

Phase I - Hypothetical Material
Models

Model 1
Model 2
MAT 22
MAT 54
MAT 59

Phase II - Composite Material
Models

Specimen
thickness
[mm]

2.6088

LOADING RATES [in/s]
1

10 25 50 75

100

250

500

+

+

x

x

x

+

x

+

+
+
+

+
+
+

x
+
+

x
+
+

x
+
+

+
+
+

x
+
+

+
+
+

+

+

+

+

+

+

+

+

The results of these simulations are discussed in Chapter 4 with the evaluation of the
test results.
Calibration of the Load Cell
Before proceeding further, a calibration study for the load cell is carried out to
determine load transfer mechanism through the system. In order to identify the magnitude of the
load transfer from the actuator to the load cell, a calibration coefficient should be determined. In
physical experimental setup, the stresses are derived from the force values measured and
monitored by the load cell. However, the simulations have shown that a certain percentage of the
applied load is consumed for strain energy by the components of the test assembly which are
located between the specimen and the load cell. This is called shunting. Since the load cell and
the stud are in parallel such as parallel springs, some of the load transferred through the stud
while the remainder passes through the load cell. The calibration factor accounts for the above.
Therefore, the ratio of the applied load to the measured load was determined using FE
simulations with implicit and explicit methods. This coefficient is calculated for FE models with
material model 1, material model 2, MAT_022 and MAT_059 under 1 in/s loading rate. The
simulations have shown that nearly same values are obtained for all the simulations. This also
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shows the independency of the results from the material models. Table 18 shows the
corresponding results of this calibration study.

Table 18 Calibration coefficient comparison
Method

Explicit

Implicit

Material

Applied Force
[kN]

Load Cell
[kN]

Coefficient

MAT 22

27.8712

22.3

1.24983

MAT 59

17.9356

14.304

1.253887

Model 1

19.852

15.856

1.252018

Model 2

45.775

36.261

1.262

MAT 22

27.1406

21.47

1.264117

MAT 59

17.8306

14.01

1.272705
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Average

1.254528

1.268411

CHAPTER 4
RESULTS AND DISCUSSIONS
The experimental and numerical results will be discussed in this chapter. First, the
experimental results for different stroke rates will be provided by presenting measured stressstrain graphs, strain rate characteristics and ultimate failure loads recorded by the load cell. The
ultimate failure of the specimens will be shown in the corresponding figures and the failure types
will be discussed.
Later, the FE simulation results will be presented. The simulations were executed for
different type of material models under different loading rates. Each case will be investigated.
Several topics will be discussed:


Ultimate failure load and comparison with numerically measured gage force



Stress wave reflection effects



Strain-stress results for the specimen gage area



Strain rate characteristics of the material models



Failure types

The experimental and simulation results will be compared and evaluated. The
effectiveness of the simulation approach will also be discussed.
Experimental Results
The experimental studies had been carried out by Raju [62]. Several composite material
systems are tested for tension, compression and shear loading under different loading rates. The
compression (ASTM D 695) results are presented in this section. Limited number of
compression tests was conducted. The results have shown that there is also linear relationship
between the stroke rate and strain rate and it is shown in Figure 26.
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Figure 26 Strain rate vs. Stroke rate [62]
Figure 27 shows that the ultimate failure strength is increased as the stroke rate
increases. Majority of the failure modes are observed in gage section area but there are still
modes observed in tab region and at the specimen ends. The results associated with undesired
failure modes are excluded from the evaluation.

Figure 27 Compressive Strength vs. Stroke rate [62]
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Simulation Results
In this study, the effectiveness of the test method and the stress wave reflection effects
are investigated with two material model groups for the specimen: Hypothetical material models
and dedicated composite material models. The results are post-processed accordingly from the
model as follows:


The stress-strain history values were monitored using the proper elements that
corresponds to gage area



The load cell force history was captured using the elements at the midsection of
the load cell (DATABASE_CROSS_SECTION_SET).



The force history at the gage region was recorded using imaginary plane
(DATABASE_CROSS_SECTION_PLANE).



The applied force history was recorded using the cross-sectional elements of the
steel platen as shown in Figure 28.

