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ABSTRACT

Material nonlineaty and progressive ply failure are important
considerations in the finite elemenbdelingof thick section composite structures.
Ply-level anisotropic nonlinearity and phased failure criteria require plgvel
stresses and strains, but discretely ningendividual plies in a large scale, thick
section composite structure with hundreds of pest computationally feasihleA
method was developdt-4] to model the material nonlinearity and progressive ply
failure of composite laminates using fmielement software withoaeiplicitly
simulating individual plies In this method, the multiple plies of a laminate are treated
as a homogenous, or smeared, material with equivalent material propertiésvePly
material nonlinearity and progressivddee analysis are incorporated by
dehomogenizing, or unsmearing, the laminate. The LAMPATNL prograygrated
this methodnto a finite element environmefd]. Improvements to this prograane
documented and discussed in this wottso, the LAMPATNL user materiais
validated againdtoth the linear and nonlinear material point models.

In this work, a standardized process for designing composite structures
with the LAMPATNL user material is developed. The design methodology uses
newly formulated oytut parameters, stiffness ratios, to analyze the nonlinear response
and progressive failure of the composite structure. These new parameters greatly
improve the visualization of critical design information of the structure. An example
comparing the origial outputs of LAMPATNL to the new outputs is provided to

illustrate the contributions of the stiffness ratio parameters. Two case studies, an open

Xii



hole sample under muléixial loading and a compressive shear sample, are evaluated
using the design metholdgy. Changes to the layups of the laminates in these cases
are made using the insights gained from the design methodology. Coupling
LAMPATNL with a design methodology and new stiffness ratio parameters
demonstrates the utility of progressive failure andlinear analysis wherpplied to
composite structuresThe straightforward visualization of critical design information
creates a unique approach to analyzing the design of thick section compbDsises.
methodologyrepresents a uniqu®ntributionto the modelingof composite structures

that is not matched by wrurrentcompositanodel

Xiii



Chapter 1

INTRODUCTION

As the use of composite materials expands, the demand for an accurate
model of the response and failure of these materials has increasealddoptien of
the finite element (FE) method as a tool to analyze the response of complex structures
under load has greatly improved the understanding and design of these structures.
Linear, elastic materials that are used in many applications are easllgdhay any
well developed FE software, but the unique nature of laminated composite materials
have not been fully addressed in commercially available software. Composite
materials are unique due to their{dyel, anisotropic, nonlinear stressain
response. ltis possible through the lagplacement history of a composite structure
for a ply or plies to fail while the overall structure does not fail. Accounting for first
ply failure and any subsequent failures, know as progressive failure aneysi
therefore important in accurately simulating the response of composites. The
incorporation of progressive failure for composite materials in commercial software
has been limitedy]. In this chapter, a review of the statethe-art composite
modelng features offered by the most widely available finite element software and
specialized composHeriented supplemental software is presented. A literature
review on topics related to the progressive damage and failure analysis of composite

structuress also discussed.



1.1 Problem statement

Large scale, thick section composite structures cannot be modeled
efficiently using a discrete plgy-ply approach. For structures with hundreds of
layers, thenumberof elements through the thickness would be #&wgd to be
computationally efficient. Creating the model and interpreting théplyly stresses
and strains would be very time consuming and prone to errors. To address the issues
of ply-by-ply analysis, a muliscale approach is taken to account fer ply-level
response and failure of the composite structure while not explicitly modeling the plies.
To achieve this, multilayered laminates are treated as a homogenous, or smeared,
material with equivalent material properties. -iRyel material nonliearity and
progressive failure analysis using {ligsed failure criteria are incorporated into the
multi-scale approach by dehomogenizing, or unsmearing, the laminate.

An investigation of three commercially available finite element programs,
stateof-the-art composite modeling software products, and recent publications is
presented in this chapter. All these works contain either anisotropic material
nonlinearity, or progressive failure analysis, orthe railt a | e fwlmMmemea d rmnign g o
approach, but it ishown that none contain all three. The combination of these three
aspects is what makes the modeling approach presented in this work unique. The
objective of this research is to develop a methodology that uses this uniqusaaleiti
approach in conjunin with finite element analysis to design and analyze thick

section composite structures.



