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ABSTRACT 
 
 

The objective of this study was to assess the effectiveness of debris modeling for 

simply connected composite laminates at high loading rates using an adaptive mesh 

method in Finite Element Analysis (FEA).  Double shear [45/90/-45/0]8 unidirectional tape 

composite laminates connected with Hi-Lock® fasteners and simple pin and were 

physically tested in pin-bearing conditions at stroke rates of 500, 300, and 100 in/s.  Finite 

element simulations that did not account for debris could not match strain and load results 

recorded from physical testing.  This thesis applied the adaptive mesh to approximate 

composite debris formed when the pin/ fastener crushed the laminates in the bearing 

response.  Strain and load data of the adaptive mesh simulations were compared to 

simulations with no account for debris and the results collected from the physical testing.  

Results indicated that the adaptive mesh is an effective method for approximating debris.  

However, there was load rate dependency on the effect of the debris.  The adaptive mesh 

showed greater improvement for the higher loading rates.  Simulation behavior, with and 

without the adaptive mesh, could not match strain and load behavior from physical testing 

at the 100 in/s load rate condition.  The connection type also had an effect on debris 

results.  All pin connections experience more improvement in strain and load results than 

the fastener scenarios.  For the pin connections, simulations captured debris build up and 

laminate bending.  This improved strain and load results in not just values, but time 

histories as well.  This indicates the adaptive mesh debris approximation is not an 

effective method for connections with clamp-up forces.   
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1. INTRODUCTION 

Composite structures have become popular in a wide range of use cases where 

metals once dominated [1].  Multidirectional laminates offer tailorable mechanical 

properties, while at the same time, keeping weight down.  The aerospace industry in 

particular seeks out these kinds of advantages, applying composites from small 

assemblies all the way to primary structure [1].   

The use of composites does come with some disadvantages though.  The 

properties and behaviors of metals in the field of aerospace design is well researched [1].  

The use of composites is beneficial, but lacks in a similarly well-founded knowledge base 

in comparison and variability in manufacturing can cause differences in final material 

properties [1].  Physical testing of composite materials helps make up for this gap and 

allows for the confirmation of mechanical properties, as well as structural behaviors [1].  

Mechanical testing of composite assemblies requires strict adherence to 

standardized methods.  This often means costly testing equipment, test fixtures, 

instrumentation, numerous composite coupon specimens, and appropriately trained staff.  

Test repetitions or perturbations of the test variables and orientations further compounds 

costs.  Finite element analysis (FEA) is often an option to reduce many of the costs of 

testing and gain significant control over things likes variable and orientation changes.  

Physical testing is still required at the base level to obtain fundamental material 

properties, but these benefits of FEA hold true at the assembly level.   

As cost of computational power has decreased over the last few decades, the 

popularity of FEA has grown [1].  This is especially true for the modeling of dynamic 

loading events where post-failure behavior is of concern.  In this way, FEA is a known 
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method to achieve good approximations of destructive physical events.  FEA is emerging 

as powerful tool for the modeling of composite coupon tests, researching mechanical 

properties and validating structural behavior.    

The structural behavior of fastener connections between parts has long been of 

concern in the aerospace field [1].  The finite element (FE) modeling of these connections 

for more traditional metallic structures is still an evolving topic of research [1].  Fastener 

connections between composite components has added complexity due to the various 

ways in which damage can be initiated, failure modes arise, and failure of a composite 

lamina can progress.  Researchers currently are still developing ways of better predicting 

these aspects of composite structures [1].  This thesis work is an effort to add to those 

FE modeling capabilities and better predict such behaviors. 

 

 

Figure 1.1: Left – View of fastener connections for sectioned off floor beam assembly on 
a narrow-bodied commercial airliner [42].  Right – Section view of single and double lap 

fastener connections [41]. 
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A fastener in a connection between composite laminates loaded in-plane, such as 

in a pin-bearing test, can cause crushing of the matrix.  This can lead to debris 

accumulating around this fastener connection and influences the way failure progresses.  

Currently, most lagrangian FEA simulations approximate material failure by forcing 

element removal when they have reached the failure conditions associated with the 

material.  The simulation distributes the loads of the deleted element to the surrounding 

elements which have not experienced failure yet.  In this way, this simulation is conserving 

momentum and remains stable.  This is typically an acceptable approximation and works 

especially well for most metals.  However, this deletion of elements does effectively 

remove debris from interacting with the rest of the FE model.   

This thesis work is an exploratory effort that examines an approximate modeling 

method for this debris in explicit FEA and compares these simulation results to available 

test data.  The tests being simulated and compared against are pin-bearing test of IM7-

8552 multidirectional laminate coupons. The goal is to determine how well this method 

approximates the debris and if it provides a significant improvement.   
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2. LITERATURE REVIEW 

 Previous Work 

2.1.1 Pin-Bearing Tests 

Testing of the bearing response indicates how a material reacts in a connected 

assembly, at a basic level.  One common way to test a bearing response is through slower 

quasi-static compressive loading.  Attributes like bearing strength, stiffness, and damage 

are used to assess these connections [2] [3].  This can be done with a wide range of 

loading rates, though commonly observed are from 0.1 to 1 mm/min [2] [4] [5] [3].   

In these tests the effects of bearing and laminate features are more easily 

determined.  An example of this is comes from previous studies which have shown that 

the bearing strength increases with laminate thickness and decreases with notch/ 

fastener diameter [2] [4].    Through similar testing, the clamp-up forces of an actual 

fastener assembly have been shown to increase bearing strength [2] [4].  Slower loading 

also allows for easier comparison of additions to the composite laminates.  An example 

is found in previous work that examined the effect of the through-thickness laminate 

reinforcement method of z-clips on bearing responses [5].  The z-clips were shown to 

increases joint stiffness and bearing strength both by just under ~10% for the T300 carbon 

fiber and F593 epoxy laminates [5]. 

Quasi-static loading also allows for easier examination of the damage modes 

encountered and damage progression of the composite laminates.  Previous studies have 

shown that delamination and shear cracking near 0° plies is typically the initial bearing 

failure for the compressive loading [2] [4] [5] [3].  There is also a proportional relation 

between the laminate thickness and shear crack, which is not effected by varied ply 
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orientations [2] [4] [5] [3].  Damage was also observed to progresses inward for simple 

pin loading.  However, when the surface plies are loaded under full fastener connections 

with clamp-up forces, the cracks tend to propagate outward [2] [4]. 

While the quasi-static testing is useful to understanding many aspects of bearing 

responses, more applicable to this thesis are the higher dynamic loading pin-bearing 

tests.  In these tests, pin or fastener connections are made for either single or double 

lapped composite laminates.  One end is restrained and the other is dynamically loaded, 

pulling on the connection in shear [6].  These tests are used to observe reactions to higher 

loading rates, such as those experienced by a structure in a crashworthiness event, and 

are useful to observe loading rate effects.  

One series of testing performed such pin-bearing testing for single lap 

T300/CYCOM970 composites with a layup of [45,0]4s at rates from 0.1 to 10 m/s [7].  

Below 1 m/s, the assembly failed due to fastener bolt failure after initial failure near the 

bearing.  However, above 1 m/s, the fastener absorbed significantly more energy and 

allowed the fastener to tear through the composite laminates [7].  This testing indicates a 

significant load rate effect to the failure modes after 1 m/s loading.  Interestingly, the initial 

bearing failure was not effected by the loading rate and this initial bearing failure occurred 

at all speeds [7].  It was also noted that the load-displacement of fastener crosshead was 

not exhibit any load rate effects [7]. 

Another series of testing examined the bearing response for both quasi-static and 

dynamic loading rates of a double lab connection.  The laminates use a T700GC/M21 

composite with a layup of [(45/90/-45/0)2]s  loaded from 0.0001 to 1m/s [8].  Load rate 

effects were observed between the static and dynamic results.  From quasi-static to 



 

6 

higher speed loading of 1 m/s, the bearing load increased by ~20% [8]. The load plateau, 

the load after stabilization, is similarly effected and falls by ~60% [8].  Failure of the matrix 

in the 45° plies is also only observed at 1 m/s and delamination of the 0° plies increases 

with the higher loading rate [8] [2] [4] [5].   

 

2.1.2 NASA HEDI Research Project 

The NASA Advanced Composites Consortium (ACC) conducted the High Energy 

Dynamic Impact (HEDI) research project sought to understand and develop best 

practices for modelling (using the existing state-of-the-art) composite behavior under   

different dynamic loading conditions.  Of particular interest to the group were the material 

models MAT_161 and MAT_261 in LS-Dyna explicit finite element code.  Testing 

preformed in the NASA HEDI project investigated a vast knowledge base to better 

understand composite behaviors [9] [10] [11] [12].  Extensive coupon and sub-component 

level tests were conducted to generate properties defining the parameters used for 

*MAT_162 material cards.  Testing on small representative composite laminate structures 

was undertaken to understand behavior of these structures in high loading rate events.  

This included pin-bearing testing where a simplified structural connection was 

represented by two composite laminates adhered to a spacer and separated by a loading 

tang as illustrated in figure 2.1.  The loading tang then pulled down on the two [45/90/-

45/0]8 unidirectional tape composite laminates [9] [11].  The high energy dynamic loading 

events were conducted with the loading tang pulling down at initial speeds of 100, 300, 

and 500 in/s.  This investigation also addressed the effects of the fastener types, using 

titanium pins and Hi-Lock®  fasteners [9] [11].   
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The instrumentation used in the experiments included strain gages on the inner 

surface of each laminate and a load cell near the top of the test fixture.  Figure 2.1 depicts 

the basic layout of the test set-up. During testing, the pin or fasteners would load the 

laminates resulting in bearing induced crushing of the composite laminate.  This produced 

a large amount of composite debris to accumulate between the laminates and loading 

tang.  This build of debris caused the laminates to bend outward away from the loading 

tang very early and initiated unique strain profile for both pin and fastener tests. 

  

 
Figure 2.1: Labeled physical test fixture used in the NASA HEDI project [9] 
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Within the NASA HEDI project, efforts were made to replicate these tests in FE 

simulation using LS-Dyna.  These simulations utilized the damage accumulation material 

card, MAT 162, for the composite laminates [9] [13] [14].  As discussed, this material card 

aims to capture progress failure of the composites, but does not capture the fragmentation 

of the composite or model debris in any way.  The simulation followed typical operation 

for lagrangian elements with failure and erosion defined.  When the elements that made 

up the composite laminates surpassed their failure criteria, these elements were simply 

deleted.  Without any representation of the accumulating debris between the laminates 

and loading tang, the FE models of the laminates did not bend to the extent seen in the 

test.  The simulations predicted larger failure regions in the laminates, as the pin/ fastener 

were not impeded by the accumulated debris.  The behavior can be observed in Figure 

2.3 comparing the NASA HEDI physical testing early in loading and later when laminates 

bend [9] [11].  This also meant that the simulation developed different strain and load 

profiles from the test data.  In the simulation, the laminates experienced less strain and 

more failure than was observed in the physical testing [9] [12].  Figure 2.2 gives an 

example of the strains results from the physical tests compared to simulation.  The 500 

in/s pin test was chosen, as this test resulted in the most accumulated debris and the 

greatest difference in strain results.  The test data is the averaged results of the five 

repetitions.   
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Figure 2.3: Comparison of laminate bending from 500 in/s pin physical testing  

Figure 2.2: Comparison of strain results from physical testing and simulation of the 
500 in/s pin condition  
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2.1.3 Debris Modeling 

Computational models eroding elements after failure and thus removing debris 

interactions is a known issue [15] [16] [17].  However, this topic is rare to see in the field 

of traditional composite lamina modeling.  Most often, this need for debris modeling in 

FEA is for the modeling of less traditional composites such as concrete structures [15] 

[16] [17].  For these structures, the composite is made of metal rebar reinforcement as a 

fiber and concrete as a matrix.  This comparison is a loose one, as concrete is much more 

a load bearing element within concrete structures than resin is within a composite lamina. 

Further, concrete is less homogeneous in comparison to the polymer matrices.  However, 

the principles are similar.  Each is also brittle by nature and will crack/ chip under 

compression.  This then leads to material debris near an impactor and this debris 

interacting with the further intact material behind it.   