Figure 28 Location of cross section planes and elements
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The stress wave reflection effects are investigated through the elements that
correspond to the intersection of longitudinal middle cross sections of the
specimen. Figure 29 shows a schematic for this configuration. The Z component
(longitudinal) of stress histories of each element are presented for nine (9)
discrete time points. In order to better analyze the stress wave reflection effects,
more frequent discrete time points are selected at the initial phase of the contact.

Figure 29 Path for the stress wave evaluation
4.2.1 Hypothetical Material Models
This group of material models was used to understand the physics of the load transfer
mechanism and the interaction between the specimen and the actuator.
Material Model 1
At lower rates 1 in/s and 10 in/s, the force histories are smooth and have a perfect load
ramp at failure as shown in Figure 30. As the loading rate increases (100 in/s and 500 in/s), a
level of noise and lag was introduced to the response. Also, ultimate load value is increased with
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the loading rate however noisy response is observed at the load cell. The load cell curves are
shifted for better comparison and visualization as shown in Figure 31.

Figure 30 Force histories for 1 in/s and 10 in/s loading rates

Figure 31 Force histories for loading rates of 100 ins/s and 500 in/s (shifted)
The ultimate stress and strain values for the gage region are scaled up as the loading rate
increases. This is an expected behavior due to the designated material model properties but premature failure is observed under 500 in/s loading rate. Brittle failure is also observed under all
loading rates.
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Figure 32 Stress – strain curves for 1 in/s and 10 in/s loading rates
Also, element (gage region) stress values are compared with the stress results derived
from the load cell and material model input. Element results provide better representation than
calibrated load cell results for all loading rates and almost represent desired material response
except under 500 in/s (Figure 33 and Figure 34). It is observed that the element stress results are
less than the stress values derived by the load cell force history at lower loading rates as shown
in Appendix C. The results for higher loading rates than 10 in/s (Figure 33) show noisy
characteristics which might lead to unfeasible material characterization. Derivation of stress –
strain values from the load cell forces without calibration (scaling) underestimates the material’s
actual values. This also might result in unreliable material property characterization. An
underestimation of ultimate strain is observed for all applied loading rates. More details of stress
history results can be found in Appendix C while more results for stress-strain evaluation are
presented in Appendix D.
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Figure 33 Stress – strain curves for 100 in/s and 500 in/s loading rates.
The stress wave reflection effects are also investigated. The stress results for each
element are collected for nine (9) discrete time points. For loading rates 1 and 10 in/s, stress
wave reflection does not have a dominant impact on the response as shown in Figure 34 and
Figure 35. The stress is increased proportionally with the increased force on the specimen.
However, at 100 and 500 in/s of loading rates, the stress regime around the both ends of the
specimen is interrupted by the reflection effects especially at the initial stages of the contact.
These effects can also be seen in the gage region (Figure 36 and Figure 37).

Figure 34 Stress distribution along the specimen length (1 in/s)
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Figure 35 Stress distribution along the specimen length (10 in/s)

Figure 36 Stress distribution along the specimen length (100 in/s)

Figure 37 Stress distribution along the specimen length (500 in/s)
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Material Model 2
This material model has shown similar trends with material model 1 in terms of force
histories. The gage and load cell forces are increased as the loading rate increases. Noisy results
are recorded for 500 in/s loading rate. The ductility of the material model introduces nonlinearity before failure. Figure 38 and Figure 39 show the corresponding force histories at
different loading rates.

Figure 38 Force histories for 1 in/s and 10 in/s loading rates

Figure 39 Force histories for 100 in/s and 500 in/s loading rates
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As expected, the stress-strain response shows ductility after yielding for all loading
rates (Figure 40 and Figure 41). The yield stress is also scaled as a result of strain rate effect.

