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ABSTRACT

Analysisof a CarbonFiber ReinforcedPolymerImpactAttenuator for a Formula SAE

Vehicle Using Finite Elementialysis

John Thoma Rappolt

The Hashin failure criteria and damage evolutiondel for laminated fiber
reinforced polymers are explored. A series of tensile coupon finite element analyses are
run to characterize the variables in the physical model as well as modelinigjteshior
using an explicit dynamic solver for a quatatic problemAn attempt to validate the
model on an axial tube crush is presented. It was found that fiber buckling was not
occurring at the impactdube interface. Results and speculation as tg thie failure
initiation is incorrect are dtussed.Lessons learned from the tube crush are applied
successfully to the quastatic Formula SAE nosecone crush.tésie model is validated
by experimental datand the impact metrics between the test andahare within 5%

Future work and possible optimization techniques are discussed.

Keywords:FSAE, FEA, CFRP, Abagquspmposite, progressive damage
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CHAPTER 1

INTRODUCTION

The Cal Poly Formula SAE (FSAE) teanmas recently utilized a hybrid carbon fiber
monocoque chassis in place of the traditional tubular steel space frame. The design damsists o
front monocoque driver cell constructed of carbon fiber skins and a Nomex honeycomb core with
a tubular steel space frame attached to theofetlie carthat houses the power unit and drivetrain
components. The motivation behind this design changetavasduce weight in the chassis by
utilizing the high strengtbo-weight ratio of carbon fiber while emphasizittee safety of the
driver as the monocoque has much better penetration characteristics than its steel tube
counterpart. In keeping with the dgs philosophy, the impact attenuator and nosecone were
incorporated into a single part to provide a lightweight solution to absorbing frontal impact

energy.

FSAE rules T3.21 and T3.32] state the d&gn criteria for the frontal impact structure.

Below are the summarized design criteria:

A Must be at least 200 mm (7.8 in) long with length aligned with the fore/aft axis of the
vehicle

A Must be 100 mm (3.9 in) high and 200 mm (7.8 in) wide for at lel@stggh of 200 mm

(7.8 in)

Must be able to absorb a minimum of 7350 J

Must be able to stop a 300 kg (661 Ib) vehicle traveling at 7.0 m/s (23.0 ft/s)

Average deceleration may not exceed 20 gods

> > > >

Peak deceleration may not exceed 40 gb6és

Traditionally, the teamutilized a SAE pre-approved foam structure that whsused

inside of a nosecone fairing. The new design made the nosecone a structural member and



eliminated the foam impact structure. Carbon fiber reinfoqmagmer (CFRP) was chosen for

the material duéo its potential to absorb high amounts of energy from progressive failure modes
and high specific strength. Given the complex nature of analysis, the nosecone design was
validated by numerous gsi-static crush tests until a layup schedule met the ratj@rergy
absorption and deceleration requirements. This process was time consumingtéaisire and
expensive as extensive amounts of material were consulnetbre practical and financially
feasible solution would be to utilize computer aided enginge(CAE) tools to develop and

validate the design of the nosecone.

1.1. Literature Review
Composite materials have been in the automotive sector in the application of motorsport
for quite some time. In Formula 1, the first carbon fiber composite chassistvzaigiced in 1980
by the McLaren tearf2]. Though designers had concerns of the safety of composite chassis, the
advantages of CFRP chassis were realized in 1981 when driver John Watson violenttylasashe
McLaren at the I talian Grand Prix and wal ked

utilized extensively in Formula 1 and motorsport.

There have been numerous studies conduct ed
crash structures. Teams ifnoFormula 1 have conducted extensive research into CFRP impact
structures in order to produce high performing lightweight and safe chassis that meet the strict
impact requirements set forth by th&dér at i on I nternati oFAjIthe de | ¢
governing body for Formula 1 racing?] [3] [4]. These papers all exhibit the importance of
progressive failure in energy absorbing structures. They also show that the main failure modes for
composite structures are fiber and matrix fracture and a majority of the energy abssifption

brittle material failure.



Moving from professional racing appditons, Formula SAE teams have also
implemented composite impact structures onto their vehisle©bradovic etl. implemented a
composite frontal i mpact struct Thee utiliaed anPo |l yt e
analytical model based on weekergy of failure mechanisms, a finite element model, and
experimental testing to design and validate their impact attenuator. They were able to show good
agreement with their analysis methoagreimportarily achieving accuracy to within about 10%

between experimental quastatic crushing and finite element analysis.

Composite materials, especially carbon fiber, can be very well suited for impact
structures for increasing crash safety. In contrast to licetabactstructures that involvplastic
deformation, the high stiffness of carbon fiber does not allow that material to exceed its elastic
limit asillustrated below irFigure 1-1 and Figure 1-2. This serves to transmit the load from the
point of impact further into the structuf@]. Once the load in the local area of impact has
exceeded the absolute strength of the material, failure is initiatetharcomposite progressively
tears itself to pieces. The energy of the impact is absorbed via fracture mechanisms since there is
no yielding of the material he pr i mary energy absorption mech
and fracture of fibers, matrixdcture, fiber pull out from the matrix, and delamination of layers

in the structure.

0y

;"
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Figure 1-17 Energry absorption by metallic impact structure [2].
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Figure 1-27 Energy absorption of composite impact structure showing catastrophic and progressive
failure [2].

Composite crash structures have the pakett have higher energy absorption per unit
weight while reducing the noise and vibrations in the structar@pared to their metallic
counterpart§6]. They can be tailored very robustly by alteripgrameters such as fiber type,
matrix type, fiber architecture, structure geometry, manufacturing process, and fiber volume
fraction. Because of the large amount of design variables, high expense of physical and
experimental testing, and development ofatbed finite element codes, numerical methods are

an attractive choice for design validation and optimization of these structures.

Numerous methods have been developed in order to model the progressive damage of
CFRP structures. One of the more commordet® is the Hashin failure criterion described in
Chapter 2. This model defines failure criterion for four failure modes; fiber tension and
compression, and matrix tension and comprespipnAfter initiation, the stiffness matrix is
degraded according tofeacture energy methgd]. Other more recent models take into account
more complex failure modes. Pinho etaddvelgped a similar failure criterion to Hashin, except
the fiber and matrix compressivatiation takes int@ccountthe rotation of stress in the fracture
plane caused by fiber kinking[9] [10].This better predicts fiber kinking and transverse
compression failures. Additionally, this model also takes into account anlantarar shear
stress failure. While the accuracy of this model proved to be t&gbomplexity leads to more

material constants that need to be defined. In addition to the basic strength and stiffness values,

4



fracture toughness for intéaminar (longitudinal and transversahtralaminar, fiber tensileand
fiber kinkingas well aghe fracture angle for pure transverse compression are required. This leads

to additionaltestingto determine these values.