An example of the kind of events these concrete models aimed to be applicable 

towards is within the work done by Tokura and Niwa [15].  Here the authors describe the 

motivation for the research, wanting the concrete debris modeling to be applicable from 

car up to commercial aircraft impacts to the concrete structure of nuclear power plants 

and other government facilities needing high levels of survivability.  The authors start with 

a simplified 750 x 750 x 500mm concrete block meshed with lagrangian solid elements 

and impact it with a 500kg, 150mm radius, rigid hemi-sphere.  The bottom nodes of the 

block were rigidly supported and the hemi-sphere impacted with an initial velocity of 

40m/s [15].  The *DEFINE ADAPTIVE SOLID TO SPH card in LS-Dyna was used to 

model the solid elements of the concrete block where no coupling was applied, using the 

Smoothed Particle Hydrodynamics’ (SPH) elements to represent the fragmented debris 
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[15].  The number of SPH elements developed within a solid element varied from 1, 8, 

and 27 [15] [18].  There was no physical test data to compare to, but the authors applied 

their knowledge of concrete fragmentation to conclude that the adaptive mesh improved 

accuracy of the damage seen in the representative block.  Increasing the number SPH 

elements inside solid elements also further improved the damage kinematics [15].  

Kala and Hušek rigorously examined this application of the adaptive mesh for 

ballistic concrete impacts in their research [16].  From physical testing, they were aware 

of two forms of fragmentation between projectiles and concrete.  The authors define the 

first form of fragmentation occurs directly from the contact between the projectile and 

concrete structure, as spalling.  The second comes from the failure of a concrete structure 

on the immediate through-thickness surface on the other side of an impact [16].  Kala and 

Hušek started their simulation efforts with examining a simplified interaction.  A simulated 

prismatic rectangle of solid elements with concrete material modeling impacting a rigid 

wall at 500m/s.  Three variants of were simulation, one with ‘no erosion’, one with ‘failure 

only’ defined, and one with ‘failure defined with *DEFINE ADAPTIVE SOLID TO SPH’ 

applied.  This proof of concept demonstrated that erosion was needed in order to capture 

realistic kinematics of the concrete and to maintain a stable simulation where no negative 

volumes arise to cause termination of the analysis.  It also demonstrated that the 

simulation with only failure defined results in excessive concrete damage and element 

deletion.  Finally, the simulation where debris was approximated by the adaptive mesh 

was observed by the authors to behave the best for this scenario.    

With this series of sub-component level simulations complete, Kala and Hušek 

then built a FE scenario to compare directly to physical test data.  They used the NATO 
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STANAG 2920 testing standard [19] where a beveled cylinder impacted a 0.1 x 0.1 x 0.1m 

concrete block at speeds ranging from 300 to 1400m/s.  The 1.102kg cylinder was 

modeled rigidly with a length of 6.35mm, radius of 2.69mm, and 35° beveled tip.  These 

simulations also compared the concrete material modeling methodologies of “no failure”, 

“only failure”, and “failure with adaptive mesh”.  The full range of impacts speeds were 

simulated and penetration into the FE concrete block was recorded.  These penetrations 

were compared against historic physical testing conducted to the same NATO testing 

standard [20] [21].  The results are then plotted in Figure 2.4 [16].  This comparison 

corroborates the findings of the sub-component simulations.  The simulation with no 

erosion has penetration depths that fall within the test range at each speed.  However, it 

is noted that the kinematics of these simulations are very unrealistic with excessive 

deformations of the solid elements from the concrete.  The with only failure defined has 

excessive penetration that is only within the bounds of the test results below about 525m/s 

projectile impact speed.  The shape with the impact speed vs penetration curve for this 

series of simulations is also grows significantly faster than other two simulations and the 

trends of physical data.  Finally, the simulation with has failure defined and an adaptive 

mesh applied has penetrations that fall within the full range of the testing data and gives 

acceptable kinematic results [16].  The representation of concrete debris is shown to be 

a critical component in accurately simulating damage.  Kala and Hušek thus provide 

further evidence that the *DEFINE ADAPTIVE SOLID TO SPH card can be used to 

approximate debris in high energy impacts.   
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The use of proper contact methodology is always important for FEA simulations to 

behave realistically.  The modeled debris presents a challenge as to which methods to 

use.  The literature sources also emphasizes this importance of contacts for the modeled 

debris and the rest of the simulation.  The recommendation is to use *ERODING NODES 

TO SURFACE contact or some variation of it due to the underlying assumption that failure 

of outward facing solid elements will occur and expose internal solid elements [15].  

Another way of modeling debris to interact with the elements of the laminates is to use a 

transition layer.  This contact method is used in research from Kala et al., where a 

traditional penalty method and this transition method are applied to the debris caused by 

a rigid rod impacting a concrete block [16].  

Figure 2.4: Effect of FE simulation Erosion and adaptive SPH particle application on 
concrete penetration compared against physical test data (Reproduced from [16] [21] ) 
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Most of the application of the *DEFINE ADAPTIVE SOLID TO SPH card for debris 

modeling was found to be used in the field of concrete ballistics.  However, one study 

(conducted by Espinosa et al.) examined this adaptive mesh methodology for modeling 

debris in composite laminates and for application in aerospace structures [22].  The 

authors simulated physical testing of T700GC/ M21e unidirectional laminates with 

stacking sequence [(0/45/90/-45/0)2]s and a chamfered edge.  These tests dropped 160 

x 60mm laminates on their edge against a rigid surface.  Rigid guides on either side, 

which stopped 30mm before the impact surface, supported the test laminate.  The 

opposite, top, edge of the laminates was instrumented to record load vs displacement.  

The laminates and entire attached test fixture was dropped form a height of 1.5m [22].  

These conditions were replicated in FE simulation using a continuum damage model for 

the composite material and the adaptive mesh methodology applied to those same solids.  

Ultimately, the simulation over predicted the forces vs displacement response.  The peak 

force in the simulation vs test was 41kN to 32kN, respectively.  The stable load region 

was 10-6kN in the simulation vs 10-5kN in the test.  No simulation was performed without 

adaptive SPH elements.  However, this methodology was specifically noted as being 

applied for debris modeling.  The effects on the damage kinematics was also remarked 

upon as providing favorable bending of the laminates about their symmetric plane, as was 

observed in physical testing [22] [23].  Thus, this source gives further support for adaptive 

SPH particles approximating debris and gives indication of the applicability for the method 

to be used in aerospace composites.   
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 Decryption of Ls-Dyna Cards 

2.2.1 Damage Accumulation Material Card (*MAT_162) 

This material card is designed to model progressive damage for unidirectional and 

multidirectional composites.  It was originally developed by Chen and later modified by 

the UD-CCM and Matzenmiller [13] [14].  It specializes in modeling this progressive failure 

for composites in high concentrated pressure and high strain rate events.  Failure is 

evaluated using Hashin criterion [13], considering both fiber and matrix failure.  

Matzenmiller contributed to the development of *MAT_162 by applying the damage 

mechanics methodology to account for the degradation of composite stiffness as damage 

progress [13] [14].  This is achieved through evaluating damage by six failure modes of 

composites.  Each calculation of the failure modes uses a damage threshold rk. This is 

ratio of the current strain ε in the kth direction over a known yield strain, expressed in 

Equation 2.1 [13] [18].  The failure modes can then be expressed by the following 

equations [13]  [14]. 

  

𝑟𝑘 =
휀𝑘

휀𝑘𝑦
 (2.1) 

 

Mode 1: Tension-Shear Fiber Mode [14] 

 This first failure mode examines the tensile and shear failure of the composite 

fiber.  This typically will manifest in a series of breaks in the fibers all within a localized 

area.  The points of breaking then result in debonding of the fibers from the matrix.  At 

each of the gaps in between fiber breaks, the strain in the ply increases.  The 

*MAT_162 material card asses this mode of failure through Equation 2.2 where SaT and 
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SFS are tensile and shear strengths in the fiber direction.  These are evaluated 

according to the strain in the fiber direction (εa).  Macaulay brackets are used to 

evaluate only positive strains for the tensile portion of this equation.  The use of these 

brackets is demonstrated through Equation 2.3.  

 

𝑓1 − 𝑟1
2 = (

𝐸𝑎〈휀𝑎〉

𝑆𝑎𝑇
)

2

+ (
𝐺2

𝑎𝑏휀
2
𝑎𝑏 + 𝐺2

𝑐𝑎휀
2
𝑐𝑎

𝑆2
𝐹𝑆

) − 𝑟1
2 = 0 (2.2) 

 

〈휀𝑎〉 = {
0   ,   휀𝑎 < 0
𝜖𝑎 ,   휀𝑎 ≥ 0

 (2.3) 

 

 

Mode 2: Compression Fiber Mode [14] 

 This failure mode examines the buckling and kinking of fibers from compression 

loading in the fiber direction.  This can cause a failure known as longitudinal splitting, 

where the transverse tensile stress develops at the weak interface between the fiber 

and matrix.  This interaction and stress occurs because of the Poisson’s ration 

difference that exists between the fiber and matrix.  This is why the tensile strains (εb 

and εc) are a component of this failure calculation and are evaluated over the 

compressive strength in the fiber direction Sac.   

𝑓2 − 𝑟2
2 = (

𝐸𝑎〈휀′𝑎〉

𝑆𝑎𝐶
)

2

− 𝑟2
2 = 0 (2.4) 
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휀′
𝑎 = −휀𝑎 −

〈−𝐸𝑐휀𝑐 − 𝐸𝑏휀𝑏〉

2𝐸𝑎
 (2.5) 

 

Mode 3: Fiber Crush Mode [14] 

 This failure mode evaluates the crushing of the fibers under pressure.  This 

pressure strain comes from high compressive loading in the through-thickness direction.  

This transverse direction loading is noted in calculated by the transverse strain εc.  This 

is also weighed over the crush strength of the fiber, SFC. 

 

𝑓3 − 𝑟3
2 = (

𝐸𝑐〈−휀𝑐〉

𝑆𝐹𝐶
)

2

− 𝑟3
2 = 0 (2.6) 

 

Mode 4: Transverse Compressive Matrix Mode [14] 

 This failure mode examines the crushing of the matrix from transverse 

compression and shearing.  The weakness at the boundary of fiber and matrix, due to 

Poisson’s ration differences, can cause micro-cracking to occur at this interface.  During 

transverse loading, these cracks lead to the matrix fragmenting.  Interestingly, during 

this matrix mode failure, the fibers typically experience insignificant damage.  This lack 

of fiber damage was actually noted in the NASA HEDI pin-bearing testing where broken 

pieces of laminate would have long portions of loose undamaged fiber [13].  The strains 

used in calculation are the transverse strain (εb) and it is evaluated over the 

compressive strength in the transverse direction (SbC). 
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𝑓4 − 𝑟4
2 = (

𝐸𝑏〈−휀𝑏〉

𝑆𝑏𝐶
)

2

− 𝑟4
2 = 0 (2.7) 

 

Mode 5: Perpendicular Matrix Mode [14] 

 Mode 5 assesses the tensile strength in the transverse direction.  Micro-cracks at 

the fiber matrix interface are not stable during transverse tension loading where the load 

is linear.  This causes abrupt failure.  However, if the cracking lamina is stabilized, then 

transverse stiffness will slowly decrease under linear strain loading.  This is born out in 

calculation where strains are evaluated over SbT, the strength in the transverse tensile 

direction.  The quasi-static shear strengths in the ab and bc planes are then Sbc0 and 

Sab0, respectively.  During compressive transverse strain loading (εb or εc less than 0), 

the damaged interface is clamped down.  The shear strength then is a relation of the 

compressive normal strains, according to the Mohr-Coulomb methodology.  The 

application of this is how Equation 2.9 is developed, where ϕ is a material constant.   