Figure 40 Stress – strain curves for 1 in/s and 10 in/s loading rates
The element stress values are very close to the values of the load cell derived stress
values until yielding for the loading rates of 1, 10 and 100 in/s as shown in Figure 40 and Figure
41. After yielding, the load cell derived stress values are larger than elemental stresses while
both values are still larger than desired material response. The stress values derived by the load
cell force history are very noisy for 500 in/s loading rate so any clear distinction cannot be made
for this loading type. Pre-mature failure observed for all rates without reaching desired ultimate
strain value. Some elements in through thickness direction at gage section experience failure
before the elements that corresponds to the strain gage do. This causes a load ramp and after
termination of simulation. Therefore, this results in observation of less strain value than ultimate
strain values for strain gage elements. Gage section and calibrated load cell derived stress values
are always larger than the others for all loading rates. Detailed results for higher loading rates are
provided in Appendix C.
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Figure 41 Stress – strain curves for 100 in/s and 500 in/s loading rates
In terms of evaluation of stress wave reflection effects, this material model has similar
trend with the material model 1. No considerable stress wave effect is observed at lower loading
rates however stress waves are reflected through the specimen ends at high loading rates.

Figure 42 Stress distribution along the specimen length (1 in/s)
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Figure 43 Stress distribution along the specimen length (10 in/s)

Figure 44 Stress distribution along the specimen length (100 in/s)

Figure 45 Stress distribution along the specimen length (500 in/s)
59

4.2.2 Composite Material Models
Three material models were implemented under different loading rates. Similar results
with hypothetical material models will be presented in this section. Each material model will be
discussed based on the evaluated results.
Stress and Strain Profiles
In general, MAT_022 material model provides better results rather than MAT_054 and
MAT_059 material models (Figure 46). The strength value of MAT_022 model is
underestimated for 1 in/s, while it is slightly overestimated for higher loading rates (Figure 47).
For all loading rates, the strength values are underestimated by %20 for MAT_059 models. A
ductile stress-strain response is observed for MAT_054 model. This is an unrealistic response
and does not match with the experimental observations. Therefore, after this point the results
related to MAT_054 model will not be discussed in this study. The corresponding results for
higher loading rates can be found in Appendix E.

Figure 46 Stress-strain response for composite material models under stroke rates of 1 in/s and
10 in/s
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Figure 47 Stress-strain response for composite material models under stroke rates of 100 in/s and
500 in/s
Force Histories
The force values for the load cell and gage section is increased almost linearly and load
ramp is observed for all loading rates except 250 in/s and 500 in/s in models of MAT_022. There
is about %20 difference between peak values of the load cell and gage section. For high loading
rates, some noise and local ramps are observed. Also, the load cell peak values are higher than
gage section force peak values.

Figure 48 Force histories for loading rates 1 in/s and 100 in/s (MAT22)
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Figure 49 Force histories for loading rates 100 in/s and 500 in/s (MAT22)
For models with MAT_059, the peak force values of the gage section are around 20 kN
which are almost %50 less than the corresponding MAT_022 models at all loading rates except
250 in/s and 500 in/s (Figure 50). The load cell values are %20 less than gage section forces for
the loading rates smaller than 50 in/s. After 50 in/s, the peak values are close to each other. At
500 in/s loading rate, the peak value differences increase to %40 (Figure 51). Also, the amplitude
of the noise larger than MAT_022 models has. The graphs related to the other loading rates are
presented in Appendix B.

Figure 50 Force histories for loading rates 1 in/s and 10 in/s (MAT59)
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Figure 51 Force histories for loading rates 100 in/s and 500 in/s (MAT59)

Derived Stresses
The stresses derived from the load cell and the gage sections are compared with
elemental stress values at gage area. The load cell-derived stress values are less than the actual
element stress values for the same strain value for MAT_022 models (Figure 52). The load cell
values are very noisy and irregular for 250 in/s and 500 in/s as shown in Figure 53. The gage
section derived stress values are higher than the elemental stress values.

Figure 52 Stress histories for loading rates 1 in/s and 100 in/s (MAT22)
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Figure 53 Stress histories for loading rates 100 in/s and 500 in/s (MAT22)
For MAT_059 models, they have the similar trends as MAT_022 models have up to
loading rates 50 in/s. However, the values are very irregular and noisy to evaluate at higher
loading rates as shown in Figure 54 and Figure 55. The corresponding results for higher loading
rates can be found in Appendix C.

Figure 54 Stress histories for loading rates 1 in/s and 100 in/s (MAT59)
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Figure 55 Stress histories for loading rates 100 in/s and 500 in/s (MAT59)

Stress Wave Reflection Effects
The stress wave reflection has started to be observed dominantly at the loading rates
greater than 75 in/s for both composite material models. Especially, these reflections are
dominant through the actuator loading region (for low z/L values).