1.2 Benchmarking

1.2.1 State-of-the-art commercial composite models

The most advanced composite modeling capabilities of current,
commercially available, FE software angestigated in this section. ABAQUS,
ANSYS, and MSC.Nastran are three major finite element programs that have
composite modeling capabilities. All three programs have specialized features that
enable the user to construct and analyze composite maiteffiait the purpose of this
research, the features investigated in these programs include: the ability to have ply
level nonlinearity in the principle and shear directions, progressive ply failure
capabilities, support for a wide variety of failure criethe ability to efficiently
model the layup by homogenizing properties to get an equivalent response, and an
effective way of visualizing this data.

In recent software updates, ABAQUS has incorporated the ability to
model composite layups through the ngeonventional or continuum shell layup
sections for shell elements and solid layup sections for solid elerdgniBiese
sections are able to analyze composite materials by modeling each ply discretely. The
layup can be comprised of isotropic nonanenaterials, but nonlinear anisotropic
materials are not supported.[ There is support for progressive failure and damage
evolution laws in ABAQUS, but it is restricted to linear, elastic materials, which can
be anisotropic§]. Furthermore, progresa failure behavior is restricted to shell
elements and the only damage initiation criterion that can be used is the Hashin criteria
[8]. ABAQUS is able to visualize the damage initiation criteria (tensile and

compressive damage index for both fiber aradrm) and has the ability to label these



values by ply. Although limited in scope and restricted to specific element types,
ABAQUS provides a few important modeling features for composite materials.
ANSYS uses both shell (SHELL99, 91, and 181) and $8k2LID186,
46, 191, and 95) elements to model composite lay@]psHach shell and solid
element listed has distinct advantages and disadvantages, as well as specific
applications in which they are used. Several of these elements are able to handle
nonlinear material propertieS]| with extensive options for different types of
anisotropic nonlinear behavior. The three basic failure criteria that are supported by
default are maximum stress, maximum strain, and-\WN&a{10], with the option of
expanding tk criteria through user written code. These failure criteria are used to
determine whether the material would have failed and are not coupled to the overall
structural response. ANSYS does contain capabilities for delamination and crack
growth and propaagion, but progressive failure for composites in ANSYS is not
possible. Similar to ABAQUS, ply based results are available for viewing in ANSYS,
but there is limited support for critical mode and ply display options.
The programs developed under MSC Satftsy including Patran, Nastran,
Marc, and several others, have recently begun to add progressive failure capabilities to
their existing composite modeling abilities. In Nastran, a total of seven failure criteria,
including Puck and Hashin, can be usedanjunction with progressive failur&]].
A variety of elements are available for modeling composites, including 2D and 3D
layered shell, solid, and solid shell elements. Material options can be used to create
anisotropic, nonlinear material respon&éke other FE software, there are few
options for visualizing and analyzing compossfeecific design data that is produced

from progressive failure analysis. The



features are included in a separate prodiesteloped in part by NASA, called
GENOA. This product and other notable composite design oriented products are

discussed in the next section.

1.2.2 State-of-the-art for other software products

Before the most recent releases of major FEA programs, there theas lit
support and options for modeling composite materials. A demand for the accurate
characterization of composite structures spurred the development of several products
that went beyond the available capabilities of these programs. Developed either as an
addon to software such as ABAQUS, ANSYS, Nastran, and other programs or as a
standalone preor postprocessing product, features such as progressive damage,
nonlinear material properties, and advanced composite design visualization were able
to be incoporated into the FEA design cycle. While the bultapabilities of current
FEA programs are catching up, these products still offer some of the most advanced
composite modeling features available.