In addition todevelopment of finite element models for crash structures, numerous
optimization methods have been studi€tenutilized a robust genetic algorithm to optimize the
design of impact structur¢$l]. He found that although tlgeenetic algorithm could be appliéal
the impact structure optimization problem, theabdtty of the explicitfinite element FE) model
utilized made achieving a global optimum point very difficetbrsberg and Nilssoexplored the
optimization of automobile impact structures using classical response surface methodology
(CRSM) and Krigingheory to approximate the objective functi¢fg]. They found that Kging
theory converged more quickly than CRSM, but is heavily influenced by initial parameters and
may converge to a local ratherath a global optimumLanzi, Castelletti, and Anghileri
approached the optimization of the impact structure shape using a combination of Radial Basis
Functions (RBFs) and Genetic Algorithifis3]. They buit the response surface of the objective
function by assuming a bilinear load vs. deflection curve derived from FE analysis of a sample of
conical impact structure shapes and interpolating them to a wide range of geometries using RBFs.
Then, a Genetic Algrithm was used on the response surface to determine optimal geometries.
They found that this method was computationally less expensive than runfiiiig &lement
model FEM) for each design case. Additionally, they found that conical shaped impattistau
exhibit better specific energgbsorption in vertical and e#xis impact with weight savings of up

to 45% when compared with cylindrical impact structures.



1.2. Goals
The goal of this thesis was t@wklop a process to analyaeCFRP impact attenuator
using AbaqusCAE finite element analysis (FEA) software. This was dondirsy exploring the
Hashin damage model utilized by Abaqus. NextE damage model developed previougly]
was validatedby means of laboratory testinginally, the FE damage model was applied to the

geometry of the 2013 nosecone and compared to the gfasisicrush test.



CHAPTER 2

OVERVIEW OF THE MODELING PROC ESS

2.1. CFRP Designand Analysis

Carbon fiber reinforced polymdICFRP)is anextremely lightweight and strong fiber
reinforced polymer. The material can be made from chopped, short fibers or long continuous
fibers. This study will focus on the design of continuous C3;Rihce that was the material
utilized in the manufacture ofi¢ noseconélhere are many types of continuous CFRP, however
the most common are unidirectional and bidirectiokhh i di r ect i onabflo@FRPO& s
carbon fibers oriented in the same direction surrounded by a matrix of resin or other type of
polymer. Bidirectional CFRB sonsist of carbon fibers woven togethsmpically perpendicular
to one another, surrouadby a polymer matrixThis material is very strong when oriented in the
fiber direction However, becausef the directionality of the fibers,the material is considered

anisotropic and must be analyzed as such.

Fiber compositesgenerally fall under a category of anisotropic materials called
orthotropic material. An orthotropic material is one that has two or three planes of rotational
symmetry vith regards to its elastic properties. This reduces the number of independent elastic
constantgequired for analysis since the invariance of the elastic properties must be sHiti}fied

The elastic onstants of an orthotropic material can be expressadag form as shown in {2).

2E1111 E1122 E1133 0
éE1122 Ezzzz E2233 0
eE1133 E2233 E3333 0

O O 0 E2323
O O O O E1313 O

O O O O O ElZlﬂ

Eijkl =

o O O O
o O o o

(2-1)
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It is easier and more typical to write the elastic matrix in contracted notation as the
stiffness matrixC;. In indicial notation and matrix form respectively, the stress strain relationship

can be expressed in-@3 and (23), wherei,j =1,2,3,4,5,6

s.=Ce (2-2)
0 @ 0o o ogfal
?S%J 2(:11 C12 C13 ﬁ 11
15 I ec:lz sz Czs 0 0 0 l}l:aez%
154.Cu Ca Cu 0 0 Oler

Tt 4 é 0 0 0 C44 0 0 gl*gzgfl* (2-3)
1 T €0 0 0 0 oOu 1
1;‘ 10 0 o0 o %55 C pa
[l € eaglf‘glzg,/

For most structural applications, composites are loaded in the plane of the laminate. This
is called a plane stress loading condition and assumes af-pléne stress components asxo
[15]. The stresstrain relationships can then be expressed using the stiffness petrias

expressed below in {2).

se 0 € % A0
?51}" éxiu le 0 0 el’l‘
%S 2}" B 6 <12 22 0 i 829 (2-4)

(2-4) can be used for a single lamina. To obtain the ssteai relationship in the whole

laminate, the stiffness matrix must be integrated through the thickness of the composite. This is

shown in (25) below.
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kis the layer numbeN is the total number of layer8, is the transformed stiffness terandz

is the distance from the miglane The equations above are used by Abaqus in the definition of

lamina type materials to develop the material tensor.

2.2. Finite Element Analysis Theory
In order to more efficiently analyze composite parts, the finite elemenbohithutilized.
The basic theory behind the finite element method is to discretize a body into small parts or
elements and assume a displacement field within each elefifteen, by applying badary
conditions such as loads and known displacem#rgsinkown displacements can be solved for
by equation2-9) where{d} is the displacement for each degree of freedom for eachafdte
element[K] is the stiffness matrix for the system, gfdl is the force applied teach degreef

freedom foreach node.

{d} =[KI'{F) 29



As shown above, this method of solving for the nodal displacements requires the
inversion of the stiffness matrix. For smallspliacement, static problems, converging to a
solution is not very difficult using this methodor dynamic problems Abaqus CAE can handle

the problem using two different methods: implicit or explicit integration.

2.2.1. Implicit versus Explicit Integratiom Transient Dynamic FEA

Implicit integration is done by means of the Linear Acceleration Method or Newmark
beta method and is called Abaqus/Standard within Abaqus CAE. equation to solve for the
unknown displacements is shown below(#110), where[M] is the mass matriqC] is the
dampening matrix[K] is the stiffness matrix{d} is the nodal displacements} is the nodal
velocities,{} is the nodal accelerationsjs the current time step is the change in time fahe

time steppis 0.25 andbis 0.5[16].

%‘ Loy 2 e+ K1, = (F
b (t) bt 2

+[M]%{d + {cﬂin}+%-18gn}§
YDA R Tae (2-10)
A i 2 .

More simply,(2-10) can be rewritten a@-11) below.

[KK do.t ={Fe} (2-11)

This form of the implicit method closely resembles that of the general static FEA
solution. Essentially, the modifiedifitess matrix{0] must be inverted to determine the nodal
displacements at each time step. For small systems, this method is computationally efficient and
works well for analyses that have long durations. Additionally, it is unconditionally stable for all
ai; however i is only accurate for smaller time incremerithie implicit method becomes a

problem when systems become large as inverting the stiffness matrix becomes computationally

10



taxing and convergence to a solution is difficult. To solve this problem, an explagtation

method should be utilized.

Explicit integration is done by means of the Central Difference Method and is called
Abaqus/Explicit within Abaqus CAE. The equation to solve for the unknown dispiaatens
shown below in2-12). Note that the explicit method solves for the system state at the next time

step based on the current system state.

a1 1.0 _
?DT[MHEEC@%}—{Fn}-[K]{dn}
2
+——[M}d,
oyrMHe) (2-12)
a1 1

o
- (E%T)ZIM]- ﬁ[qu“}

The explicit method is cdlitionally stable and is dependent on small time increments;
however it is a more efficient solver for large dynamic systems as the stiffness matrix does not
need to be invertedherefore, for a lumped mass system (iM]. and[C] are diagonal), each
tem in {dn.1} can be explicitly solvedlt is best suited for impact or short duration dynamic
analysis It is because of this, Abaqus/Explicit was chosen adrttegration method for the FE

analysis.