Figure 56 Stress distribution along the specimen length (10 in/s – MAT 22)
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Figure 57 Stress distribution along the specimen length (10 in/s – MAT 59)
For lower loading rates, the stress wave reflections from the assembly nearly have no
significant effect on the specimen response and the stress has increased proportionally with the
increased load (Figure 57 and Figure 58). The stress envelope is not disturbed around the contact
regions. The graphs related to remaining loading rates are presented in Appendix F.

Figure 58 Stress distribution along the specimen length (100 in/s – MAT 22)
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Figure 59 Stress distribution along the specimen length (100 in/s – MAT 59)

Figure 60 Stress distribution along the specimen length (500 in/s – MAT 22)

Figure 61 Stress distribution along the specimen length (500 in/s – MAT 59)
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4.2.3 Evaluation of the Simulation Results
The simulation results clearly imply that the force values recorded by the load cell are
about %20 less than the actual gage section forces. This is mainly caused by the load transfer
mechanism of the test assembly and the stiffness of the test fixture.
The stress values calculated using the load cell section forces without calibration are
less than the stresses acting on the strain gage area on the specimen. Also, the stresses derived
from the gage section are larger than these element stresses. The specimens are failed
prematurely before reaching ultimate strain for hypothetical material models.
In terms of material performance, MAT_022 has better predictability and accuracy
among the composite material models used in this study. More realistic stress and strain values
are captured by MAT_022 material model. MAT_059 model underestimates the ultimate failure
strain and stress for all loading rates. Premature failures are observed for MAT_059. This can be
deduced by the force history values. MAT_054 material model shows ductility which is the
unrealistic physical response of this composite specimen under these loading conditions.
Although the strength reduction factors (SLIMC1 and SLIMC2) have been used as close to
numerical zero (1.0E-8), the brittle failure cannot be triggered.
Up to 100 in/s loading rate, the desired load ramp characteristics are captured for all
material models except MAT_054. For 250 in/s and 500 in/s loading rates, especially the load
cell sectional forces have larger fluctuations, noise and local ramps. This might be caused by the
stress wave reflection from the test assembly. This causes to more ambiguity in evaluation.
Comparison of the Experimental and Simulation Results
The maximum load cell force values, compressive strength and strain rate
characteristics of the tests and simulations are compared in this section. In general, the load cell
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force values of the tests show conservative tendency according to the simulation results except 1
in/s stroke rate. The results are shown in Figure 62.

Figure 62 Maximum load cell values for the test and simulation
Experimentally, the compressive strength values are calculated using the load cell force
values. As shown in Figure 63, the experimental compressive strength values fall between the
elemental stress values and the stress values derived by the load cell force values of the
simulation. This also correlates the indications that were made in previous sections. Only MAT
22 material model results are used in this comparison.

Figure 63 Compressive strength values of the experimental results and simulations
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Limited number of experiments shows that there is a linear correlation between the
stroke rate and strain rate. This correlation is nearly captured for the simulations. It is observed
that the strain rate response for each loading rate (except 500 in/s) is predicted closely to the
experimental results. However, some differences arise for higher loading rates. Figure 64 and
Figure 65 show the corresponding strain rate characteristics for each material model under
different loading rates.

Figure 64 Strain rate characteristics for loading rates of 1 in/s and 10 in/s

Figure 65 Strain rate characteristics for loading rates of 100 in/s and 500 in/s
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CHAPTER 5
SUMMARY AND CONCLUSIONS