As mentioned before, GENOA is standalone pred pos{processing
software that is compatible with Nastran, MSC MARC;D®8NA, ANSYS, and
ABAQUS [12]. Offering a multitude of features, GENOA includes mattale
progressive failure analysis, the ability to handle nonlinear s$tems response, and
advancedsisualization options. In GENOA, the plies that make up the composite
structures are modeled and displayed separately. In the simulation of structures that
are hundreds of layers thick, the homogenization of composite laminates can improve
the computatnal efficiency of the model. Aomogenizing feature is something that

is missing from this software.



Another product that is specifically tailored to simulate composite
materials is Helius:MCT created by Firehole Technologies. Helius was developed as a
user material subroutine for ABAQUS and ANSYIS]|[ Through an ABAQUS plug
in and graphical interface, a composite material that is selected from a database is
turned into a user material (UMAT). This UMAT allows for coupled, progressive
failure of the omposite part based on a midantinuum theory. Nonlinear material
response is limited to the-plane and oubf-plane shear stiffness4lL Much like
modeling a composite in ABAQUS, a layered composite section is created using the
UMAT as the constitiive material. The main drawback to this approach is that each
ply is modeled separately, decreasing the computational efficiency when compared to
a homogenized, equivalent composite material. In Helius, the progressive failure
analysis provides visuahbzion of matrix and fiber failure of the structure, but does not
provide indication of whether it is tensile or compressive and there is no shear failure
support. Directionally dependent material nonlinearity and a homogenization
approach are aspects a@hgposites modeling that are not currently available in
Helius:MCT.

There are several additional standalone and integrated products that have
been developed to tackle a range of composite modeling problems. ESAComp,
offering integration with ABAQUS, ANSY3,S-DYNA, Nastran, NISA, and-

DEAS, is capable of evaluating several different failure theories of nonlinear
composites and provides informative plots of analysis results through a graphical
interface [B]. NEi Nastran [6] has unique composite analy&stures such as the
visualization of critical mode and ply data, progressive ply failure analysis, support for

the latest failure criteria, and nonlinear material models. NISA/Compogites[able



to display specialized composite analysis parametersnaalel nonlinear materials

using several available 3D layered elements. The main drawback of all these
programs is the reliance on individual ply modeling and subsequent lack of support for
the homogenizing of properties, which improves the computatesficiency of

modeling of largescale, thick section, composite structures.

1.2.3 Literature review

A review of recent publications relating to progressive damage and failure
modeling, as well as nonlinear composite material modeling, was conducted to
deermine the current state of research in these areas. Many papers deal with both of
these areas and provide innovative ways to utilize them. The search was focused on
trying to find other research that contained a part or all of the key features that have
been determined to effectively model large laminated structures. The key aspects of
the proposed modeling solution are nonlinear material responses that are directionally
dependent, progressive ply failure, and the ability to efficiently model the campos
through homogenized, effective properties.

Numerous researchers have conducted progressive failure analyses using
linear, orthotropic material properties. Using a newly developed damage evolution
criteria, Lapczyk and Hurtado §lLuse the progressivdamage features within
ABAQUS to model opeiiole tension tests of aluminum/composite sandwich
structures. Zhang et al.9Jlcreate a finite element model of grid stiffened plates
subjected to damage based on a modified Hashin criterion. Progressive dertiag
delamination are investigated on ogesle samples subjected to tension, compression,
and interlaminar shear. Spottswood and Palaz@@jouse simplified large

displacement and rotation theory to look at the progressive failure of curved composite



shells up to and through their snapping point. The effect of two material degradation
models on the response of composite bolted joints is investigated by Huhfi2lgt al
Both a constant and continuous degradation approach are incorporated into an
ABAQUS subroutine and compared to experimental data. Xie and Big@ktedk
at the effect widtho-hole-diameter ratio on opehole tensile response by using a
progressive damage model that discounts plies instantaneously after failure. This
behavior is ppgrammed into an ABAQUS user material and the ability to tailor the
composite using the results is demonstrated. Buckling and progressive damage of an
openthole compression sample is simulated by Labeas[28al Using ANSYS, two
different failure theries and two degradation models are compared with experimental
results to determine the best combination. Tserpes edlaRqPcreated a user
material for ANSYS that uses the Hashin criteria and the ply discount method to
model progressive failure. aviations on this approach were used to parametrically
study laminatebolt interactions to close agreement.