2.3. Modeling Damageof Fiber Reinforced Composites in FEA
In order to simulate the progressive damage of composites, a damage model must be
defined in the material definition. Damage is characterized by the degradation of material
stiffness [8]. Abaqus handles the damage of fiber reinforced composites by specifying an
undamaged linear elastic response, followed by a damage initiation critemgbconcluded by a
damage evolution response. The undamaged portion of the model is hanthedibear elastic
definition of the material as described in Section 2.1. The damage initiation criterion is defined

based on the work of Hashin and Rotem.
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2.3.1. Damage Initiation

The onset of damage of a material point is determined by damage initiatesradvased
on Ha s h i n[8.sThet chiterionr tgkes into account four different damage initiation
mechanisms: fiber tension, fiber compression, matrix tension, and matripression. The

criterion are given below for fiber tensiq@-13) and compressiof(2-14) and matrix tension

(2-15) and compressio(®-16),

Fr=318 4 g85d )13
cX =+ cS =+ (219

o = 2

Fe=5118
f W+ (2-14)
¢Y'+ ¢S+ (19

Fc_é. vzoz_l_%Yc 62_£i+év202

"o T 8Ty e (216

whereX' is longitudinal tensile strengt)’ is longitudinal compressive strengil, is transverse
tensile strengthY® is transverse compressive sigéh, S is longitudinal shear strengtly is
transverse shear strengtl,is the coefficient for shear contribution to the tensile initiation

criterion, and, h, handtHuare the components of the equivalent stress vector.

The equvalent stress vector is computed from

{53 = [M ]{5 } (2-17)

where{(} is true stress andV] is the damage operator. The damage operator is defined as

12
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&1 d;) N
é 1 u

M]=g& O 0 |

(M] & @-d,) B (2-18)
é 1 u
¢ % % wa

where d;, dn, andds are internal damage variables that characterize fiber, matrix, and shear
damage.Prior to any damage initiationM] is equal to the identity matrix; thefore the
equivalent stresses are equal to the true stresses.danwgge is initiated and evolution has
occurred in at least one mode, the damage operator becomes significant in determining the

damage criteria for other modes.

It should be noted that Algus has two damage models incorporated into the software:
the Hashin and Rotem 1973 model and the Hashin 1980 model. The difference between the two
models is the 1980 model incorporates a shwarection in the fiber tension criteria. The way a
model isdetermined is through tHeécoefficient. By settingJto 0.0 andS' = Y/2 the 1973 model

is specified. By setting/to 1.0, the 1980 model is specified.

2.3.2. Damage Evolution
After damage is initiated, the damage evolution model controls the material response.
The response of the matdrpost damage follow§2-19) where [C4] is the damaged elasticity

matrix specified in(2-20) andD is specifiedoy (2-21).

{5 } = [Cd ]{9} (2-19)

e (-dy)E (1- d;)d- d ), E 0 g

- u
Cal=5dl- )0 Ak, (-0, )E, 0 4 e
g 0 0 (1- d.)GDy

D=1- 1-d)@- d )y14,, (2-21)
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The termg;, dy,and ds are damage state variables associated with fiber, matrix, and shear
damage respectivelyCq] is essentiallythe plane stress stiffness matri®][modified by the
damage state variables. As the damage in each direction increases, the materiahdd softe

accordingly thereby capturing the damaged response.

In order to determine the evolution of the damage variables for each mode, Abaqus uses a
modified stressstrain relation. First, a characteristic length is introduced into the formulation
changing tle constitutive law into a stressplacement relation. This alleviates problems
associated with mesh dependency during material softening. The damage variables evolve such
that the stresdisplacement behaves adilinear relationship ashown below inFigure 2-1 for
each of the four failure modes. The positive slope up to a displacenient ofpresents the
undamaged, linear elastic response of the material and the onset of damage initiation. The

negative slope represents the post damaged behavior

1.2 T T T

[ Linear Elastic
1 Post-Damage

0.8 b

0.6 b

Normalized Equivalent Stress (¢/c0)

021 b

0 0.5 1 15 2 25
Normalized Equivalent Displacment (5/50)

Figure 2-17 Equivalent stress versg equivalent displacement. Note that the figure above shows the
material completdy fails at twice the displacement of damage initiation. This is not always true for
all materials.
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The equivalent stress and displacement are detednbiypehe following egations for
fiber tension, fiber compression, matrix tension, and matrix compressi@re L° is the

characteristic length and tide Os the Macaulay operator defined®® | § s7c.

Ogé =L <eu>2 +ta g (2-22)

gt = (Suley)*+a ta,
eq Ogct]/ L (2-23
agg =L(- &) (2-24)

S fc _ <’ 511><' eu>

eq a:efc(;: / Lc (2-25
d:] = <322> 3122 (2-26)

gmt = <522><922> +1,,6,
eq d;m/ Lc (2-27)

q
dm LC\/< 22> + 9122 (2-28)
Sme — <’ 522><’ 922> +t12312
eq 0':;(:/ LC (2-29
The characteristic |l ength is based on the

for CFRP composites where shell elements are used, it is the characteristic length in the reference

surfa@ which is the square root of the area.

In addition to deterining equivalent stresses amlisplacementsa damage variable
needs to be determined. The damage variable for any mode is giy2i3@ywhere thef and0
superscript denotecomplete failure and damage initiation respectively. The relationship between

the damage variable and equivalent displacement is shown befogune 2-2.
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deq(alefq - dtgq) (2-30)

o
@

Damage Variable
Damage Variable
o
@

o
~
T

02r

i (s50) ized Equivalent Di

(8/50)

(@) (b)

Figure 2-27 Evolution of the damage variable with failure displacementi! A Hgf@and  #_,

(b).

Finally,] needs to be specified. Abaqus determines the equivalent failure displacement
using energy dissipated due to failure for each m@@®, as specified by the user. This
correspondsto the area under the equivalent stieggivalent displacement curve. This is

illustrated below irFigure 2-3 by triangle OAB Note this is the same as thieeaunder the stress

strain curve for each failure mode.

12
1 A 1t A
s s
2 3
£ )
@ L 2 L
§ os § oo
w »
] 5
S 06 T 06|
2 =
frij fri]
B oal & g oal &
[} [}
E E
2 2
02} 1 02}
oo B oo B ‘
o 05 1 15 2 25 o 05 1 15 2 25
i ivalent Di (5/50) i jvalent D (#/50)
(@) (b)

Figure 2-371 Definition of failure energy used to determineﬁ! 1 A typical fiber reinforced polymer
composite is shown in (a). The assumed CFRP stredisplacement curve is shown in (b).
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Given the brittle nature of carbon fiber composites, the stlieptacement response is
assumed to take the form illusted inFigure 2-3(b). Essentially, once failure is initiated in a
particular mode, the material cannot handle any loathat direction. To determin@®, (2-31)

was utilzed using the elastic modul&sand failure strength for thei™ mode.