Conclusions
The SACMA SRM 1R-94 test assembly was evaluated in order to use for dynamic
characterization of composite materials. This evaluation was performed on a finite element
numerical model using LS-DYNA software. The finite element models were used to identify the
effectiveness of the compressive test method under different loading rates by modeling the
components of the test assembly and the longitudinally extended specimen.
The main challenge during dynamic compressive characterization of composite
materials is the prevalence of the undesired failure modes. These modes hinder correct and
accurate characterization of material properties. End crushing, delamination of the plies and tab
region failures are the most common undesired failure modes. They usually occur under medium
& high loading rates and result in underestimation of the compressive strength. Mechanics based
reasons have to be identified for improving the test apparatus and identifying physical limitations
for the same under dynamic loading.
Another challenge during compressive characterization of composite materials is the
availability of the force measurements. In physical test conditions, the stress and the failure
strength values of the specimen are derived using the load cell while the strain is directly
measured from gage area by a proper strain gage. A considerable portion of the load is used as
strain energy by other components during loading process so the load cell provides less force
value than the force applied by the actuator. The simulation results show that the stress, strength
and force values are underestimated by 15-20 % using load cell measurements for loading rates
less than 100 in/s. Therefore, the ratio of the applied force to the recorded force can be
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determined for more realistic material characterization. This ratio also can be named as "scale
factor" or "calibration factor". In this study, an approximate value of 1.25 is achieved for all
tested different material models under explicit and implicit solution schemes.
The main purpose of this study is to investigate the efficiency of the test arrangement
for measuring the compressive load experienced by the test specimen has also been investigated.
This can be achieved by proving that the test assembly performs independently from tested
material's configuration and strain rate characteristics. Therefore, two hypothetical strain rate
dependent material models have been tested under loading rates of 1, 10, 100 and 500 in/s. These
two models differ from each other by failure type (brittle vs. ductile). Under loading rates of 1
and 10 in/s, the stress values using calibrated load cell forces approximately are overestimated by
10% over the brittle material model ideal response while ductile material model overestimates
almost by 100%. Elemental stress values fall into between calibrated load cell values and actual
material response with less noisy trend. For higher loading rates than 100 in/s, the stress values
show noisy characteristics due to stress wave reflections at various interfaces. A clear and
efficient evaluation using calibrated load cell values cannot be made for higher loading rates. It
can also be stated the experimental strength values fall into the range between the average
numerical elemental stress and the stress derived by the calibrated load cell forces.
The other major purpose of this study is to understand stress wave reflection effects
during compression testing. Stress waves are generated under medium and high loading rates.
These waves travel through the loaded specimen dominantly in loading direction for simple
configurations. However, the loaded specimen is surrounded by several components with
different stiffness properties in the examined compressive test method. This complex geometric
configuration might cause stress reflections from the surrounding components to the composite
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specimen which can trigger unexpected failures. The stress wave reflection effects have been
studied using a finite element model in this research.
This was implemented by developing finite element model of the SACMA SRM 1R-94
and analyzing the same at loading rates ranging from 1 in/s to 500 in/s. The simulations indicate
that the stress wave reflections dominate the specimen responses for the loading rates higher than
75 in/s. These simulations have been carried out for different material models to show the
independency of the indications from the specimen material configuration and their strain rate
characteristics.
Future Study
In order to improve the effectiveness of the current compressive test method, some
recommendations for future work are listed below:


The assembly configuration can be modified for better load transfer and less
energy loss between the specimen and the load cell. The aluminum platen can be
removed from the system and the load cell may be mounted directly to the test
fixture base.



Scaling of the test specimen and fixture geometry must be investigated.



More accurate material data should be obtained for the components of the test
assembly



Pre-loading of the specimen along the thickness direction can also be
implemented.



More precise composite material models should be implemented:
o Material models with appropriate failure initiation criterions can be
selected and tested.
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o Different failure progression models can be tested.
o Strain-rate dependent composite material models can also be
implemented.


The specimen can be also modelled with shell elements with advanced material
models for computational efficiency.
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APPENDIX A
DEFINITIONS OF LS DYNA COMPOSITE MATERIAL CARDS
Table XIX MAT_022 Definition
VARIABLE

PARAMETER

MID

Material Identification

RO

Mass Density

EA

Young’s Modulus in a-direction

EB

Young’s Modulus in b-direction

EC

Young’s Modulus in c-direction

PRBA

Poisson’s Ratio, ba

PRCA

Poisson’s Ratio, ca

PRCB

Poisson’s Ratio, cb

GAB

Shear Modulus, ab

GBC

Shear Modulus, bc

GCA

Shear modulus, ca

KFAIL

Bulk modulus for failed material

AOPT

Material axes option.