Nonlinear stresstrain response, especially in the transverse and through
thickness directions, is an important aspect of composites. Therawamar of
papers that incorporate progressive failure with nonlinear response. Schuecker and
Pettermann [@] create a continuum damage model that they compare to results from
the World Wide Failure Exercise (WWFE). Hochard et al] fievelop an ABAQUS
user material using shear damage and inelastic strain evolution laws. Both static and
fatigue loads are applied to opbale samples and strain fields are compared to data
obtained from digital image correlation. The progression of failure anebpokling
response of tapered composites, especially those with plyoffisgps studied by

Ganesan and Liu 8. Using nonlinear ply properties and the maximum stress failure



criteria, multiple layups are evaluated against one another. Kilic ardlHaj9]
developed an ABAQUS user material that utilizes RamkkEgood based nonlinear
behavior and Tsau failure criteria to model variations of both single bolt and epen
hole tension tests. Opdmle and double notched compression samples are modeled
by Basuet al. BQ] using layered shell element and a user material in ABAQUS.
Nonlinear material properties are simulated using Schapery theory and fiber rotation
under axial compression. Antoniou et 8l][simulated thick cylindrical composite
shells under@mpressive, tensile, and torsion loading in ANSYS. A user material that
had linear, elastic fiber direction response and nonlinear transverse and shear response
was used to create failure envelopes of first and last ply failure for comparisons with
expermental data. Huan@®g] developed an ABAQUS user shell section that uses the
Bridging model to degrade the nonlinear fiber and matrix properties upon failure. The
effect of mesh size, element type, and load application are investigated and compared
to experimental results. A unique aspect of this failure analysis is that if a ply
associated with an element fails, that ply is discounted throughout the entire structure.
While there are several examples of both linear and nonlinear behavior
coupled with prgressive failure analysis, none of these papers have the ability to
simulate effective properties by homogenizing the laminate into one material. An
important part of modeling is the computational efficiency of the code, so the designer
can quickly analyz many design iterations. This aspect of progressive failure and
composites simulation has not been addressed in previous work and is important when

creating an effective design tool.



1.2.4 Selection of FEA software

An investigation of the phrases comgesnonlinear, nonlinear composite,
composite progressive failure, and nonlinear composite progressive failure was
conducted using publications from January 2000 to January 2010. The most widely
mentioned codes in publications containing the key phrases ABAQUS, ANSYS,
and, to a lesser extent, MSC.Nastran. Taldleshows the percentage of papers with
the phrases that also mention ABAQUS, ANSYS, or Nastran. Throughout all of these
papers, the most widely used program is ABAQUS, ranging from 1% pépdirs
with the keyword composite to 17.6% of all papers with the keywords nonlinear

composite progressive failure.

Table 1.1 Percentage of keyword papers containing FEA software

Keywords Abaqus ANSYS Nastran
Compoaosite 1.1% 0.8% 0.2%
Nonlinear 1.3% 0.8% 0.1%
Nonlinear Composite 4.7% 3.0% 0.5%
Composite Progressive Failure 5.6% 2.5% 0.4%
Nonlinear Composite Progressive Failure 17.6% 6.8% 1.3%

Due to its wide use in modeling the progressive damage and failure of
nonlinear composite materials, ABAQUS was selected as the software in which the

homogenization approach and progressive ply failure technique will be implemented.
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Chapter 2

SOLID MECHANICS APPR OACH

The solid mechanics based fésigriMo code s
and failure analysis of thick section composite structures. Both linear and nonlinear,
these codesuse amidtic al e fwBmMeEmadmigngo approach and |
failure to analyze multilayered composite laminates. A background on the
devebpment of these programs and discussion on the key assumptions and procedures,

particularly for the nonlinear codes, are given in this chapter.