¢ \2
G" = % (2-31)

Abaqus also gives the option of setting the maximum degradation variable (i.e. the
damage variableDna By settingDnax the user can specify when the element integration point
is considered completely damaged. For example, if the usér,seb a value of 0.85, then the
element integration point would be considesanpletely damaged when the material is 85%
damaged at thadoint. This can be used to ensure element deletion and is a parameter that can be
tuned to help the model match reality. Note thatDhg, variable sets the maximum value of the

damage parameter for all failure modes.

2.3.3. Element Removal

Abaqus has the optioof removing elements that have been completely damaged from
the visualization of the model. Note that these elements still exist within the model but can be
hidden from view(seeFigure2-4). By default, this is donkby way of he STATUS field variable.
In order for element removal to function, the user must specify the STATUS variable as a field
variable so Abaqus can track which elements are aclive.STATUS variable can hold two
values; either a 1 or a 0. By default, everlengent has a STATUS value of 1. In
Abagus/Standard, that value switches to 0 when all damage variables have @2agiedall
failure modesat all material points within the element. In Abaqus/Explicit, the STATUS is set to
0 when the damage variablesasiated with fiber failure (either tensile or compressive) reaches

Dnax for all section points at one integration point within the element. For example, for shell

17



elements the element is removed whan., is reached for fiber failure for all throughe

thickness section points at an integration point.

Figure 2-47 Example of deformed model with status variable not utilized in the visualizer.

While the STATUS field variable is the default status variabédsr element removal
in the Abaqus visualizer, other field variables can be utilized to remove elements from the
visualization. Any field variable such as stress (S), damage criteria (i.e. HSNFTCRT), and
damage variables (i.e. DAMAGEFT) can be used tivaie and deactivate elemeii8. For the
Hashin damage model, the STATUS field variable offers the best element removal scheme and

should be utilized for viewingesults

2.3.4. Damage Stabilization

Material models that include stiffness degradation and softening behavior often lead to
convergenceassues with implicit type solvel$]. This can be oveome by imposing a viscous
regularization scheme, causing the tangent stiffness matrix of the material to be positive for small

time increments. In this scheme, a viscous damage varighie defined by(2-32),

18



1
d,=-(d-d,) 232

whered is the viscosity coefficient representing the relaxation time of the viscous systahisand

the damage variable evaluated in the inviscid backbone riiddlhe damage rg®nse is given

in (2-19) wherethe damaged elasticity matripC4], is evaluated using viscous values of damage
variables for each failure mode. The viscosity parameter should be small compared to the
characteristic time incrementThe idea behind damage stabilization is that the solution of the
viscous system relaxes to that of the inviscid case as the ratio of time to the viscosity parameter

(t ) approaches infinity.

Damage stabilization can be used for Abaqus/Explicit as well. In the explicit solver, the
viscous regularization slows down the rate of increase of damage and leads to increased fracture
energy with increasing deformation rat@his can be used as a method of modeling rate

dependent material behavior.

2.4. QuastStatic Considerations with Explicit Dynamic FEA

The problems that amttemptedo be modeled herein are classified as gatgic. These
problems involve large deformatiomé usually involve complex contact conditions. While the
tension tests in the following section do not involve contact, the tube crushing and nosecone
models do. Thus, because of these conditions it is more computationally efficient to use the
explicit solver even though it solves for dynamic equilibrium (rather than static equilibrium with
implicit). However, because explicit dynamics solves for dynamic equilibrium where inertial
forces play a dominant role, special considerations must be made when gapelsistatic

problems.

If a quasistatic problem were to be modeled in its natural time period, an excessive
amount of time increments would be required for the solution thus making it computationally
impractical. Therefore, it is necessary to artifigiahcreasehe speed of the process to obtain an
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practicalsolution. This is typically done in two ways: load rate scaling and mass scaling. Both of
these techniques reduce the number of time increments thus reducing the time it takes to reach a

solution.

2.4.1. Load Rate Scaling

By increasing the rate at which loads are applied to the structure, the overall time period
of the step is decreased, thus decreasing the total computation time. The dominant response of the
structure during a quastatic analysis wilbe the first structural model7]. To determine the
impact velocity, first thdundamentalfrequency of the structure needs to be determined. From
that, the corresponding time period) (can be determid. Finally, by estimating the global

impact deflection@), the impact velocity can be determined by ug§3).

V=DIT (2-33)
Note tha Abaqus recommends that the impact velocity shoulceroeed 1% of the wave speed

of the material.

When artificially increasing the loading rate, localized effects can alter the results of the
model. One such effect is a steep initial slope in the l@adus displacement curve. This is
caused by inertial effects causing rsiructural resistance to initial deformation. Care must be
taken when increasing load rates to ensure that the response of the system is truly structural and

that dynamic effects aminimal.

2.4.2. Mass Scaling

Increasing the load rate on a model will artificially increase the strain rates of the material
by the same factor. This may be undesirable (e.g. if material is-sdtairdependent) and the
model may need to be analyzed in its ratdime period. This can be accomplishi®d mass

scaling.
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An estimate of the stability limit in an explicit dynamics procedure can by expressed as

(2-34) whereL® is the smallest characteristic element length @rid the dilatdon wave speed

[17].

[I:L_

d

Qo

|-OD0O

(2-39)

O

For simplicity, the dilatation wave speed in a linear elastic materialavithP o i s s on 6 s

equal to zero is given §37].

“ V7 (235

As shown, if the density is increased by adadif f°, then the dilatation wave speed is
decreased by a factor bfThis in turn increases the stable time step by a factorTdferdore, it
can be concluded that a factorfoincrease in density will result in a factorfahcrease in stable
time increment. This reduces the number of time increments required for the solution and thus

makes the model more economical.

2.4.3. SmoothStepLoad Application

In order to reduce stiffening from inertial effects atickss wave propagation, loads must
be appliedgradually. By default, Abaqus/Explicit applies loads instantaneouslyremdins
constant throughout the step. Velocity boundary conditions behave in the same way. To alleviate
this problem, a Smooth Step amplitude curve can be defined in Abaqus. Htes @adifth order
polynomial transition between two amplitude values such that the first and second time
derivatives are zero at the beginning and end of the tranglffpnThe amplitude values act a
scaling factor applied to the boundary conditions it is assigneBidgare 2-5 and Figure 2-6

below illustrates how the Smooth Step amplitude curve works.
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Figure 2-57 Smooth step amplitude curves for (a) one defined amplitude point and (b) multiple
defined amplitude points[17].
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Figure 2-6 7 Impact displacement curves with various single amplitude point Smooth Step curves
applied to impact velocity boundary conditiong[17].
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2.4.4. Energy Balance

In order to evaluate whether or not the modeyiedding an appropriate quasiatic
response, an energy balance equation can be utilized. At its core, a physical testsmticidsi
the work from the external forces equals the internal energy of the specimen. Therefore, the
kinetic energy of the eformable material should not exceed a small percerghgs internal
energy throughout the procedure. Abaqus suggests that a small percentage typically means 1%
5% [17]. An ideal quasstatic energycurve is shown below ifrigure 2-7. Usually, it is not
possible to achieve static energy balance early in the analysis since the deformable body will be
moving bebre any significant deformation, but this can be somewhat alleMmteising Smooth
Step amplitude curves as discussed above. Additionally, the kinetic energies of rigid bodies

should not be considered in the energy balance.