 

𝑓5 − 𝑟5
2 = (

𝐸𝑏〈휀𝑏〉

𝑆𝑏𝑇
)

2

+ (
𝐺𝑏𝑐휀𝑏𝑐

𝑆𝑏𝑐0 + 𝑆𝑆𝑅𝐵
)
2

+ (
𝐺𝑎𝑏휀𝑎𝑏

𝑆𝑎𝑏0 + 𝑆𝑆𝑅𝐵
)
2

− 𝑟5
2 = 0 (2.8) 

 

𝑆𝑆𝑅𝐵 = 𝐸𝑏 tan(𝜑) 〈−휀𝑏〉 (2.9) 

 

Mode 6: Delamination (Parallel Matrix) Mode [14] 

 This failure mode is very similar to Mode 5, but is adjusted to examine the 

delamination in the inter-lamina surfaces.  The same Mohr-Coulomb methodology is 

applied with the transverse strain now εc.  A scale factor (S) is applied to better match 
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delamination captured in physical testing.  This scale factor is obtained through fitting 

simulation results to physical testing data. 

 

𝑓5 − 𝑟5
2 = 𝑆2 {(

𝐸𝑐〈휀𝑐〉

𝑆𝑐𝑇
)

2

+ (
𝐺𝑏𝑐휀𝑏𝑐

𝑆𝑏𝑐0 + 𝑆𝑆𝑅𝐶
)
2

+ (
𝐺𝑐𝑎휀𝑐𝑎

𝑆𝑐𝑎0 + 𝑆𝑆𝑅𝐶
)
2

} − 𝑟6
2 = 0 (2.10) 

 

𝑆𝑆𝑅𝐶 = 𝐸𝑐 tan(𝜑) 〈−휀𝑐〉 (2.11) 

 

 

Stiffness Reduction in Elastic Moduli [14] 

With these failure modes and their calculations relating to damage thresholds (rk) 

defined, they can then be used to assess how stiffness decreases in composite materials 

as damage is accumulated.  This is done by iterating reductions to the initial elastic moduli 

in the kth direction (Ek0) and finding the damaged stiffness Ek.  First, a damage function 

(ωi) is defined by Equation 2.12.  The degraded strength is then found by Equation 2.13.   

 

𝜔𝑖 = 1 − 𝑒𝑥𝑝 {
1

𝑚𝑘

(1 − 𝑟𝑘
𝑚𝑘)}   ,   𝑟𝑘 ≥ 1 (2.12) 

 

𝐸𝑘 = (1 − 𝜔𝑖) ∗ 𝐸𝑘0 (2.13) 

 

This *MAT_162 material is well defined for multiple failure modes and corresponds 

individual reductions in stiffness due to damage accumulation.  In particular, for this thesis 

effort, a few of the failure modes are certainly advantageous to have be considered.  Such 
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as the fragmentation of the crushed matrix considered in Mode 4, delamination from Mode 

6, and the fiber crush of Mode 3.  These are all phenomena experience in physical testing 

that need representation in simulation through *MAT_162.  However, while this material 

card puts much consideration into the strength effects damage accumulation, there is no 

account for post-failure.  Once the FE elements that construct the composite laminates 

experience failure, they are eroded from the simulation.  This is where additional 

definitions on top of using *MAT_162 can be beneficial to further representing certain high 

loading rate events with composites.  Fragmentation from matrix and fiber failure can still 

play a role in loading of rest of the damaged, but not failed, portions of the laminates.  

This is why modeling the fragmented debris would be advantageous. 

 

2.2.2 Smooth Particle Hydrodynamic (SPH) Elements 

 SPH Elements Formulation 

Smoothed particle hydrocyanic elements are governed smoothing processes that 

are relationships of one particle’s ability to influence another and thus the behavior of a 

particle field as a whole [24] [25] [26] [16].  These are often split into two categories, 

integral representation of field functions and particle approximation.  Integral 

representation begins with f(x), where f is a function of the 3-dimensional position vector 

x [24] [25] [26].  This is then expressed by Equation 2.14, where Ω is the volume of the 

integral for x and 𝛿(x – x’) is the Dirac delta function expressed by Equation 2.15 [16] 

[24].  With this Dirac delta function, the integral representation is exact only if f(x) is 

continuous within Ω.   
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𝑓(𝑥) = ∫𝑓(𝑥′)𝛿(𝑥 − 𝑥′)
 

𝛺

𝑑𝑥′ (2.14) 

   

 𝛿(𝑥 − 𝑥′) = {
+∞   𝑥 = 𝑥′

0        𝑥 ≠ 𝑥′ (2.15) 

 

This integral representation can then be modified for application to SPH by 

replacing the generic Dirac delta function with a version known as the smoothing 

function, W(x-x’,h) [16] [24].  Though, when the smoothing function is not exact to the 

Dirac function, the integral representation is only an approximation. The smoothing 

length (h) is the length used to control the spatial boundary to which the smoothing 

function is applied.  The integral approximation then becomes Equation 2.16 [16] [24].  

This smoothing function and length can be visualized by Figure 2.5 [16] [24].   

 

𝑓(𝑥) ≈ ∫𝑓(𝑥′)𝑊(𝑥 − 𝑥′, ℎ)
 

𝛺

𝑑𝑥′ (2.16) 

 

From this equation, the next step of particle approximation can be derived.  This 

is done by converting the particle approximation into discretization forms for the 

summation of all SPH particles in the continuous domain Ω.   This starts with assuming 

a particle j within the smoothing length of i and within the domain [16] [24].  The mass of 

particle j can be found by first replacing the infinitesimal volume (dx’) by particle j’s 

volume (ΔVj) and density (ρj), given by Equation 2.17 [16] [24].   All the particles in 

domain (N) can have their particle volumes within the domain expressed as a 
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summation.  These changes to the integral approximation to account for particle 

approximation is expressed in Equation 2.18 [16] [24].   

 

𝑚𝑗 = ∆𝑉𝑗𝜌𝑗 (2.17) 

𝑓(𝑥) ≈ ∑
𝑚𝑗

𝜌𝑗
𝑓(𝑥𝑗)

𝑁

𝑗=1

𝑊(𝑥 − 𝑥𝑗 , ℎ) (2.18) 

 

 

 

Figure 2.5: Representation of an SPH particle field where the domain (Ω), smoothing 
function (W), smoothing length (h), initial particle (i), secondary particle (j), and radius 

(rij) are labeled. (Reproduced from  [25] [16]) 
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Varying the smoothing length is computationally advantageous.  Regions with a 

high density of SPH particles can be given a shorter smoothing length and regions with 

a low density can conversely be given a longer smoothing length.  This optimizes the 

smoothing calculations for the higher density areas [24] [18].  The most advantageous 

method is to have each SPH particle use its own smoothing length that varies in time 

and space in order to continue to have the most optimal value as the particles progress 

through the simulation.  LS-Dyna automatically applies this technique through its SPH 

processor and calculates the smoothing length with Equation 2.19 [24] [18].  Bounds 

can also be put on the smoothing length by the HMIN and HMAX options following 

Equation 2.20.  A constant smoothing length tin time and space can also be forced by 

applying a value 1 for both of these variables.  If they are set to a value of 0, then there 

are no boundaries on each particle’s variable smoothing length.  This allows for the 

automatic smoothing length calculations and overall smoothing options performed by 

LS-Dyna to run as they are.   

 

𝑓
𝑑

𝑑𝑡
ℎ(𝑡) = ℎ(𝑡)∇ ∙ v (2.19) 

𝐻𝑀𝐼𝑁 × ℎ0 < ℎ(𝑡) < 𝐻𝑀𝐴𝑋 × ℎ0 (2.20) 

 

Finally, a constant is typically applied to the smoothing length, known as k or 

CSLH.  This is simply a scale factor for the smoothing length that ensures some length 

is used in calculations for regions very close to particle i [24] [18].  Values of above 1 

are valid and values under 1.3 will not significantly increase computation time or 
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adversely influence the weighting function.  The default of value of 1.2 is recommended 

[24] [18].  

 

 *DEFINE ADAPTIVE SOLID TO SPH 

Within LS-Dyna, there exist a few definitions for application of adaptive mesh.  One 

of these is the *Define Adaptive Solid to SPH card [27] [18].  This card converts solid 

elements in a lagrangian part or part set into SPH particles upon element erosion.  The 

specified parts have non-active SPH particles created within them at the start of the 

simulation.  As the simulation progresses and the elements of the part experience 

stresses and strains beyond specified failure criteria, the elements naturally delete and 

the SPH particles are activated.   

These newly activated SPH elements inherit their nodal positioning and integration 

points from their parent lagrangian solid elements.  The constitutive properties of the SPH 

elements are then controlled by a part card (IPSPH) within the *Define Adaptive Solid to 

SPH [18] definition.  These constitutive properties are assigned in the IPSPH through 

material (MID) and section (SECID) cards for the SPH elements.   

The adaptive mesh definition also has various controls for coupling the SPH 

elements.  The first option is a coupling flag (ICPL), which turns this coupling on, off, or 

uses pure thermal coupling.  When off, the SPH elements are able to interact 

independently of their parent part and each other.  They freely move and their interactions 

with neighboring parts and each other will need to be controlled by specified contact 

cards.  This option is ideal for debris modeling [18].  When the flag is on, newly activated 

SPH elements will be coupled to neighboring lagrangian solid elements when their parent 
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element erodes.  The goal of this coupling is to replace the failed solid elements, but still 

have the part maintain form as if failure did not occur.  When using this technique, the 

coupling method option (IOPT) specifies if the coupling starts at the beginning of the 

simulation or once the solid elements fail.  Finally, if the thermal coupling flag option is 

used, then a thermal coupling conductively (CPCD) value can be given.  This is applied 

as an average conductively between newly activated SPH elements and neighboring solid 

elements. 

The number of SPH elements created within the solid elements can also be 

controlled.  The adaptive option for hexa elements (NQ) is a discretionary input value from 

1 to 8 and specifies the number of SPH elements within each parent lagrangian solid 

element according to Equation 2.13 [18].  For hexahedral elements, the number of 

allowed adaptive SPH elements is then 1, 4, or 8.  These SPH elements are spaced equal 

distant within the volume of their parent element.  Figure 2.6 demonstrates an example 

of this for NQ=2.  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝐴𝑑𝑎𝑝𝑡𝑖𝑣𝑒 𝑆𝑃𝐻 𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑠 = (𝑛 ∗ 𝑛 ∗ 𝑛) 
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With an understanding of the SPH element formulation and the adaptive mesh 

definition, next needed is a description of the governing equations which control how the 

SPH elements interact with the rest of the simulation.  To start, the strong and weak 

formulations for the SPH elements can be defined.  The strong formulation is one which 

needs to be met at every iteration, whereas the weak formulation is satisfied on average 

[27].  The strong formulation begins with initial formulation and the derivation operator (D) 

defined by the discrete form given in equation 2.21, where Φ ∈ 𝑅𝑑 [27].  When the 

approximation from equation 2.20 is substituted in, this then becomes equation 2.22 [27].  

The discrete arrangement of the strong formulation can then be by equation 2.24.  

D: Φ → 𝐷Φ(𝑥) = ∇Φ(𝑥) − Φ(𝑥)∇1(𝑥) 

 

(2.21) 

 

Figure 2.6: Representation of particle arrangement for NQ = 2 with a lagrangian Hexa – 
Solid element [18]. 
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DℎΦ(𝑥𝑖) = ∑𝑤𝑗

𝑁

𝑗=1

(Φ(𝑥𝑗) − Φ(𝑥𝑖)) 𝐴𝑖𝑗 (2.22) 

  

𝐴𝑖𝑗 =
1

ℎ𝑑+1
𝜃′ (

‖𝑥𝑖 − 𝑥𝑗‖

ℎ
) (2.23) 

 

d

𝑑𝑡
(𝑤𝑖Φ(𝑥𝑖)) + 𝑤𝑖𝐷ℎ𝐹(𝑥𝑖) = 𝑤𝑖𝑆(𝑥𝑖) 

 

(2.24) 

 The strong formulation is not conservative and cannot be satisfied at each iteration, 

so a weak formulation is considered.  This begins with the transport operator Lv and is 

given by equation 2.25 [27].  Like the strong formulation, the approximation is substituted 

in and then the adjoint operator Dh,s is applied.  This is given by equation 2.26 [27].  The 

final weak formulation needs a discrete adjoint operates with a partial derivative 

expressed to the  α𝑡ℎ degree.  This is given by equation 2.27 [27].   