2.1 Smearingunsmearing approach

The analysis of composite structures using finite element techniques is
complicated by the nonlinear, anisotropic {dyvel response of these materials.
Furthermore, the failure analysis of a ply or lamina depends upon the stress and strain
state within individual plies. It is therefore important to track the individual ply
stresgs and strains in order to accurately model the nonlinear material response and to
be able to apply failure predictions.

One way to accurately calculate the-fdyel stresses and strains would be
to model each ply discretely. Using several elements ghrthe thickness of the ply,
a mesh containing all the plies of the structure could be created. While this approach
would most accurately capture the{dyel response, there would be several
disadvantages. A model that is both large in scale and ibewoh plies would prove

very time consuming to create, run, and analyze. In addition, the vast amount of data
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produced by a large, complex model would be difficult to interpret. There would also
be agreate chance foerrors when creating the modelhen compared to a
homogenized structure

A way to address the computational and logistical disadvantages of
discretely modeling each ply is by homogenizing the laminate. Complications arise
when the application of plgased failure criteria are considered & homogeneous
material. Plylevel stresses and strains must be extracted from structural stress and
strain profile in order to conduct failure analysis. To deal with these issues, Bogetti et
al . i mplemented stmearwaealgl/ uppmaokeld) ii alged an
Equivalent | aminate propert-deebnondinesg, gener at
anisotropic material behavior of the layup andlplel stress state needed for failure

analysis is generated by MfAumissmeari ngo t he

22 Background of the ALAMO codes

The programs LAM3D, LAM3DNLP, LAMPAT, and LAMPATNL are
the four codes in the ALAMO sesimeari ngbe p
approach and progressive ply failure analysis to model multilayered composite
laminates on two scales. LAM3D and its nonlinear version LAM3DNLR ades
that useanalytical models tsimulate the material point response of laminates.
LAMPAT and LAMPATNL scale up the LAM3D and LAM3DNLP approaches for
use in finite element analysis évaluate composite structures. A discussion of each
code is provided in this section.

LAM3D was created by Bogetti et all][and uses orthotropic, linear ply
properties and progressive ply failure to simulate the material point response of a

laminate. The code determines the three dimensional effective properties, ultimate

12



strength predictions under mechanical and thermal loading, and effectivesstagss
response due to progressive ply failure under mechanical loading of thick section
composites.Using a specified mechanical load, LAM3D simulates first ply to last ply
failure, calculates effective laminate properties andegl stresses and strains after
each failure, and determines the safety factor, critical mode, and critical ply of the
laminate.

The effective property and strength predictions of the LAM3D code for
many composite laminates were validated against theoretical predictions and
experimental results. While LAM3D provided valuable insight into laminate response
due to progressive ifare, the code did not support nonlinear ply properties.

Nonlinear material response is more accurate than linear for the transverse and shear
directions of composite materials. In order to address this issue, Bogettlgt al. [

created the nonlinearrqggressive failure code LAM3DNLP. In this code, nonlinear

constitutive relationships for all six principle directions were modeled using Ramberg
Osgood parameters. Si muin same atroi nLgAOM 3aDp, p rt ohaec
progressive ply failure methoda@y are used by LAM3DNLP to simulate the material

point response of a laminate. Both LAM3D and LAM3DNLP were independent

analytical programs developed using FORTRAN and were not coupled to finite

element analysis. The desire to use these material poddlsno the design of large

composite structures led to the development of LAMPAT and LAMPATNL.

The LAM3DNLP analytical code was ranked third out of 19 participants
in the first World Wide Failure Exercise (WWHE[33]. This exercise was an
assessment dfie stateof-the-art of composite failure predictions. LAM3DNLP was

used to predict progressive ply failure in composite laminates for 14 loading cases.
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These failure predictions were compared to experimental results and rated against the
failure preditions of the other participant83-35]. The 14 loading cases provided an
experimental validation of the LAM3DNLP failure predictions. The first exercise
focused on failure response of laminates subjectedptire loading. The second
exercise (WWFAHI) is currently in progress3p]. This exercise focuses on enit
plane failure predictions and, similar to the first exercise, will provide additional
validation for LAM3DNLP.