12
10 -
8 .
5 6
(]
c 4 |
w — |nternal Energy
2 - Kinetic Energy
0
_2 T T T T T
0 0.2 0.4 0.6 0.8 1 1.2

Time

Figure 2-7 1 Ideal quaststatic energy curve, vith external work equal to internal energy and kinetic
energyequal to zero.
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CHAPTER 3

PRACTICAL EVALUATION OF THE HASHIN DAMAGE MODEL IN ABAQUS CAE

A series of simple experiments were performed within Abaqus in order to evaluate the
effects of the parameters wiiththe Hashin damage model. The knowledge taken fronsthdy
would help in tuning the model to better match the physical results mbsncomplex geometry

is considered. In all, 6 different tension tests were performed in this study.

3.1. Model Setup
A guater-symmetric tensile coupon model was develbm Abaqus CAE. The boundary
conditions are shown below Figure3-1 and were chosen to replicate the conditions experienced
in a uniaxial tensile tesfThe left edgeconstrains dislacement in the 2irection and rotation
about the 1 and 8xes. The bottom edgmnstrains displacement in theditection and rotation

about the2 and 3axes. The final boundary condition represents the applied load on the specimen.

3 Length Symmetry:
U1=UR2=UR3=0

Figure 3-17 Quarter symmetry tensile coupon with boundary conditions showi1§].
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The load was applied by means of a reference point specified above the top edge of the
specimen. Then, a kinematic coupliognstrain was defined between the reference point and the
nodes on the top edge of the tensile coupon. By doing this, the degrees of freedom of the top edge
are tied to those of the reference point. A displacement laoyiedndition was then applied to

the reference poinof velocity for thedynamicexplicit models).

Table3-1 andTable3-2 belowoutlinethe material properties and dimensions used in the
modelsrespetively. These values were taken from a similar study performed at The Ohio State

University[19].

Table 3-11 Material properties for CFRP used in tensileFEA experiments.

Property Units Value
Density | tonne/mm?® 0.01
E1l MPa 123520

E2 MPa 6516
'*% A MH - 0.321
w G12 MPa 2494
G13 MPa 2494

G23 MPa 2300

c X MPa 1429
% X MPa 530
- K MPa 41
o |Y MPa 145
g S MPa 83.4
8 |s MPa 83.4
h -- 0

v S G' mJmm? 12.5
E 5 |G mJmm? 12.5
z u% G mJmm? 1
G° mJmm? 1
vs | - 0.001
g - - 0.001
S5 | - 0.005
N[ -- 0.005




Table 3-21 Dimensions of tensile specimen used in FEA experiments.

Property | Units Value

Length | mm 69

Width mm 12.54

toly mm 0.24

Layp | -- [Og]*
*initial

3.2. Implicit vs. Explicit 0 Degree Tensile Test

The first test performed was a zero degree tensiletdesvaluate the Hashin damage
model using both an implicit and explicit solver. The element size was altered from a 5 mm seed
size toa 0.5 mm seed size. This was to investigate solution convergence and mesh size
dependency for the Hashin damage model. The reaction force was tracked for the reference point
as well as the displacemehRigure3-2 shows the resudtfrom the Abaqus/Standard solvEigure

3-3 shows the results from the Abaqus/Explicit, &iglire3-4 compares the two solutions.
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Figure 3-27 Abaqus/Standard results for CFRP tensile specimen using various mesh sizes.
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Figure 3-37 Abaqus/Explicit results for CFRP tensile specimen using various mesh sizes
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Both the implicit and explicit solvers captutiee basic behavior of CFRP damage. The
material exhibits linear elastic behavior up until failure. When the failure load is reached, all of
the material stiffness is lost and the load drops to essentially zero. The solutions, however, do
show some mesh gendency. As shown iRigure3-2, the mesh is very important for the implicit
solution. A coarse mesh of 5 mm seeds did not produce realistic results. When the mesh seed size
was decreased by half, however, the solution became maasonable. For the explicit solver, the

solution showed very little mesh dependency, as shoWwigimre 3-3.

It should be noted that the explicit solver is a dynamic solver. This is why the load
exhibits some fluctuations dug the linear elastic phase. This is due to the stress wave that is
propagating through the materi#tlshould also be noted that the 0.5 mm mesh size implicit run

fi e r r-aou ted reaching¢he elastic limit.

Figure 3-4 below shows the mesh dependency results from the tests mentioned labove.
can be concluded from these results that a mesh seed size opfomdes a converged solution
without introducing an excessive amount of degrees of freeddditionally, thereis essatially
no difference between the implicit and explicit solvers for this problem. Thus, this reaffirms the

choice for using an explicit solvandwill be further explored.
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Figure 3-47 Mesh size dependencyesults for Hashin damage model using a fptensile speciemen.

3.3. Mass Scaling and Smooth Step Amplitude Curve Application
As mentioned above, in order to speed up the computation a fixed mass scaling was
applied to the model in the form of scaling the signby a factorf. A series of Abaqus models

were run using various values fofanging from10°® to 10'2 Figure 3-5 below shows the results

from the test.

Force (N)

Figure 3-57 Load versus displacement plot for 0 degree tensile specimen using various mass scaling
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Examining theFigure3-5 above, it is clear that tH0® and10° mass scaling factors
produce valid results. THE™ factor seems close, bubrations on the linear elastic portion
produce undesirable results. Before coming to a conclusion as to what mass scaling factor should

be utilized, it should be noted that it is most desirable to use the highest mass scaling factor as

possible, as thigeduces the solution time by a factor £ Figure3-6 below shows the time to

solution for the four mass scaling factors presented alifae 10™ factor were to be used over

the 10° factor, Abaqus arrives at the solutioearly ten times faster.

10000
Q\Ei?l
1000

m
8 355
(O]
£ 100
|_
S 37
o

10

\ .
1 T T T T

1.E+04 1.E+06 1.E+08 1.E+10 1.E+12 1.E+14
Mass Scaling Factor

Figure 3-61 Time to solution for various mass scaling factors.

There are measures that can be implemented to mitigate the vibrations caused by the
stress wave and utilize the highmass scaling factor. They will be discussed later in the section.
First, it needs to be determined if thé"> mass scaling factor is acceptable. For this, an energy
balance needs to be considered. Essentially, the kinetic energy of the system neealsé¢oyb
small fraction of the internal energyigure3-7 below shows the energy balance of 108’ mass
scaling factor run. Note thétte kinetic energy is essentially zero up until failure. At faijuleere
are two separateolies of the undergoing deformation or displacements. Since there is no

material to resist motion, the body essentially experiences rigid body motion. This is why the
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kinetic energy spikes at failur&omeinternal energyis present after failure possibljue to
remnants of the degraded stiffness matrix continuing to resist some motion. It is unclear why this
is the caseand may be a topic for future work. However, since the kinetic energy is small up until

failure, the mass scaling factor 18" is accepaible and will be utilized for subsequent studies.