MACF

Material axes change flag

XP, YP, ZP

Coordinates of point p for AOPT =1 and 4

A1, A2, A3

Components of vector a for AOPT = 2

VI, V2, V3

Components of vector a for AOPT = 3 & 4

D1, D2, D3

Components of vector a for AOPT = 2

BETA

Material angle in degrees for AOPT = 3

SC

Shear strength

XT

Longitudinal tensile strength, a-axis

YT

Transverse tensile strength, b-axis

YC

Transverse compressive strength, b-axis

ALPH

Shear stress parameter

SN

Normal tensile strength

SYZ

Transverse shear strength

SZX

Transverse shear strength
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Table XX MAT_054 Definition
VARIABLE

PARAMETER

MID

Material Identification

RO

Mass Density

EA

Young’s Modulus – longitudinal direction

EB

Young’s Modulus – transverse direction

EC

Young’s Modulus – normal direction

PRBA

Poisson’s Ratio, ba

PRCA

Poisson’s Ratio, ca

PRCB

Poisson’s Ratio, cb

GAB

Shear Modulus, ab

GBC

Shear Modulus, bc

GCA

Shear modulus, ca

KF

Bulk modulus for failed material

AOPT

Material axes option.

A1, A2, A3

Components of vector a for AOPT = 2

VI, V2, V3

Components of vector a for AOPT = 3

D1, D2, D3

Components of vector a for AOPT = 2

MANGLE

Material angle in degrees for AOPT = 0 & 3

DFAILM

Maximum strain in tension or compression

DFAILS

Maximum tensorial shear strain

TFAIL

Time step size criteria for element deletion

ALPH

Shear stress parameter for the nonlinear term

SOFT

Softening reduction factor for material strength

FBRT

Softening for finer tensile strength

YCFAC

Reduction factor for compressive fiber strength

DFAILT

Maximum strain fiber tension

DFAILC

Maximum strain for fiber compression

EFS

Effective failure strain

XC

Longitudinal compressive strength

XT

Longitudinal tensile strength

YC

Transverse compressive strength

YT

Transverse tensile strength
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Table XX (continued)
SC

Shear strength

CRIT

Failure criteria

EPSF

Weighting factor for shear term in tensile fiber
mode
Percentage of layers which must fail until
crashfront
Damage initiation transverse shear strain

EPSR

Final rupture transverse shear strain

TSMD

Transverse shear maximum damage

BETA
PFL

Optional “orthogonal” softening reduction
factor
Factor to determine the minimum stress limit
after maximum of stress for fiber tension
Factor to determine the minimum stress limit
after maximum of stress for fiber compression
Factor to determine the minimum stress limit
after maximum of stress for matrix tension
Factor to determine the minimum stress limit
after maximum of stress for matrix
compression
Factor to determine the minimum stress limit
after maximum of stress for shear
Number of cycles for stress reduction from
maximum to minimum
Softening reduction factor for transverse shear
moduli

SOFT2
SLIMT1
SLIMC1
SLIMT2
SLIMC2
SLIMS
NCYRED
SOFTG
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Table XXI MAT_059 Definition
VARIABLE

PARAMETER

MID

Material Identification

RO

Mass Density

EA

Young’s Modulus – longitudinal direction

EB

Young’s Modulus – transverse direction

EC

Young’s Modulus – normal direction

PRBA

Poisson’s Ratio, ba

PRCA

Poisson’s Ratio, ca

PRCB

Poisson’s Ratio, cb

GAB

Shear Modulus, ab

GBC

Shear Modulus, bc

GCA

Shear modulus, ca

KF

Bulk modulus for failed material

AOPT

Material axes option.

MACF

Material axes change flag

XP, YP, ZP

Coordinates of point p for AOPT =1 and 4

A1, A2, A3

Components of vector a for AOPT = 2

VI, V2, V3

Components of vector a for AOPT = 3 & 4

D1, D2, D3

Components of vector a for AOPT = 2

BETA

Material angle in degrees for AOPT = 3

SBA

In plane shear strength

SCA

Transverse shear strength

SCB

Transverse shear strength

XXC

Longitudinal compressive strength

YYC

Transverse compressive strength

ZZC

Normal compressive strength

XXT

Longitudinal tensile strength

YYT

Transverse tensile strength

ZZT

Normal tensile strength
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APPENDIX B
FORCE HISTORIES FOR ALL MATERIALS AND LOADING RATES