 

𝐿∗
𝑣: Φ → 𝐿∗

𝑣(Φ) =
𝜕Φ

𝜕𝑡
+ ∑𝑣1

∂Φ

𝜕𝑥𝑙

𝑑

𝑖=1

  

 

(2.25) 

𝐷∗
ℎ,𝑠Φ(𝑥𝑖) = ∑𝑤𝑗

𝑁

𝑗=1

(Φ(𝑥𝑗) − Φ(𝑥𝑖)𝐴𝑖𝑗)  

 

(2.26) 
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𝐷∗
𝛼Φ(𝑥𝑖) = ∑𝑤𝑗

𝑁

𝑗=1

Φ(𝑥𝑗)𝐴
𝛼(𝑥𝑖 , 𝑥𝑗) − 𝑤𝑗  Φ(𝑥𝑖)𝐴

𝛼(𝑥𝑗 , 𝑥𝑖) 

 

 

(2.27) 

 

 

Next, the conservation equations can be formulation using the weak formulation.  The 

discrete forms of the momentum and energy conservation equations are given by 

equations 2.28 and 2.29 respectively [27].  The approximation from equation 2.18 can be 

applied again to get momentum and energy equations for SPH, given by equations 2.30 

and 2.31 respectively [27].   

d𝑉𝛼

𝑑𝑡
(𝑥𝑖(𝑡)) =

1

𝜌𝑖

𝜕(𝜎𝛼𝛽)

𝜕(𝑥𝑖)
(𝑥𝑖(𝑡)) 

 

(2.28) 

 

d𝐸

𝑑𝑡
= −

𝑃

𝜌
∇𝑉 

 

(2.29) 

 

d𝑉𝛼

𝑑𝑡
(𝑥𝑖) =

1

𝜌𝑖

𝜕(𝜎𝛼𝛽)

𝜕(𝑥𝑖)
(𝑥𝑖(𝑡)) −

𝑃𝑖1

𝜌𝑖
2
∑𝑚𝑗

𝑁

𝑗=1

(
𝜎𝛼,𝛽(𝑥𝑖)

𝜌𝑖
2

𝐴𝑖𝑗 −
𝜎𝛼,𝛽(𝑥𝑗)

𝜌𝑗
2

𝐴𝑗𝑖) 

 

(2.30) 

 

d𝐸

𝑑𝑡
(𝑥𝑖) = −

𝑃𝑖1

𝜌𝑖
2
∑𝑚𝑗

𝑁

𝑗=1

(V(𝑥𝑗) − V(𝑥𝑖)) 𝐴𝑖𝑗 

 

(2.31) 

 

 

Finally, the particles used in the adaptive mesh inherit the constitutive properties of 

their parent elements and therefore follow the total lagrangian element formulation laid 
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out by Vignjevic et. al [28] [18] [27].  This formulation allows for better spatial discretization 

stability and allows for easier transition of the solid hexahedral elements to SPH elements, 

as well as continued interaction between both [28].  Firstly, the deformation graduate F 

relates displacements in the u direction by equation 2.32, where the spatial coordinate 

and displacement of a material point is given by equation 2.33 and I is the 2nd isotropic 

tensor [28].  The Jacobian (J) then upholds conservation of mass, which is the 

determinate of the deformation gradient F [28]. This is shown in equation 2.34.  

�̃� = Φ(𝑋, 0) = 𝐼 ∙ �̃� = �̃� 

 

(2.32) 

 

F =
𝜕�̃�

𝜕�̃�
=

𝜕(𝑢 + �̃�)

𝜕�̃�
=

𝜕𝑢

𝜕�̃�
+ 𝐼 

 

(2.33) 

 

𝐽0𝜌0 = 𝐽𝜌 

 

(2.34) 

 

 

The smoothing function discussed in 2.2.2.1 can then be represented in terms of 

material coordinates X and is shown in equation 2.35 [28].  In order to transform the 

discretized governing equations of solid mechanics to use for the SPH particles, a 

correction term is then applied using this smoothing function representation [28].  

Equation 2.36 gives this gradient correction factor (B).  
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�̃�(𝑋�̃� − 𝑋�̃�, ℎ) =
𝑊(𝑋�̃� − 𝑋�̃�, ℎ)

∑
𝑚𝑗

𝜌𝑗
𝐽∈𝑆 𝑊(𝑋�̃� − 𝑋𝑖

⃑⃑  ⃑, ℎ)
 

 

(2.35) 

 

B = (−∑
𝑚𝑗

𝜌𝑗
𝐽∈𝑆

(𝑋�̃� − 𝑋�̃�) ⊗ ∇�̃�)

−1

 

 

(2.36) 
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3. RESEARCH OBJECTIVES 

 This thesis evaluates the usefulness of the *DEFINE ADAPTIVE SOLID TO SPH 

card in Ls-Dyna within the field of debris accumulation in high-speed multidirectional 

lamina failure.  The specific concern is the ability to model debris that accurately 

approximates the structural behavior of a composite fastener connection shortly after the 

fastener has induced bearing-compression failure in a high-loading rate event.  The NASA 

HEDI pin-bearing coupon testing at multiple high-speed dynamic stroke rates offers a 

range of experimental data to compare with computational modeling efforts. 

 

The objectives of this work then are: 

 Properly adapt a computational model of a pin-bearing coupon test to include 

*DEFINE ADAPTIVE SOLID TO SPH for elements of the multidirectional 

laminates post failure. 

 Investigate the ways in which the adaptive mesh differs from a traditional 

lagrangian mesh and how measured results are effected. 

 Compare structural behavior between simulations and NASA HEDI testing 

within initial failure time to determine the effectiveness of *DEFINE ADAPTIVE 

SOLID TO SPH for composite structure models using pins and fastener 

connections. 
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4. FINITE ELEMENT MODEL DEFINITION 

 This chapter discusses the finite element methods used to create the numerical 

model.  The primary mesh representation, laminate material modeling, and connections 

were already defined in the NASA HEDI project.  These predefined portions of the model 

are presented first and continue the conversation from the literature review.  This thesis 

effort then expands on this model with additional details to accommodate the adaptive 

SPH definition and changes to the load cell connection.  

 

 FE MODEL DEVELOPED AS PART OF NASA HEDI PROGRAM  

 The modeling efforts during the NASA HEDI project captured the laminates 

themselves, as well as the testing fixture components.  This includes the loading tang, 

spacer, clevis, etc.  These are illustrated in Figure 2.1 and Figure 4.1 shows the finite 

element model of this assembly. This finite element model was provided by NIAR and 

use was granted for this thesis effort.  The mesh consists entirely of hexa-mesh solid 

elements representing the geometry of the test fixture, composite laminates and loading 

pin/ fastener.   



 

33 

 

 

 

   

Figure 4.1: Labeled side and back views of the FE model test fixture with laminates and 
pin installed [9] 
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4.1.1 Modelling of Composite Laminates  

The composites were represented using the meso-level approach where each 

lamina is meshed as a layer of solid elements.  The previously discussed *MAT_162 

material cards of the laminates control the continuum damage mechanics of the individual 

plies themselves.  These material cards have been carefully fine-tuned during the NASA 

HEDI project.  The *MAT_162 properties were characterized through extensive testing at 

the coupon and sub component level [9] [10] [12].  However, the actual values themselves 

are still proprietary and will not be reported here.   

Since composite material around the loading pins was to see the most 

concentration of load, the mesh around this bearing boundary was further refined.  Around 

the circumference, 80 elements created a uniform radial mesh.  The in-plane dimension 

of these elements closest to the bearing is approximately 0.008in (0.203mm).  This 

creates an element aspect ratio close to 1:1 for the in-plane mesh of these vital elements 

at this inner boundary [11].  Near the pin/ fastener boundary, the composite element size 

in the thickness direction is also close to creating a 1:1:1 aspect ratio.  This mesh near 

the bearing is detailed in Figure 4.2.  Moving radially outward, the mesh transitions into 

an orthogonal mesh.   
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The contact methodology for the ply-to-ply interaction is somewhat complex.  

Three types of contact cards are used to ensure that the elements making up the 

composite plies remain in contact with one another, even as failure of the laminates 

occurs.  The first is a series of *CONTACT AUTOMATIC ONE WAY SURFACE TO 

SURFACE TIEBREAK cards that are used to represent the contact interactions in-

between the plies and to model the delamination at the interfaces.  The Benzeggagh-

Kenane [27] [18] mixed-mode traction separation law (invoked using OPTION 9 in the 

contact definition) was used to simulate the delamination at the interfaces of the adjacent 

plies.  This option card allows for inputs of failure stresses and energy release rates in 

Figure 4.2: Close-up view of the mesh detail near pin/ fastener boundary, [11] 
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both normal and shear (mode-I and mode-II), as well as an exponent to control the mixed-

mode loading condition [27] [18].  The second contact type used is *ERODING SINGLE 

SURFACE contacts defined for the front and back plies respectively.  These cards ensure 

that contact is maintained between all of the plies as the pin and fastener causes failure 

in the laminates.   

 

4.1.2 Pin and Fastener Definition 

The pin, representing a fastener with no clamp-up forces, is simply modeled as a 

cylindrical solid using hexahedral elements.  Each element has eight nodes and one 

integration point. 

The fastener model captures the head, shank, washers, and collar.  These similarly 

used all hexahedralmesh with the head, shank, and collar all connected through nodal 

connectivity.  The *SECTION SOLID card was used for all pin and fastener elements with 

element formulation (ELFORM) set to 1.  This element formulation controls for constant 

stress.  The pin and fastener parts are primarily all titanium materials and these were 

captured in FE with the *MAT_24 material card.  This is an elasto-plastic material where 

strain rate dependency and stress vs. strain curves can be specified for both the elastic 

and plastic regions [28] [27].  Similar to the composite laminates, the NASA HEDI project 

carefully defined these material cards for each part in the pin and fastener.  This includes 

all parts having their appropriate failure strain characterized.  The specific values for these 

material cards are likewise proprietary though.   
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4.1.3 FE Data Acquisition: Strain Gages and Load Cell 

The primary measurement used in correlating the simulations to tests is strain on 

the composite laminates.  Uniaxial strain gages were bonded to the inner face of the 

laminates.  The location of these strain gages can be seen in Figure 4.3.  These strain 

gages measure uniaxial strain in the z-direction (loading direction).  DIC methods were 

also used on the outer faces of each laminate to measure the strain and displacement 

fields.  However, objects, like the fastener head and bolt, blocking the view of the laminate 

failure during testing prevent DIC results from being very useful for the study in this thesis 

effort.  Only the strain gage measurements will be considered. 

The strain gages are replicated in the simulation by sets of solid elements from the 

inner most ply of each laminate.  These solids are grouped into sets for the front and back 

respectively.  The number of elements chosen represents a close approximation of the 

measurement grid size of the physical strain gage.  Figure 4.3 highlights the elements 

that are used for strain calculation [9] [11].  

The strains of every element is recorded at the same frequency as the physical 

strain gages.  The uniaxial z-strain is then plotted for each element in a set.  The final 

strain value is the average of every elements’ z-strain value from the set.  This is what is 

used with compare to the physical strain gage test data.   
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The other critical data comparison for this thesis comes from the load cell readings.  

A piezoelectric load cell (Kistler Model 9362A) was used to measure the loads at the top 

of the test assembly.  The placement of the load cell implies that it should be gathering 

all loads that pass through the laminates, pin/ fastener, adhesive and test frame assembly 

below.  In the model, the load cell is represented by a solid cylinder. The force across the 

Figure 4.3: Highlighting of the solid element sets used to collect strains on the front and 
back laminates [9] [11] 
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cross-section of the load cell is obtained by integrating the tractions over an imaginary 

plane (section plane) passing through the load cell. The imaginary plane is defined in LS-

Dyna using the*DATABASE_CROSS_SECTION_PLANE across over which the 

requested stresses are integrated to report the resultant force.  This cylinder representing 

the load cell has two countersunk ends that connect it to the crosshead and stud 

respectively Figure 4.4 shows a cross section of the FE model for this area.  