—o—Kinetic Energy

—O— Internal Energy

Energy (J)
(6]
o
o
o

LK R R R e

Figure 3-71 Kinetic energy versus internal energy for O degree tensile specimen using a mass scaling
factor of 10'°.

After a mass scaling value 6= 10'° was determined, a smooth step amplitude curve
was appliedo the velocity boundary conditidn an effort to get rid ofhe vibrations caused by
the stress wave due to the immediate application of load on the specimen. Various step times
were used to detaine an appropriate value. Note that the total time of the job was 100 seconds.

Figure3-8 below outlines the results of the study.
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Figure 3-81 Load versus displacement for O dgree tensile specimen utilizing different smooth step
amplitude times.

By using astep time of 10 seconds for the®oth step amplitudehe vibrations caused
by the stress wave were completely mitigated. This demonstrates that using the smooth step
amplitude to slowly apply load to a structwith very high mass scaling factors can be utilized

and thus a morpracticalsolution can be obtained.

3.4. Fracture Energy
Next, the effects of fracture energy within the Hashin damage model were investigated.
The fradure energy @is defined as the area under the equivalent stress versus equivalent
displacement curve as showreviouslyin section 2.3.2Damage EvolutionThis is essentially
the area under the strestsain curve. The fracture enerfyr fiber failure was varied from 1
mJ/mnf to 1000mJ/mnf by factors of terin the zero degree tensile specim€he matrix failure

fracture energy was held constant and/mnf. The results of the study are showalow in

Figure3-9.
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Figure 3-97 Load versus displacement for O degree tensile specimen utilizing different fiber fracture
energies.

As shown above, thdracture energy affects th&ilure response of the material
significantly. The response between thew/mnf and 10mJ/mnf trials are nearly identical, with
the later trial building up slightly more load than themer. Whenthe fracture energy was set to
100 mJmn¥ (or ten times that of the baseline value) the respansaghificantly different. The
load builds up to a maximum value of 25 kN and then catastrophically\Wdilen the fracture
energy was set to 1000J/mnd, the response did not reflect the response of a zero degree tensile
specimenTheload maximizes at walue of approximately 25 kN andpers off relatively slowly
at first Then, the load dramatically decreases to a value of approximately 1000 N and slowly
decreases as the specimen continues to be pulledodihged peak load and naero force after

failure isundesirable and @snot represent the response of a zero degree tensile specimen.

From this study, it can be concluded thatftaeture energy does ¥ma significant effect
on the failure response of the material. It appears that toofitted t ur e ener gy doesn

response significantly, however too much fracture energy gives undesirable results.
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3.5. Maximum Degradation
Next, the maximum degradation value was altered to see the effects of it within the
Hashindamage modelThe maximundegradation value was set to values of 1, 0.8, 0.6, 0.4 and
0.2. Note that the default value for the maximum degradation variableFiguke 3-10 below

shows the results from the study.
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Figure 3-107 Force versus deflection curve for O degree tensile specimen with varying maximum
degradation values.

As shown above, there are m@jor changes to the response of the material. With.a D
value of 0.2, the onset of failueppearsd beslightly less sudden compared to the other values.
Additionally, the damaged portion of the force deflection curve is slightly different for each value
Of Diax. Note that théD.x = 0.6 andD. = 0.4 curves are almost identical. Interestingly, all of
the curves reach zero load at the sanspldcement of approximately 0.7&&m. Figure 3-11
below shows a detaitiview of the damage regioAs shown below, th®,,. variable affects the
degraded stiffness of the part. The higtiervalue of theD,,,« variable, the more the stiffness is

degraded
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Figure 3-1171 Detailed view of damaged portion of load versus displacement response of 0 degree
tensile specimen.

While the material rgmnse is relatively unchanged for varying valuesDgf, the
visualization of the damaged specimens are quite diffeféigure 3-12 below shows the
damaged tensile specimen at the onset of danfegshown, as th®,, value isreduced, the
number of elements that are removed from the visualizer increases. This is becabDgg the
variable affects the STATUS variable. When the degradation vaiialale elementeaches the
value of D,y the STATLS variable switches from 1 to This deactivates the element and

removes ifrom the visualizer.
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Figure 3-121 Deformed shaped of 0 degree tensile specimen Oy, value of (a) 1, (b) 0.8, (c) 0.6, (d
0.4, and (e) 0.2.

While it is clear that the value @f..x changes the visualization of part, it is still unclear
whether it changes the material response significantly. The tensile test provides a rapid onset of
damageo the fiber composite, meaning neaall of the elements at the failure location will fail
at the same time. A different test, such as a three point bend test, may be a better option for

evaluating the effects of tH&,, variable.
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CHAPTER 4

AXIAL TUBE CRUSH TES TING AND FEA

After investigating tk parameters within the Hashin damage model in Abaguisus
tube specimens wererushed inthe lab in order to validate the model and method developed by
an earlier thesig14]. A tube constructed otarbon fiber was sectioned and tested and the

physical results were compared with the FEA results

4.1. Axial Tube Crush Testing
A CFRP tube was procured and consisted of two layers of T368IR8oth andl4
layers of M55J/RSBC unidirectional tapeTable 4-1 below outlines the tube construction. The
tubewassectioned into 3 inch lengths aadb1 degree bevel was incorporated into the leading

edge of the tube.

Table 4-11 CFRP tube spedications.

Property Units Value
Length in 3
Inner Diameter | in 1
toy T300 in 0.06
toy M55 in 0.004
Layup -- [454014/45]

A test fixture was constructed to support the tube during the axial crush. The fixture was
a weldment consisting of a griplt, base, support ring, and shim to allow for future testing of

different sized tube$zigure4-1 below shows a CAD drawing of the fixture used for testing.

37



Figure 4-17 CAD drawing of tube crush test fixture.

The testfixture was loaded intdahe bottom grip of thdnstron test machine and was
adjusted until it was level. Next, a tubv@as loaded into the fixture with the bevel end facing up.
Finally, the impactor plate was loadado the top grip of the Instron and adjusted until it sat
level. The tube and fixture were then raised until the top of the tube was just below the impactor
plate. The Instron was then progmaed to crush the tube using displacement control at a rate of

0.001 in/s Figure4-2 andFigure4-3 below showthe results of the test.
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Figure 4-271 Post crush of specimen (a) 1A, (b) 2Aal (c) 3A. (d) Typical debris after a crush test.
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Figure 4-37 Load versus displacement data from tube axial crush tests
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All of the tubes exhibit essentially the same behavior. Each tube builds up filaitl un
peaks at an ultimate failure point. Then the load drops and a steady crush ensues. While it is
useful to analyze the force versus displacement plot, it is more convenient to analyze the
performance in terms of specific crushing stress (3C$) SCS is determined usirig-1) below
where P is the applied loadA is the cross sectional area, and s t he speci menods

Essentially, it is the compressive stress dividgdhe density.