Figure 66 Force histories for loading rates from 1 in/s to 50 in/s
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Figure 67 Force histories for loading rates from 75 in/s to 500 in/s
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APPENDIX C
STRESS HISTORIES FOR MATERIAL MODELS

Figure 68 Stress histories for material model 1 (1 in/s and 10 in/s)

Figure 69 Stress histories for material model 1 (100 in/s and 500 in/s)
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Figure 70 Stress histories for material model 2 (1 in/s and 10 in/s)

Figure 71 Stress histories for material model 2 (100 in/s and 500 in/s)
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Figure 72 Stress histories of composite material models for the loading rate of 1 in/s

Figure 73 Stress histories of composite material models for the loading rate of 10 in/s
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Figure 74 Stress histories of composite material models for the loading rate of 25 in/s

Figure 75 Stress histories of composite material models for the loading rate of 50 in/s
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Figure 76 Stress histories of composite material models for the loading rate of 75 in/s

Figure 77 Stress histories of composite material models for the loading rate of 100 in/s
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Figure 78 Stress histories of composite material models for the loading rate of 250 in/s

Figure 79 Stress histories of composite material models for the loading rate of 500 in/s
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APPENDIX D
RESULTS FOR HYPOTHETICAL MATERIAL MODELS

Figure 80 (a) Stress vs. Strain response for model 1 (b) Strain history for model 1 (ELOUT)

Figure 81 (a) Force history (model 1) (b) Strain rate response (model 1)
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Figure 82 (a) Stress vs. Strain response for model 2 (b) Strain history for model 2 (ELOUT)

Figure 83 (a) Force history for model 2 (b) Strain rate response for model 2
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APPENDIX E
RESULTS FOR COMPOSITE MATERIAL MODELS

Figure 84 (a) Stress vs. strain for 1 in/s (b) Strain histories for 1 in/s

Figure 85 (a) Force histories for 1 in/s (b) Strain rate histories for 1 in/s
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Figure 86 (a) Stress vs. strain for 10 in/s (b) Strain histories for 10 in/s

Figure 87 (a) Force histories for 10 in/s (b) Strain rate histories for 10 in/s
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Figure 88 (a) Stress vs. strain for 25 in/s (b) Strain histories for 25 in/s

Figure 89 (a) Force histories for 25 in/s (b) Strain rate histories for 25 in/s
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Figure 90 (a) Stress vs. strain for 50 in/s (b) Strain histories for 50 in/s

Figure 91 (a) Force histories for 50 in/s (b) Strain rate histories for 50 in/s
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Figure 92 (a) Stress vs. strain for 75 in/s (b) Strain histories for 75 in/s

Figure 93 (a) Force histories for 75 in/s (b) Strain rate histories for 75 in/s
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Figure 94 (a) Stress vs. strain for 100 in/s (b) Strain histories for 100 in/s

Figure 95 (a) Force histories for 100 in/s (b) Strain rate histories for 100 in/s
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Figure 96 (a) Stress vs. strain for 250 in/s (b) Strain histories for 250 in/s

Figure 97 (a) Force histories for 250 in/s (b) Strain rate histories for 250 in/s
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Figure 98 (a) Stress vs. strain for 500 in/s (b) Strain histories for 500 in/s

Figure 99 (a) Force histories for 500 in/s (b) Strain rate histories for 500 in/s
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APPENDIX F
RESULTS FOR EVALUATION OF STRESS WAVE REFLECTION

Figure 100 Stress results along the specimen for discrete time points (MAT 22 – 1 in/s)

Figure 101 Stress results along the specimen for discrete time points (MAT 22 – 10 in/s)

106

Figure 102 Stress results along the specimen for discrete time points (MAT 22 – 25 in/s)

Figure 103 Stress results along the specimen for discrete time points (MAT 22 – 50 in/s)
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Figure 104 Stress results along the specimen for discrete time points (MAT 22 – 75 in/s)

Figure 105 Stress results along the specimen for discrete time points (MAT 22 – 100 in/s)
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Figure 106 Stress results along the specimen for discrete time points (MAT 22 – 250 in/s)

Figure 107 Stress results along the specimen for discrete time points (MAT 22 – 500 in/s)
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