  

 

 

The original FE model used in the NASA HEDI project connected the stud to the 

clevis and load cell rigidly with *NODAL RIGID BODY connections.  This connects the 

specified nodes together [18].  These nodes all move as one rigid body.  There are no 

relative displacements or rotations between the parts treats and movement is governed 

Figure 4.4: Section view of the load cell assembly, highlighting the interaction of each 
component 
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by the master node [18].  This allows for little damping of loads transferring from the clevis 

to load cell and was later investigated in this thesis.     

The high stroke rate loading is applied through the connection assembly in two 

ways.  An initial velocity is needed to account for the inertial effects of the moving test 

fixture and is applied through an *INITIAL VELOCITY pulling down on the slack rails and 

all components below.  A constant displacement is maintained by pulling on the actuator 

stud at a displacement rate equal to the associated initial velocity.  This is accomplished 

in the model by a *BOUNDARY PRESCRIBED MOTION card that is applied to the 

actuator stud with the constant displacement rate.  On the other end of the test fixture, 

the top of the crosshead is rigidly held in translation and rotation.  This provides the upper 

boundary condition for the test fixture.   

 

 Additional Model Definitions  

4.2.1 Application of Adaptive Mesh Definition 

This computation model defined for the NASA HEDI is a good starting point, but 

further modifications were needed for this thesis effort investigating debris modeling.  The 

first additions discussed are those that were made for the application of the adaptive 

mesh.  This covers the actual use of the Solid-to-SPH card and other related definitions 

for the debris particles.   

 The criteria for the transition from solid Lagrangian elements to SPH particles was 

prescribed using the “*DEFINE ADAPTIVE SOLID TO SPH” card in LS-Dyna. The 

numerical values of the parameters defining the card can be found in Table 4.1.  The 

Solid-to-SPH transition is applied to part sets (sets of elements modeling the composite 

laminates) which are identified by the part set IDs (IPID) 84 and 85 respectively.  The use 
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of part sets instead of individual parts means the ID type (ITYPE) needs to be set with the 

option flag; this is done by setting ITYPE=1. The part IDs for the SPH elements (IPSPH) 

then need to be defined.  Next, there is an option to apply section IDs for the SPH 

elements (ISSPH).  Since the purpose of this adaptive mesh was to model debris, no 

coupling was applied.  This is why the coupling flag (ICPL), coupling method (IOPT), and 

thermal coupling (CPCD) are all set to a 0 value [18]. 

 

Table 4.1: Card definition for *DEFINE ADAPTIVE SOLID TO SPH  

IPID ITYPE NQ IPSPH ISSPH ICPL IOPT CPCD 

84 1 1 309 2 0 0 0 

85 1 1 310 2 0 0 0 

 

 The computational time for these simulations with adaptive mesh applied is 

significantly long.  The average computation time for the simulations with SPH is 28.67 

hours and the baseline simulations without are 20.43 hours.  Due to this significant 

increase in simulation time, consideration of the total number of SPH particles generated 

was needed.  One method used was further splitting of the front and back laminates along 

the X-Y plane just above the loading tang.  This reduces the number of solids elements 

that have SPH elements generated inside of them. This is justified for two reasons.  The 

debris only forms in regions with composite failure, near the loading pin/ fastener.  In 

addition, the interaction of debris forming between the laminates and the loading tang is 

the cause of the significant bending of the plies seen in physical testing.  This split is also 

only a part ID change.  Nodal connectivity, section, material, and other constitutive 
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properties remain the same between these solids that SPH elements within them and 

those without.  This mesh split can be observed in Figure 4.5. 

 

 

The other method used to reduce the total number of SPH elements within the 

simulation was through the NQ option in the adaptive mesh card.  As discussed in 

literature review, this controls the number of SPH elements generated within each 

Lagrangian solid element.  Unfortunately, there was little option available.  The memory 

and computational power used for these simulations was not sufficient for a NQ value 

greater than 1.  All attempts to increase this resulted in the simulation properly initializing, 

but not being able to proceed past the second time-step, even after multiple days of 

computation time.  

With NQ=1, the volume of the parent solid is transformed into a single SPH 

element at the center of the solid upon deletion.  Without any elongation to the SPH 

Figure 4.5: Side and perspective view of the laminate split used to control the number of 
solid elements that have SPH particles created within them 
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element, the form taken will be a sphere.  The solid elements of the composite plies near 

the pin/ fastener have close to a 1:1:1 aspect ratio for their in-plane and transvers direction 

mesh.  However, as distance increases from the pin/ fastener, the transverse direction is 

significantly shorter than the in-plane mesh.  This means that for solid elements farther 

below the loading pin/ fastener, the SPH element that activates upon their deletion will be 

wider than their parent element.  An example of this is given in Figure 4.6 where a 

lagrangian solid element about 15 mm directly below the loading pin/ fastener is modeled 

with a sphere of the same volume at its center.  This is somewhat unrealistic behavior, as 

broken off debris in physical testing could not instantaneously become wider or otherwise 

change dimensions from the form it had taken when separated.  However, with the 

inability to increase the number of SPH elements, this will simply be a limitation of the 

simulation.   

 

 

Figure 4.6: Visualization of the SPH particle volume placed at the center of its 
respective solid element.  This SPH particle does not activate and interact with 

surroundings until the solid element has failed.  
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4.2.2 Section and Material Cards 

The constitutive properties for the SPH particles are defined through the section 

and material cards.  The *SECTION SPH type card is applied for the SPH elements and 

is used to control the smoothing length attributes of the debris particles.  The ID number 

for the section card is defined by SECID.  The applied constant applied to the smoothing 

length is defined by CSLH. This is a scale factor for the smoothing length that ensures 

some length is used in calculations for regions very close to particle.  As discussed in 

2.2.2.1, the value of 1.2 is considered standard and is used for this thesis as a starting 

point [18].  In the same section of the literature review, the maximum and minimum 

smoothing length options are discussed.  To allow LS-Dyna to automatically optimize the 

smoothing length both these options (HMIN and HMAX) have values of 0 chosen.  

Likewise, the initial smoothing length (SPHINI) can also be chosen and is also not used 

with 0 value chosen.  A start and stop time for the SPH approximation can be chosen by 

the DEATH and START options respectively.  Since the debris particles will need at least 

their location tracked for the entire simulation, these options are also not used and set to 

a 0 value.   

 

Table 4.2: *SECTION SPH card definition for the SPH particles 

 

 

 

SECID CSLH HMIN HMAX SPHINI DEATH START 

2 1.2 0 0 0 0 0 
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 This goal of this thesis effort is the examination of whether the SPH particle method 

is an appropriate technique for approximating composite debris.  To limit the number of 

variables in this investigation, consideration was made when choosing a material type to 

use for the SPH elements.  A simple material card type is preferred as this limits the 

influence different material cards can have and emphasizes the effect that the SPH 

particles themselves bring to simulations.  A material without any failure criteria defined 

is needed in order to maintain the debris in the simulation, as was seen in physical testing.  

The chosen material card is *MAT_01 Elastic.  This is an isotropic hypo-elastic material 

card type that can be used with SPH particles [28] [27].  The material ID is reference by 

the MID value.  The density (RO), young’s modulus (E), and Poison’s ratio (PR) were all 

carried over from the average used in the composite plies’ material definition.  Dampening 

factors for axial and bending dampening are then able to be controlled by DA and DB 

respectively.  An optional bulk modulus (K) can also be defined.  This option was not initial 

considered and a value of 0 was applied.  Later, an investigation into the use of a bulk 

modulus was done and is discussed in Chapter 6.   

 

Table 4.3: *MAT_01 Elastic card definition for the SPH particles 

 

 

 

MID RO 
[tonne/mm3] 

E 
[MPa] 

PR DA DB 
K 

[MPa] 

1000001   1.571E-9 152649.92 0.27 0 0 0 
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4.2.3 Contact Definition 

With the adaptive SPH mesh defined, the contacts for these debris particles needs 

to be carefully considered.  The interaction between these SPH elements and their 

surroundings is vital in replicating the physical debris accumulation and behavior in the 

simulations.  An “*Eroding Nodes To Surface” option was chosen.  The elements of the 

loading tang and all plies of the composite laminates are gathered in a part set and are 

assigned to the “master” side of the contact.  The nodes of the SPH elements are then 

gathered by their part ID on the “slave” side of the contact.  To minimize computational 

power, the back and front laminates had their own contact with their respective SPH 

particles defined.  Within this eroding contact, the EROSOP and IADJ options were turned 

on.  The first controls the “erosion/ interior node”, activating the storage allocation for the 

eroding contact to take place and adding interior nodes to specified contact.  The second 

controls “adjacent material treatment for solid elements”, which allows for internal solid 

element surfaces hidden by outward facing surfaces to be considered in the contact [18].  

This eroding contact and the activated options are critical to realistic debris behavior as 

they allow for the SPH particles to interact with the revealed surfaces of the laminates as 

the pin/ fastener tear through the simulated plies.  Figure 4.7 depicts this interaction 

occurring.  As the pin/ fastener cause the solid elements of the laminates to fail, the 

previously covered solids element surfaces are exposed.  With these contact settings, the 

SPH particle debris is able to interact with these exposed surfaces.     
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4.2.4 Load Cell Updates 

 When initially investigating the NASA-HEDI model, it was also noted that the 

connection for the load cell could be improved.  Since the load cell is a principal data 

source for FE to physical result comparison, this was also improved in the model and is 

discussed. 

In the NASA HEDI simulations, the stud, clevis, and load cell were connected rigidly 

treating all three as one rigid body.  These are shown in Figure 4.4 where the black lines 

between the different colored parts are the boundaries.  It is the nodes along the 

boundaries that were connected rigidly.  These connections were modified for this thesis 

effort to improve load capturing and dampening behavior.  The modifications included 

removing the rigid body connection for these three parts.  With this rigid connection 

removed, each part can then interact with their surroundings independently.  A new 

contact was then added to allow these interactions.  The “*AUTOMATIC ONE WAY 

Figure 4.7: Perspective views of only the composite laminate elements and SPH 
particles, highlighting the interaction between the two as the pin/ fastener compressively 

loads them into contact with one another 
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SURFACE TO SURFACE TIEBREAK” without failure defined was chosen.  This allows 

loads to pass through the stud to the load cell, but has some natural dampening due to 

the one-way nature of this contact.  The means reverberation of the loads through the 

stud does not occur.  This is done by control at the interfaces of the one-way contact; 

compressive stress waves are able to pass through, but not tensile stress waves.  

Ultimately, the unrealistic rigid connection is removed and a contact that allows for better 

dampening is implemented.  Figure 4.8 shows the behavior where testing data for the 

500 in/s pin is plotted against simulations of the same condition.  For both simulations, no 

adaptive mesh SPH modification was applied, the difference between them being rigid or 

one-way contact method of the load cell.  An improvement is observed however, this was 

not an exhaustive effort.  Other contact options or further improvements to modeling of 

the test fixture assembly can be done.  The improved dampening behavior is also 

observed in the load cell behavior of the full analysis simulations presented in the next 

chapter. 

   

Figure 4.8: Comparison of physical test load results to the two connection methods for 
the FE load cell, rigidly connected and using a one way tiebreak contact  
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5. NUMERICAL ANALYSIS AND RESULTS 

This chapter presents the finite element analysis and results of the pin and fastener 

pin-bearing simulations at 100, 300, and 500in/s initial loading velocity.  Two simulations 

were run for each condition.  The first series uses no adaptive mesh and is known as the 

Base simulation.  The second series uses the *DEFINE ADAPTIVE SOLID TO SPH card 

to approximate the composite debris and is known as the Adaptive simulation.  For each 

condition, these two simulations are compared against the physical test data.  Each test 

data curve is the averaged result from five tests performed at that condition [9] [10] [11].  

These test to simulation comparisons will specifically examine the loads collected at the 

Kistler load cell and strains developed on the surface of composite laminate coupons 

within the simulation. 