SCS= P
Ar (4-1)

Another metric to evaluate impact absorbing devices is specific energy absorption (SEA).

This is determined using@-2) below.

Pmean
SEA=SCS,,= A @2)
Finally, the crush load efficiency (CLE) is definesing(4-3) below.
CLE = P ean _ Poean/ TA _  SEA 4-3)

peak I:)peak/ fA SC%eak

Using the metrics defined above, the SCS versus displacement plot is shown below in

Figure4-4. Additionally, the key performance parameters are outlindéile4-2 below.
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Figure 4-47 Specific crushing stress versus displacement for axial crush test of CFRP tubes.

Table 4-21 Crush performance characteristics of CFRP tubes.

Specimen| SCS Peglm/g] | SEA [J/g]| CLE [%)]

la 88.34 54.37 61.55%
2a 89.19 54.25 60.82%
3a 79.59 54.28 68.20%
Average 85.71 54.30 63.52%

The values above were used as the target for the following finite elemeygisanahe
goal was to reasonably replicate the physical test using the built in Hashin Damage model for

fiber reinforced composites.

4.2. FEA Model Development
The finite element model was constructed in Abagsisan explicit dynamic nonlinear
analysis. The miel was based on the two layer tube model developed by Robgrt$his was
done to try and capture the two fronds that developed during theFmsiease of model
definition, the USCustomaryunit system was used-he model started by extruding two circles of

diameterl1.0333in and 1.1549n representing t midplane of half of the layupThe tube was
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placedunder aigid impactor plate. Thease of the tubeas constrained in ahree translatiola

degrees of freedonand the rotational degrees of freedom about the transverse @&hkes

longitudinal axis rotational degree of freedom was released. This was done to emulate the
boundary conditions of the test fixturéhe impactor was allowed to movetinhe t ubeds ax

direction, but was constrained in all other degrees of freedom.

Next, the material properties were defined. As mentioned above, the tubes were
constructed with T300/R3C cloth and M55J/RSC unidirectional tapeThe actual material
properties cannot be listed since they are proprietary to the manufadtabdesTable 4-3 and
Table4-4 below outlinetypical material propertiesf M55J/RS3C and T300/RSC respectively

[19.
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Table 4-371 Material properties for M55J/RS-3C unidirectional tape CFRP.

Property Units Value
Density | Lbf*s/in* | 1.501E04
E1l Msi 46.2
o E2 Msi 0.82
'§ A M H -- 0.33
m G12 Msi 0.13
G13 Msi 0.13
G23 Msi 0.13
- Xt ksi 290
% Xc ksi 129
= Yt ksi 4
é Yc ksi 14.9
g Sl ksi 10.9
S |st ksi 10.9
h - 0
@ 5 Glt Ibf/in 2.26E+06
= g | Glc Ibf/in 6.392E+05
8 L% Gtt Ibf/in 1.611E+05
Gtc Ibf/in 2.706E+06
oo | td |- N/A
gg "t 0 |- N/A
g g Cad |- N/A
n |'"Gio0 |- N/A
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Table 4-41 Material properties used of T300/RS3C cloth CFRP.

Property Units Value
Density | Lbf*s¥/in* 1.449E4
E1l Msi 9.7
E2 Msi 9.7
%—é A MH -- 0.05
m G12 Msi 0.70
G13 Msi 0.70
G23 Msi 0.70
- Xt ksi 121
% Xc Ksi 118
E= Yt ksi 121
é Yc ksi 118
g Sl ksi 11
S |st ksi 11
h - 0
o c |Gl Ibf/in 2.26E+06
g g |Gl Ibf/in 6.392E+05
8 L% Gt Ibf/in 2.26/E+06
Gtc Ibf/in 6.392E+05
oo | td |- N/A
gg "t 0 |- N/A
g g Cad |- N/A
n |'"Gio0 |- N/A

Four composite sections were then defined: inner trigger, outer trigger, inner tube, outer
tube. The layups used for each are defined balovable4-5. Each layer had only one section
point reduced from three to reduce the computational cost of the affia}siBhe material
orientation was based on a discrigd definition. The surface of the tubeas selected for the
normal axis definition. Now, the 3 axis or enftplane axis of the composite material will always
be normal to the surface of the tube. Then the primary axis was defined as a vector that was
par all el to t he ,indhiseades<0,0,lThigwounldisdtithe default arientasion

oft he fibers in the tubeds axi al direction.
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Table 4-571 Layup definitions for various sections of the tube

Inner Trigger | [45/04]
Outer Trigger| [02/45(]
Inner Tube | [45/07]
Outer Tube | [04/45(]

Next the parts were meshed. The tubes were partitioned into three sections: trigger, upper
tube, and main tube. The triggeas sectioned as the t042 inof the tube andrgled 51
degrees inward to represehé beveled edge on the physical tUkigure4-5 shows the cross
section of the mesh at the trigger. This is a similar methodHuatg and Wanf0] used to
model the trigger on their tub&he upper tube incorporated the n@xt20in of the tube and the
main tube was the remaining section of the tube. The outer and inner tubes had the same

partitioning scheme.

Figure 4-571 Trigger portion of two layer tube FEM.
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The tubes were seeded WtlD60 inglobal seed size. This would matke elements
approximately 0.060 ir 0.060 inin size. The trigger and upper tipartition were set to have
fully integrated linear quadrilateral (S4) elements while the main tube was set to have reduced
integrated linear quadrilateral (S4R) elemefitsis was done to reduce the computational cost of
the analysis. The S4R elementsl laapure stiffness based hourglass control to prevent
hourglassing8] with all scaling factors set to a value ofAll. elements had a maximum
degradation defined as 0.9his would guarantee that elements would be deleted once
significantly damagedAll sections were set for element deletibmall, the mesh had 5824

nodes, 448 S4, and 5264 S4R elemdfitaire4-6 below shows the mesh with theaf# removed

Figure 4-67 Overview of two layer tube FEM with plate instance removed. Turquoise section
represents fully integratedelements;grey section represents reduced integration elements.

Once assmbled, the general contact algorithm was defined. The general contact
algorithm allows the user to define contact for many or all regions of a model with a single
interaction. It uses a single contact domain rather than contact pairs and is robusidibitygpel

analyses. A global contact interaction property was defined to control the behavior of the contact.
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A tangential friction behavior was defined usinigtionless friction formulationFinally, a

fihar do c¢ o ndverxaosure wasespedfiad: e

An impact contact definition was made for the interaction between the impactor and the
tubes. This used a penalty tangentialtfon formulation with a coefficient of . A damping
coefficient of 0.2 was applied in an effort to smooth out therespbrisen al | y, a fhar do
pressureoverclosure was defined that allowed separation after cofitastmust be done when

using contact dampening.