Improvement from base to adaptive simulations in matching the physical test data 

indicates a more accurate model.  Not only are the values important, but also the time 

histories.  The laminates underwent significant bending in physical testing, developing 

high strains early in the test.  The NASA HEDI simulations eventually develop peak strains 

within range of physical testing.  However, these similar strain levels occurred much later 

and with greater damage to the laminates.  The adaptive mesh would be an improvement 

if similar strain levels are developed earlier, like the physical testing.   
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 Pin Joints 

The first of the pin-bearing scenarios considered is the pin at 500 in/s stroke rate.  

Figure 5.1 provides side, front, and perspective views of the laminates and pin from the 

FE model used for these tests.  Strain and load data of the Base simulation and Adaptive 

simulation FE models will be captured with the methods described in the previous 

chapter.  These simulation curves will then be compared to those collected from physical 

testing and the adaptive mesh assessed on how well it improves the results.  

 

 

 

5.1.1 Pin Joint Bearing Simulation – 500 in/s 

 Kinematics and Strains 

As discussed in the model definition, the strains were independently recorded on 

the inner-most surface of the front and back laminates.  A set of elements on the inner 

Figure 5.1: Side, front, and perspective views of FE composite laminates 
connected by a simple pin representing a connection with no clamp-up forces 
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surface plies, which covered a similar area area as the strain gages from physical testing, 

was set to record strains in the FE models.  The longitudinal strain (εz) of each element 

in the respective sets was averaged to give a comparable strain to the physical strain 

gages.  The NASA HEDI project mostly compared the additional average of the front and 

back strains [9] [11].  However, the individual comparison can also be made.  For the 500 

in/s pin scenario, these individual strains are plotted in Figure 5.2.   

A level of symmetry in the strain results is observed in physical testing and 

simulation results.  This is also confirmed by the kinematic behavior in side view Figure 

5.3 provides, where mostly symmetric bending of the laminates occurs in both 

simulations.  However, the close matching symmetric strain behavior between the front 

and back laminates is observed to start deviating shortly after the peak strain in physical 

testing and simulation.  The time at which this occurs is about 1.3ms for physical test, 

1.6ms for Base, and 1.5ms for Adaptive simulations.  This indicates a difference in the 

unloading of this laminate configuration between front and back.  This could be due to the 

slightly different ways in which the composites are damaged on loading and how debris 

builds up slightly differently between the loading tang and front and back laminates.  
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These different front and back debris fields are also observed in the side view kinematics 

of Figure 5.4. 

 

 

 

 

Figure 5.2: Individual strains recorded for on the front and back laminates for physical 
testing and both simulations of the 500 in/s pin scenario  

Figure 5.3: Averaged strains from front and back laminates for 500 in/s pin scenario  
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With a level of symmetry as a safe assumption, the average of the front and back 

laminate strains can more justifiably be compared.  This averaging is also a more accurate 

approach to analyzing the given goal of the NASA HDEI project, which is to examine the 

two connected laminate assembly as a whole [9] [10] [11].  These averaged front and 

back strains are plotted in Figure 5.3.  The simulations have a significantly lower initial 

peak strain response compared to the physical test data.  This will be observed for all 

conditions, but is most pronounced in this his speed pin scenario.  This lack of a high 

initial strain most likely stems from the difference in initial failure of laminates between 

physical test and simulations.  In the physical tests, there is an immediate bending 

response of the laminates moving the laminates away from the loading tang.  One 

contributing factor to explained this is the shear stress developed within the 45° laminates 

when loaded in tension, which causes shear deflection.  The laminates in the simulations 

do not have this behavior and so elements under the loading pin simply start failing in 

compression.  However, there is a slight improvement from the adaptive to base 

simulation at this initial loading.  The initial peak strain value recorded from the physical 

testing is 3.092E-3 in/in at 7.59ms.  The Base simulation initial peak is 68% of the test 

strain, while Adaptive simulation is 70%.  This is most likely a result of early debris 

formation from the adaptive mesh, but not enough has accumulated to more significantly 

increase this initial strain.   

The compressive failure crushes the fibers and matrix in the physical test, forming 

debris.  Subsequently, the various failure modes of the *MAT_162 material card signal 

the elements of the simulation to fail.  Particular interest are modes 3 and 4, the fiber and 

matrix crush modes respectively.  As the failure parameters are met and the solid 
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elements of the composite plies delete, the SPH particles are activated in the Adaptive 

simulation.  This approximates the debris observed in the physical tests and is clearly 

observed to cause a physical buildup of particles between the laminates and the loading 

tang in Figure 5.4.  This causes the laminates to more dramatically bend away from the 

center, as compared to the bending in the Base simulation kinematics seen in the same 

figure.   

The strain readings quantify this difference between the adaptive and base 

simulations.  After about 0.4ms, the Adaptive simulation strains increase with a greater 

slope than the Base simulation.  From about 0.4ms to 0.8ms the adaptive mesh 

converges to a similar strain level as was recorded from the physical tests.  Whereas the 

baseline has a significantly lower slope after 0.4ms and does not develop similar strains 

to the physical tests for much longer.  The Adaptive simulations does slightly overshoot 

the physical results, but reaches a total peak strain within 14.66% error.  Importantly, this 

peak also at occurs at a similar time with the physical tests reaching a peak at 1.077ms 

and the Adaptive simulation reaching at its own at 1.157ms.  This peak value and time to 

peak is a significant improvement over the Base simulation.  The baseline eventually 

reaches a peak within 16.80% error of the physical tests, but this occurs at 1.607ms.  The 
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Adaptive simulation is therefore a 2.14% error improvement in peak strain and 41.7% 

error improvement in time to peak. 

 

 

  

 

Figure 5.4: Side view kinematics comparison for the 500 in/s pin scenario across time 

Figure 5.5: Front view kinematics comparison for the 500 in/s pin scenario across time 
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These simulations can also be compared against the physical tests by the damage 

induced in the laminates.  One method available is to compare the post-test images from 

physical testing and the end images of the simulations.  For the high speed pin scenario 

this comparison is presented in Figure 5.6.  Interestingly, both simulations match a similar 

significant damage length of the laminates.  This length is also comparable to what can 

be observed from the physical testing.  This correlates with peak strain values where both 

the baseline and adaptive simulations reached within 17% error of the what was recorded 

in physical testing.  Where the simulations differ is on damage to the outer and surface 

plies.  It was well noted in the NASA HEDI testing that the bending of the laminates in the 

pin tests caused composite sheets to move beyond the length of the pin. This resulted in 

overall less damage to the laminates than expected, particularly the outer and surface 

plies furthest from the pin.  With the Adaptive simulation accumulating debris and causing 

significant bending of the laminates, a similar behavior is observed.  This gives the 

Adaptive simulation a more comparable type of damage to the physical testing and is an 

improvement over the Base simulation.   
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 Loads – 500in/s 

 The addition of adaptive mesh does have an improvement on the load results in 

this high speed pin scenario as well.  Though, to a lesser degree than the strain results.  

Figure 5.7 plots the load readings from the Kistler load cell from the physical test, Base 

simulation, and Adaptive simulation.   

Figure 5.6: Comparison of physical test image of damage to composites to final state of 
both simulations for the 500 in/s pin scenario 
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Figure 5.7. Comparison of physical test load results to both Adaptive and baseline 
simulations for pin 500in/s 

 

Similar to the strain results, the simulation initially differ from the physical test data 

in the initial loading.  The Adaptive simulation does also again show a slight improvement 

over the baseline for this initial loading with peaks of 10524N and 9769N for the Adaptive 

and Base simulation, respectively.  However, the physical testing reaches a peak of 

16774N. This represents a 37.26% error between the adaptive and physical test peak 

loads.  As the load profile reverberates, the Adaptive simulation does also shows 

improvement in subsequent peaks up to about 0.45ms. 

 This lack in matching peak load might come from a limitations of the model.  One 

of these limitations is the previous discussed behavior of the simulations where the 

laminates, instead of bending and developing initial strain, have significant early element 

failure.  This failure will mean a lower initial load developed.  Other limitations from the 

modeling of the test fixture also appear to be causing issue with load reaching the 

modeled load cell.  To examine what effect all of the components between the laminates 
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and the load cell have in the FE model, the loads of the laminates themselves can be 

read.  This is done by taking a cross section load reading across the front and back 

laminates just below the spacer.  Figure 5.8 plots these loads read by new cross section 

from the Adaptive simulation and compares them to the regular load cell results of the 

same simulation and physical test results.  It is observed that the load developed in the 

composite laminates reaches a peak of 12411N.  This represents a change in the regular 

load readings with only 26% error now, when compared to physical test results. The 

laminates loads also have a more comparable damping to physical test results over the 

FE load cell.  This indicates that there is a modeling issue between the laminates and the 

Kistler load cell in the FE models.  This is effecting the peak load and dampening that is 

taking place at the load cells in both simulations.  With the main concern of this thesis 
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being the use the adaptive mesh as a modeling technique for debris, these additional 

issues with the load cell readings was considered a limitation of the FE models. 

 

 

 

 

Figure 5.8: Comparison of load results to with the addition of a cross-section taken at 
the top of the laminates for pin 500in/s 
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5.1.2 Pin Joint Bearing Simulation – 300 in/s 

 Strains and Kinematics 

 As stroke rate is varied, there is a noticeable effect on the simulation results and 

how they compare to physical testing.  For the strain results, the Adaptive simulation once 

again gives a slight improvement over the Base simulation in the initial peak value.  

However, both are still only reach about of the 78% of the 4.450E-03 in/in initial peak 

strain from physical testing.  As time progresses, the Adaptive simulation once again 

deviates from the baseline at around 0.45ms.  The Adaptive simulations progressively 

builds up strain to once again match the time to global peak and strain level of the physical 

test.   The time to peak matching of the Adaptive simulation is quite close with the value 

within 2.9% error of the physical test.  The Base simulation also does once again reach 

a peak strain later than the physical test and Adaptive simulation within 24.4% error of 

the physical results.   

 

Figure 5.9: Averaged strains comparison of physical test, Adaptive, and baseline 
simulation data for the 300 in/s pin scenario 
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 The Adaptive simulation builds strain within the laminates from about 0.45ms to 

the 1.157ms time to peak, reflecting bending kinematics of this simulation.  This difference 

in time when the laminates bend can be observed in Figure 5.10.  This behavior and strain 

profile of the Adaptive simulation is once again an improvement over the baseline, 

capturing a more realistic loading behavior.  It is also once again the accumulation of the 

SPH particles below the pin that cause the laminates to be pushed and bend away from 

the loading tang.  This supports the effectiveness of the adaptive mesh methodology in 

debris approximation.  However, it should also be noted that the Adaptive simulation once 

again overshoots the physical test strain results for the lower stroke rate.  Also, the global 

peak strain difference between the physical test and baseline strains is less than it was 

for the high speed condition.  This indicates that the adaptive mesh may lose 

effectiveness as loading rate decreases, but it is still important to capture bending and 

strains up to peak loading.   

 

Figure 5.10: Side kinematics comparison between the Adaptive and baseline 
simulations across time for the 300 in/s pin scenario 
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 Damage of the laminates should also be compared for this stroke rate.  At 300 in/s, 

physical testing once again shows little damage of the out and surface plies.  The 

simulations also still experience several layers of solid element failure before the panels 

start to bend.  This delay in bending is not as pronounced in the Adaptive simulation, as 

seen in the strain and side kinematics.  However, this is not enough to prevent further 

damage to the FE laminates as the pin moves down.  The resulting damage of both 

simulations is comparable in length to one another.  Both of these do not compare well to 

the post test image from the physical tests.  This indicates a better matching of overall 

composite damage at higher impact speeds and limitation of the current methodologies, 

including the adaptive mesh, at lower stroke rates.   
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Figure 5.11: Comparison of physical test image of damage to composites to final state 
of both simulations for the 300 in/s pin scenario 
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 Loads – 300in/s 

 The loads for the 300 in/s stroke rate behave similarly to the higher to the loading 

scenario for the pin.  The simulations both reach a lower maximum load compare to the 

physical test recorded at 17707N.  The Adaptive and Base simulations are then each at 

39% and 44% error respectively.  This shows the Adaptive simulations in a slight 

impartment once again.  However, the issues with initial bending and transition of loads 

to the load cell still remain.  The simulations also continue to have issue with matching 

dampening of the FE loads collected at the modeled load cell.   

 

 

 

 

 

Figure 5.12: Comparison of physical test load results to both Adaptive and baseline 
simulations for pin 300in/s 
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5.1.3 Pin Joint Bearing Simulation – 100 in/s 

 Strains and Kinematics 

 The strain profile recorded by the physical test for the pin at 100 in/s stroke rate 

behaves very differently than the other two initial speeds.  The initial ramping in strain is 

much slower than the other two physical test conditions for the pin. An initial peak is 

reached about 0.15ms later than the initial stain peaks of the other two stroke rates, when 

comparing physical test data.  Both of the simulations for this condition do not have this 

behavior and have initial strain profiles similar to those of the higher stroke rates.  This 

initial response difference might be a limitation of the composite modeling.  After this initial 

peak, the physical test data for the 100 in/s condition continues to deviate from the 

previous stroke rates.  A much slower climb in the strains is also observed.  From about 

0.45ms to 0.70ms the Adaptive simulation once again shows improvement in matching 

the progressive strain of the physical tests.  However, after this time, the Adaptive 

simulation significantly overshoots the physical test results.  This indicates that the need 

for an adaptive mesh to match similar strain levels as physical testing diminishes between 

300 in/s and 100 in/s stroke rate.  Interestingly, there is a notable asymmetry in the 

bending of the laminates for the Adaptive simulation observed in Figure 5.14.  This is 

most likely from a slight difference in the amount of elements that fail on back laminate 

early on and compounds as the simulation progresses.  In contrast to the high strains of 

the Adaptive simulation, the baseline simulation ends with a strain level very similar to the 

physical testing.  Though, again, the Base simulation does not developed as much strain 

as the physical testing recorded up to this point.   
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Figure 5.14: Side view kinematics comparison for the 100 in/s pin scenario across time 

 

Figure 5.13: Averaged strains comparison of physical test, Adaptive, and baseline 
simulation data for the 100 in/s pin scenario  
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 The damage for this low stroke rate condition is also interesting.  The physical test 

resulted in slightly more damage to the laminates, compared to the 300 in/s stroke rate.  

This is most likely due to the lower loading causing less initial bending in response to 

shear stress.  This then means the pin is able to remain in contact through more of the 

laminate thickness and damage more plies.  The simulations still are conservative with 

their respective final damage.  However, the length of damage is once again comparable.  

The Adaptive simulation also shows improvement over baseline in matching what outer 

and surface ply damage that occurred in physical testing.   

 

 

Figure 5.15: Comparison of physical test image of damage to composites to final state 
of both simulations for the 100 in/s pin scenario 
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 Loads – 100in/s 

 The loads of the physical testing for this low stroke rate also show a lag in 

response, compared to the other two speeds.  The damping of the physical loads 

collected is also notably different.  Where the loads of the higher stroke rates had a quick 

damping response, the 100 in/s condition has significantly less damping for the duration 

of compared loads.  The simulation results, similar to strain, behave more similar to load 

profiles of the other pin conditions.  This causes a difference in the time history of the 

initial loading.  However, the Adaptive simulation still shows improvement over baseline 

in matching the peak load of the physical test.  Physical testing reached 10065 N, the 

Adaptive and Base simulation came within 19% and 31% error, respectively.   

 

 

 

 

 

Figure 5.16: Comparison of physical test load results to both Adaptive and baseline 
simulations for pin 100in/s 
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5.1.4 Pin Joint Bearing Simulation – Results Summary 

Table 5.1: Summary table of peak strain times and values for 500, 300, and 100 in/s pin 
scenarios 

Time and Value of Maximum Recorded Strain for Each Pin Scenario 

Stroke Rate 
[in/s] 

Test_Averaged Adaptive_Simulation Base_Simulation 

Time 

[s] 

εzz 

[in/in] 

Time 

[s] 

εzz 

[in/in] 

Time 

[s] 

εzz 

[in/in] 

500 1077 5.349E-03 1157 6.133E-03 1607 4.450E-03 

300 1356 5.414E-03 1395 6.795E-03 1685 4.799E-03 

100 1988 3.599E-03 1258 5.964E-03 1662 4.241E-03 

 

Table 5.2: Summary table of peak load times and values for 500, 300, and 100 in/s pin 
scenarios 

Time and Value of Maximum Recorded Load for Each Pin Scenario 

Stroke Rate 
[in/s] 

Test_Averaged Adaptive_Simulation Base_Simulation 

Time 

[s] 

Load  
[N] 

Time 

[s] 

Load  
[N] 

Time 

[s] 

Load  
[N] 

500 73.1 16775 72.5 10524 72.9 9769 

300 83.4 17707 86.6 10831 85.1 9848 

100 88.9 14662 85.7 11890 86.3 10065 
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 Hi-Lock Fastener 

 The same series of analysis presented for the pin was performed for the FE 

laminates connected by connected by a Hi-Lock fastener.  Finite element analysis once 

again consisted of a baseline, which did not have the *DEFINE ADAPTIVE SOLID TO 

SPH card, and an Adaptive simulation which applied this method for debris 

approximation.  Results from these simulations are compared against physical testing 

preformed with the same fastener connection.  Strains, FE kinematics, loads, and 

damage are once again compared across the range of stroke rates.  Figure 5.17 provides 

views for the fastener FE model connection.   

 

 

Figure 5.17: Side, front, and perspective views of FE composite laminates connected by 
a Hi-Lock® fastener with clamp-up forces 



 

72 

5.2.1 Hi-Lock Fastener Bearing Simulation – 500 in/s 

 Strains and Kinematics  

 The analysis for the strains of the fastener simulations follow the same methods 

as used for the pin condition.  The individual front and back strains from both simulations 

and the physical testing can be compared.  Figure 5.18 plots these strains and helps 

identify possible asymmetry in the strain results.  The fastener washers on the front and 

back are the same size, but the difference between head and collar still leave room for 

asymmetric responses.  While these plots to provide insight, it is still the averaged strain 

results that are primarily compared for the fastener analysis.   

 

These averaged results are presented in Figure 5.19.  From the start, both 

simulation exhibit opposite behavior to what recorded in the physical test results.  Both 

simulations have an initial negative strain response that peak at around 0.005ms.  This is 

response most likely comes from the initial stress applied to the fasteners parts, 

Figure 5.18: Individual strains recorded for on the front and back laminates for physical 
testing and both simulations of the 500 in/s fastener scenario  
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representing the clamp-up force.  The simulations applies this initial stress in a dynamic 

relaxation phase.  This is essentially a portion of the simulation before the dynamic phase, 

which is used to apply such initial conditions before primary loading.  While there is some 

amount of equilibrium reached during this preliminary phase, portions of a model farther 

away from the loaded area might not yet have reached equilibrium.  Since the FE strain 

gages used to record the results are farther up on the laminates, and away from the 

fastener components, the strain response could simply be influenced by the fastener 

clamping force.  In this way, it is accepted as a limitation of the model.   

For the rest of the strain profile, the fastener strain response certainly differs from 

the pin.  The initial ramping and peak is the majority of the strain developed for physical 

testing and simulations.  The Adaptive simulation is still a marginal improvement over the 

baseline.  The maximum strain recorded from the physical testing is 5.47381E-3 in/in and 

the Adaptive and Base simulations are within 34.4% and 35.3% error, respectively.  The 

overall strain profile difference from the pin tests is due to the fastener with clamp-up 

holding the laminates in together and preventing bending away from the loading tang.  

This behavior is reflecting in the kinematics.  Figure 5.20 presents the front view where 

the fastener components have been made transparent, giving view of the debris build up 

for the Adaptive simulation.  An accumulation of debris below the fastener shank is 

observed.  However, when viewing the side kinematics in Figure 5.21 this debris is 

prevented from being wedge between the loading tang and laminates.  This means the 

debris may be important to composite damage as the small bits of crushed plies are 

pushed into edge faces of the laminates below them.  However, the debris is no longer 

an important factor for laminate bending or strain development. 
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Figure 5.19: Averaged strains comparison of physical test, Adaptive, and baseline 
simulation data for the 500 in/s fastener scenario 

Figure 5.20: Front view kinematics comparison for the 500 in/s fastener scenario across 
time 
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 The effect of the constraint on the laminates from the clamped fastener can also 

be observed in the resulting damage.  Figure 5.22 compares the simulation final state 

with the post-test image of damage from a physical test at this high stroke rate condition 

for the fastener.  Without the laminates bending, significantly more damage to the 

composites occurs.  Both simulations compare well to the test image where an almost 

straight path of failure along the length can be observed.  The Adaptive simulation is 

observed to have more ejected debris than the baseline at the end.  This comes from the 

solid elements of the Adaptive simulation being turned into debris and interacting with the 

subsequent elements below them, rather than just deleting.   

  

Figure 5.21: Side view kinematics comparison for the 500 in/s fastener scenario across 
time  
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 Loads 

The load profile for the physical test of this high stroke rate fastener scenario 

interestingly does not show the lag seen in the strain results.  Both simulations have peaks 

below the physical test recording of 38614 N.  However, the Adaptive simulation is once 

again a slight improvement over the baseline where results were within 28.2% and 32.2% 

error, receptively.  The simulation results also continue to have trouble matching the 

damping observed in the physical test profile.  A difference from the pin loads is also an 

issue with simulation being able to match the phase of the physical test profile after initial 

Figure 5.22: Comparison of physical test image of damage to composites to final state of 
both simulations for the 500 in/s fastener scenario  
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loading.  This might be a further consequence of the discussed problems with the 

modeled load cell matching the physical discussed in section 4.3.4. 

 

 

 

5.2.2 Hi-Lock Fastener Bearing Simulation – 300 in/s 

 Strains and Kinamtics 

The strains for the 300 in/s stroke rate fastener scenario are comparable to those 

of the high initial speed.  The initial negative strain in the simulation profiles is once again 

observed.  The Adaptive simulation is also has marginally better comparable peak strains 

to the physical testing.  The peak strain recorded by the physical tests 5.375E-3 in/in.  

The Adaptive and Base simulations reached within 30.6% and 31.5% error.  The 

kinematics and damage for this 300 in/s fastener scenario are very similar to those 

observed and discussed in the 500 in/s.  However, the figures with these details can all 

be found in the Appendix A.   

Figure 5.23: Comparison of physical test load results to both Adaptive and baseline 
simulations for fastener 500in/s 
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 Loads   

The loads for this 300 in/s condition are also similar to the 500 in/s fastener 

scenario.   The Adaptive simulation once again is slight improvement over the baseline.  

The physical test reached a peak load reading of 38010 N.  The Adaptive and Base 

simulation reached within 24.3% and 25.9% error, respectively.  What is unique about 

this load comparison is that the reverberations in the load profile are actually larger than 

those from the simulations.  The high speed fastener and all pin sceneries have the 

opposite behavior.  This indicates that the lower speed and constant contact of the 

fastener on the laminates are significant for the simulation FE methodology to match 

physical testing loads.   

Figure 5.24: Averaged strains comparison of physical test, Adaptive, and baseline 
simulation data for the 300 in/s fastener scenario  
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5.2.3 Hi-Lock Fastener Bearing Simulation – 100 in/s 

 Strains and Kinematics 

The strain profile from physical testing of the 100 in/s stroke rate fastener scenario 

is the most unique out of all presented.  It has a delayed peak, like the other fastener 

physical test results, but the entire initial peak is extended over a larger portion of the 

strain profile.  The simulations, once again, do not capture this strain behavior in their 

profiles and react like most previous simulation strain readings.  The initial negative strain 

of from the fastener is observed for these simulation strains and there is marginal 

improvement in peak strain from the Adaptive simulation.   The physical test strain peaked 

at 5.540E-3 in/in.  The Adaptive and Base simulations reached within 32.8% and 33.2% 

error, respectively.  The kinematics and damage comparisons for this condition are also 

very similar to previously examined fastener conditions.  These can be found in Appendix 

Figure 5.25: Comparison of physical test load results to both Adaptive and baseline 
simulations for fastener 300in/s  
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A.  The lack of correlation between the physical test data and simulation strain profiles is 

accepted as a limitation of the current model.   