4.3. Modeling Issues Encountered
Early on, the most encountered error was excessive element distortions armdi@ngot
For excessive distortions, essentially the element has become so distorted that its area or volume
has become mathematically negative. Similarly, excessive rotations occur when the incremental
rotation of a given node exceeds a limit defined by dqMsa These errors can onset suddenly
when the analysis seems to be running fine. Usually, it can be traced back to a contact related
problem, however in the case of this analysisyasfound to be related to an issue with offset

elements.

In composite FR it is often convenient to define geometry that is not at thepiaide of
the material. For example, the analyst might choose to use the tool surface as the definition of the
geometry and define the layups from that surface. This causes the nodabpbewdfset from
the midplane of theelement. By having that offsétere an error is introduced on the order of
the offset distance squared. While this is fine for small displacement analyses, an analysis such as
this deals witrextremelylarge deformabns This introduces a significant amount of erasrit is

integrated over each time step.

The original tube model used the tool surface as the reference surface. This was corrected

such that the nodal plane coincided with the midplane of the tube.ughhthe geometry did not
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perfectly match that of the test article, the approximation was close enough to give credible

results. Additionally, errors related ¢éxcessive distortions and rotations were eliminated.

Long run times were also encountered early . I n order to mitigate
automatico mass scaling was introduced. Rat he
density of the material, Abaqus checks the stable time increment of each element at set
incrementq17]. If the stable time increment is less than the target time increment, the mass of
t hat particular el ement is scaled appropriatel
of the model as severely. Additica | | vy , el ements that are severe

stable time increment of the model such that run times become unreasonable.

4.4. Finite Element Model Resultand Discussion
The finite element model was run on the Cal Poly Mechanical Engineeringr sesing
Abaqus v12. The server uses two Intel Xenon 2.80 GHz processors with 16 GB of RAM
operating in Windows Server 2008 R2 (64 bithe model utilized parallelization such that it was
solved in two domains. Additionally, full nodal precision wasduge increase accuracyhe

model took approximatel§ hours to run.

The first check done was to make sure the ratio of kinetic energy to internal energy
remained low As stated in Section 2.4.4, a maximum ratio of a4t is deemed to be
acceptable. Ashown inFigure4-7, the internal energy is significantly greater than kimetic
energy. In fact, kinetic energy at tlead of the time step was only4%. Because of this, the

solution is deemed to be a quatitic response.
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Figure 4-7 7 Internal and kinetic energy for the entire tube crush model through the analyzed time
period.

Next, a force ersus displacement plot s generated and compared to thfathe test

subjectsFigure4-8 below shows the response curves.
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Figure 4-871 Force versusdisplacement for test subject and FE analysis.

First, it is apparent that the trigger response of the FE medelich more sporadic than

the test subject.ooking at the deformed shapé the initial part of the crushrigure 4-9), it is
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apparent that the sidewall is starting to bucKlas is why there is such a large build up in load,
followed by a sudden drop. The tube is being loaded untilogalized buckling occurs and is

not experiencing localized buckling at the plate interface.

U, Magnitude
+8.40%e-02
+7.708e-02
+7.008e-0z
+6.307e-02
+5.606e-02
+4.905e-0z
+4.205e-02
+3.504e-02
+2.803e-02
+2.102e-0z
+1.402e-02
+7.008e-03
+0.000e+00

Figure 4-97 Deformed tube shape with displacement agnitude contour at the initiation of crushing
load.

Many different methods were investigated to see if this problem could be mitigated. The
max degradation was decreased in order to del e
However this produed an even more enhanced effect as the trigger was fully damaged very
quickly allowing theplate to reinitiate contact with the tube at fleed. This caused the tube to

buckle over and over again as evidahog the sharp peaks Figure4-10.
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Figure 4-107 Tube crush with trigger Dy = 0.5, 0.2 in post trigger set t®,,x =0.85. Run terminated
early due to undesirable results.

Next, the bulk viscosity was changed to 0.5 accogli t h e Ro hldlrThedpsak mo d e |
trigger load actually increased over the original run, followed by an oscillating force in the stable
crush zone. It is apparent that the bulk viscoditynotallow the tube wall to kink or buckle as
muchasin the previous runs allowing the load to be transferred better. However sgomse

still doesndédt represent what happened during t
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Figure 4-1171 Load vs. displacement for run with bulk viscosity set to 0.5.
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The last attempt to try to improve the response was to reduce the trigger initiation
strength by 50% to simulate any defects caused by manufacturing the triggee4-12 below
shows the response. The initial spike decreased by about half over the original run, as expected.
However, post initiation ran into the same problems with the tube experiencing buckling away

from the plate interface.
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Figure 4-1271 Load vs. displacement for run with 50% knockdown of damagénitiation strength on
trigger.

Figure4-13 below shows the deformed plots for each Wihruns exhibit tube sidewall
kinking except for(b) (modifiedDnax run), however it should be noted that this plot was taken at
a point in time post buckling. It iapparentt h a t t hi s mo deapturing whatdig prec

physicallyhappeningluring the test
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Figure 4-137 Deformed plot of (a) original run, (b) modified Day run, (c) modified bulk viscosity
run, and (d) damage initiation strength knockdown run.

Looking at the main differencb et ween t hi s mo dalthe layjppdis Ro b er
highly aligned. This means that the hoop stiffness is largely dominated by the onétaimsverse
properties The transverse responses of the materials were not very well known because no lab
data was available to characterize the danmigjiation strengths as well as the fracture energies.
In order to achieve a more accurate response, tensile and compression tests would need to be
performed on a 90 degree laminate to obtain these values which, unfortunately, are beyond the

scope of thigpaper. This is discussed further in Chapter 6.

Additionally, upon closer inspection dfigure 4-2, there is evidence of significant
delamination occurring. Layers of unidirectional plies can be seen on the damaged frays of the

tube. Since this model does not account for delamination, this failure mode would not show up in
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the analysis. A more detailed model might be required, such as one that uses solid continuum

shell and cohesive elements to represent each ply and interlaniiardspectively.

Despite being unable to achieve an accurate tube model, the lessons learned from this
study for explicit, quasstatic analyses were taken and applied to the 2013 test nosecone. Seeing
as the nosecone has more varied fiber orientationgandi mor e t hr ee di mensi oneée

thought was that results would be more achievable than the tube. This is discussed in Chapter 5.
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CHAPTER 5

NOSECONE QUASI-STATIC CRUSH MODEL

The lessons learned from the tube crushing model were applied to thestatiasrush
model of the 2013 test nosecan€his chapter outlines the physical testing that took place, the

finite element model development, and the results from the analysis.

5.1. QuastStatic Crush Testing of 2013 Nosecone
A quasistatic crush test was performaat the Cal Poly Civ Engineering Test
Laboratory.Figure5-1 below shows a schematic of the nosecéneepresentative nosecone was
constucted from unidirectional CFRP. The layup consisted of 0 degree and 90 degresiplies
C30/AF254 CFRPMany layup were trialed during the testing period an effort to meet the
requirements put forward by SAE for the FSAE Collegiate Design Sérasde 5-1 below

outlines thdinal ply layup schedule for the nosee.

Figure 5-17 Schematic of the 2013 Nosecon®imensions shown are in millimeters.
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