 

 

 

 Loads   

Similar to the strain comparison for this lower stroke rate, the loads are also unique.  

There is significant delay in the loads collected form the physical tests.  These loads also 

have a peak pulse that last longer than previous physical test loads.  Both simulations 

once again follow a load profile similar to most other FE loads.  However, this condition 

is also the first time that the simulation peak loads reach the same level as was recorded 

in physical testing.  The physical test peak recorded at 27265 N.  Both simulations slightly 

surpass this load and reach within 2% error.  The overall lack of correlation for the loads 

of this conditions is also left to be considered a limitation of the model.   

Figure 5.26: Averaged strains comparison of physical test, Adaptive, and baseline 
simulation data for the 100 in/s fastener scenario 
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5.2.4 Hi-Lock Fastener Bearing Simulation – Results Summary 

Table 5.3: Summary table of peak strain times and values for 500, 300, and 100 in/s 
fastener scenarios 

Time and Value of Maximum Recorded Strain for Each Fastener Scenario 

Initial Velocity 
[in/s] 

Test_Averaged Adaptive_Simulation Base_Simulation 

Time 

[s] 

εzz 

[in/in] 

Time 

[s] 

εzz 

[in/in] 

Time 

[s] 

εzz 

[in/in] 

500 109 5.474E-03 83.3 3.589E-03 83.5 3.542E-03 

300 110 5.375E-03 98.6 3.731E-03 98.8 3.681E-03 

100 503 5.540E-03 177 3.726E-03 177 3.704E-03 

 

 

 

 

 

Figure 5.27: Comparison of physical test load results to both Adaptive and baseline 
simulations for fastener 100in/s 
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Table 5.4: Summary table of peak load times and values for 500, 300, and 100 in/s 
fastener scenarios 

Time and Value of Maximum Recorded Load for Each Fastener Scenario 

Initial Velocity 
[in/s] 

Test_Averaged Adaptive_Simulation Base_Simulation 

Time 

[s] 

Load  
[N] 

Time 

[s] 

Load  
[N] 

Time 

[s] 

Load  
[N] 

500 87.6 38614 85.0 27725 86.9 26177 

300 92.2 38010 95.9 28766 96.5 28176 

100 425 27265 91.6 27777 90.9 27559 
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6. BULK MODULUS TESTING 

This chapter discusses the physical testing performed to determine the bulk 

modulus of the composite debris and the implementation of the bulk modulus into the 

finite element debris being modeled.  The test articles and resulting debris from physical 

testing, conducted under the NASA HEDI project, was collected at the original time 

testing.  The actual compressibility of this debris can be determined with a simple 

compression test to find the bulk modulus.  The goal is then to implement this bulk 

modulus into the finite element debris modeled by the simulations and observe if the 

updated compressibility of the modeled debris is an improvement.   

For this thesis effort, a small amount of the collected debris was placed inside a 

cylindrical steel tube.  This enforced a boundary while the debris was loaded.  A steel 

plunger with the same diameter as in inner boundary of the cylinder was then used to 

compress the debris.  The debris was loaded under a constant displacement of the 

plunger over time.  The testing was stopped when the constant displacement could no 

longer be maintained and the debris was considered compressed.  The time, 

displacement of the plunger, and load was recorded.  Figure 6. below depicts debris to 

be placed the cylinder seen in Figure 6..  Finally, Figure 6. shows the overall test fixture 

with the debris loaded cylinder ready to be compressed by the plunger.  

 



 

84 

 

 

 

 

 

Figure 6.2: The cylinder the debris is placed in to provide a rigid boundary during 
compression 

Figure 6.1 Composite debris collected from the original NASA HEDI testing 
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Knowing the dimensions of the cylinder and starting distance the plunger was 

inside of the cylinder, the original volume of the debris can be found.  The volumetric 

stress and volumetric strain can then be calculated at each point, according to Equation 

Figure 6.3: The full test fixture for finding the debris bulk modulus.  The plunger provides 
moves at a constant speed and rigid top boundary compressing the debris.  The load 

cell tracks the load required to maintain compression. 
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6.1.  This material propriety is the derivative of pressure with respect to volume divided 

by initial volume.  Figure 6.4 plots the pressure over normalized change in volume 

where a polynomial trend-line and equation can fitted.  The derivative of the fitted trend-

line can then found and this then provides the bulk modulus at each point.  This 

derivative is Equation 6.2.  The maximum bulk modulus interpolated from this physical 

testing is then found to be 22,169 psi (152.85 MPa). 

 𝐾 =
∆𝑃

∆𝑉
𝑉⁄

 (6.1) 

𝑦 = 20375.2𝑥3 + 3834𝑥2 + 523.84𝑥 + 473.1 (6.2) 
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This bulk modulus characterizes the compressibility of the composite debris from 

the NASA HEDI pin-bearing tests.  Since the debris is primarily in compression when 

acting on the plies during the pin-bearing tests and simulations, this is desirable material 

characteristic to use in the finite element simulations.   

The bulk modulus value found from this testing can then be implemented into the 

material card for the debris particles.  The previous discussed material card, used for 

the SPH debris particles, has an optional input for bulk modulus.  This can simply be 

Figure 6.4: Pressure versus volumetric strain 
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applied and a new simulation run to compare.  The successful buildup of virtual debris 

and higher energy loading of the 500 in/s pin scenario offers the best opportunity for the 

bulk modulus to influence the results.  The simulation run with a bulk modulus 

implemented can then be compared to the Base and the Adaptive simulations.  It is 

observed that the inclusion of the material characteristic does not have an effect on the 

strain or load results, when compared to the SPH simulation.  Figure 6.5 and Figure 6.6 

respectively, display these results. 

 

Figure 6.5: Averaged strains from front and back laminates for 500 in/s pin scenario 
comparing the effects of applying a bulk modulus 
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These results indicate that the bulk modulus included into the SPH debris does 

not influence the results.  The compressibility effects of the particles, in general, may 

also be of little influence on the debris build up and continued failure of the composite 

laminates.  Therefore, the previous simulations, which model debris without a bulk 

modulus, are still valid.    

Figure 6.6: Resulting loads for 500 in/s pin scenario comparing the effects of applying a 
bulk modulus 
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7. CONCLUSIONS AND RECOMMENDATIONS 

 Conclusions 

The objective of this study was to assess the effectiveness of debris modeling for 

simply connected composite laminates using the adaptive mesh method *DEFINE 

ADAPTIVE SOLIDE TO SPH.  This arose from unexpected bending behavior noted in a 

study performed for the NASA HEDI project [9] [10] [11] [12].  Finite element analysis 

preformed with Ls-Dyna during this project could not match this bending behavior and it 

was observed that significant debris build on from some physical tests was not being 

represented in simulation. 

Two versions of the connected laminates were used in the original physical testing 

and so simulations models were used to compare the adaptive method for both.  One 

characterized a connection of laminates where no clamp-up was assumed.  This was 

represented by a simple pin connection.  The other considered a full Hi-Lock fastener with 

clamp-up forces.  Each of these was run at 500, 300, and 100 in/s stroke rates for total of 

six conditions.   

This study modified the original FE models used in the NASA HEDI project and 

applied the adaptive mesh.  Surface strains and assembly loads of these simulations were 

compared to data recorded from physical testing.  Two simulations were considered; one 

was a baseline with no adaptive mesh defined and the other applied the adaptive mesh.   

Loading rate effects are observed with improvement in matching physical test data 

favoring the higher stroke rates.  The adaptive mesh shows the most improvement for the 

pin condition strain results.  The SPH particles assist in capturing bending kinematics, 

strain levels on loading to peak, peak strains, and time to peak.  Figure 7.1 plots the time 
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to peak improvement observed from the adaptive simulation for the 500 and 300 in/s pin 

conditions.  This quantifies the load rate effects for the development of strains within the 

composite laminates.  The full time history plots of these comparison can be found in 

Figure 5.3 and Figure 5.9. 

 

 

In physical testing, the slower speeds of both fastener and pin exhibit behavior that 

is not similar to their respective high speeds.  While loading rate effects are observed in 

the simulations, the general behavior of the FE results at load stroke rates is similar to 

the higher speed conditions.  The low speed simulations do compare well to the physical 

testing lower speed data.  This lack of lower speed correlation is considered a limitation 

Figure 7.1: Comparison of the time to peak for all stroke rates of the pin tests.   
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of the model.  Perhaps this is due to the model’s lack of ability to properly capture initial 

bearing damage [2] [4]. 

All fastener conditions showed less effect for applying the adaptive mesh.  This is 

most likely due to the geometry and clamp-up forces of the fastener preventing debris 

from accumulating between the laminates and loading, thus preventing laminate bending.  

This indicates that a debris approximation method, and therefore the adaptive mesh, is 

most effective when there is a connection with no clamp-up force or laminates are 

otherwise loosely connected.   

The comparison of peak loads is also improved with the adaptive mesh.    The 

greatest effect is on the higher speed pin conditions.  This can be observed in Figure 5.7 

and Figure 5.12.  The fastener conditions see only marginal improvement in loads from 

the adaptive mesh.  Most all simulation loads also have model limitation in having the FE 

load cell read higher peak loads and issues with matching damping of physical test load 

data.  These limitations are discussed in section 4.1.1.2.   

The effect of implementing the bulk modulus variable into the simulation debris 

particles was also sought out.  Physical testing of left over debris from the NASA HEDI 

project was run in this thesis effort.  A bulk modulus variable was exacted from the 

crushed composite and implemented into the Adaptive simulation.  Comparisons in Figure 

6. indicate that the bulk modulus variable has no significant effect on the debris particles 

and how they interact with other components in the current FE model.   
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 Future Work  

The overall effect of the adaptive mesh proved useful for high dynamic impact 

events of brittle structures.  Future work could expand on this for other applications.  

Composites in larger and more complex assemblies can be studied.  There are also a 

wide range of other applications where brittle structures would benefit from having debris 

modeled after initial element failure.  One application that this other is interested in is the 

use of adaptive mesh for bone failure in human body FE models. 

There are also a number of direct aspects from this thesis that can be improved 

and expanded upon.  The recommendations are as follows:  

1. Improve composite modeling methods to capture the initial loading and lack of 

damage of the laminates observed in physical testing.   

2. Remodel the FE test fixture assembly so loads more properly reach the 

modeled load cell and improve the damping characteristics of this new 

assembly.   

3. Improve the response of the models at lower stroke rates.   
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Pin – 300 

 

 

 

Figure 0.1: Individual strains recorded for on the front and back laminates for physical 
testing and both simulations of the 300 in/s pin scenario 

Figure 0.2: Front view kinematics comparison for the 300 in/s pin scenario across time 
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Pin – 100 

 

 

 

 

Figure 0.3: Individual strains recorded for on the front and back laminates for physical 
testing and both simulations of the 100 in/s pin scenario 

Figure 0.4: Front view kinematics comparison for the 100 in/s pin scenario across time 
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Fastener – 300 

 

 

 

 

Figure 0.5: Individual strains recorded for on the front and back laminates for physical 
testing and both simulations of the 300 in/s fastener scenario 

Figure 0.6: Front view kinematics comparison for the 300 in/s fastener scenario across 
time 
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Figure 0.7: Side view kinematics comparison for the 300 in/s fastener scenario across 
time 

Figure 0.8: Comparison of physical test image of damage to composites to final state of 
both simulations for the 300 in/s fastener scenario 
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Fastener – 100 

 

 

 

 

Figure 0.9: Individual strains recorded for on the front and back laminates for physical 
testing and both simulations of the 100 in/s fastener scenario 

Figure 0.10: Front view kinematics comparison for the 100 in/s fastener scenario across 
time 
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Figure 0.11: Side view kinematics comparison for the 100 in/s fastener scenario across 
time 

Figure 0.12: Comparison of physical test image of damage to composites to final state 
of both simulations for the 100 in/s fastener scenario 
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