LAMPAT was created by Bogetti et all][as a way of using the
Asmeansmagi ngo approach and progressive f ai
finite element software packages. LAMPAT was designed as amlgost
processor that created effective composite laminate properties and evaluated the failure
of laminates based on elemsiress and strain. Originally developed to interface with
PATRAN, it was later expanded to accommodate ANSYS, ABAQUS, DYNAS3D, and
NIKE3D. As a preprocessor, LAMPAT uses the orthotropic, linear lamina properties
and the architecture of the laminate toactee a set of fsmearedo ma
that represent the effective response of the laminate. Once the composite structure
with effective properties is evaluated, the postprocessor takes global stresses and
strains and cr eat eandgdtrains.sTinestaseaddstranl v st r es s
allowables of the lamina are then used to analyze failures within the composite to
provide safety factor, critical mode, and critical ply data. This process is shown in

Figure2.1.
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Figure 2.1 LAMPAT process methodolay

Implementing LAM3D into finite element software using LAMPAT
demonstrated the power of this approach when designing large scale, thick section
composite structures. To more accurately capture the response of composite materials,
the material nonlinedasi features of LAM3DNLP were needed. In LAMPAT, failure
analysis occurred after the stress and strain profile of the structure was complete. This
did not allow for the redistribution of load through the structure after ply failure had
occurred. In ordetio address this issue, Powers etdldeveloped the nonlinear,
progressive failure code LAMPATNL. While LAMPAT was developed as agd
postprocessing tool, the nonlinear material behavior and progressive failure analysis
of LAMPATNL required clogr integration to the finite element package. This was

accomplished by creating a coupled analysis using ade$ered material in
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ABAQUS. Limited validation and demonstration of the LAMPATNL code was
provided by Powers i4]. A full validation and deelopment of a design

methodology using LAMPATNL is documented in Chapters 3 and 4.

2.3 Laminated media methodology

The three dimensional laminated media model that is the basis of all the
ALAMO codes was created from an.[3nalytical
The model is used to determine the homoger
of a multilayered laminatésee Figure 2.2)Significant features of the theory are

discussed by Bogetti et al. it-B] and an overview is given in this section

Ply Number

N —--
—-
— -
—-
— -

. — i~

2 -

T

Figure 2.2 Laminate configuration [1]
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Equation 2.1 representse effective stress/strain constitutive relationship

for the laminate

[s°|=[cile'] 21

_ —_ —_ —_ —_ —_ —_ T
where[s ]: 5,5,5,5,5. 5, ] 2.2
— —_ _ —_ —_ —_ —_ T
[e ]: 6 & e ¢ e e 2.3
gin ClZ C13 C14 C15 Cleg
éC21 C22 Czs C24 C25 Czsl]
[— ]: é(_:31 Csz Css Cs4 C35 0363 2.4
] e * et — —x —* — % - .
§C41 C42 C43 C44 C45 C46U
— * — % — % — % — % g U
?51 Csz C53 C54 C55 Cseu
@61 C62 Css Ce4 Ces Ceeg

The barred notation is used to identify that it is in the coordinate system of
the laminate and the star (*) signifies that it is an average value. The relationship

between the global coordinates (X, Y, Z), laminate coordinafes’(,Z ), and ply

coordinates (1, 2, 3) is shown in Figax8.
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Figure 2.3 Relation of global coordinates to laminate and ply coordinates

Chou et al. [37Herived ahomogeneous representation the laminate
The coefficients of the laminate stiffness matﬁ{,, are given in Equatiora5to 2.7.

g A VG
s iv& G8,8T
C, = avkgc”k ==+ — igor(lj—1236) 25
1@ Caa ga—LV_q U
é 5 Cck o
C, =0andC; =0 for (i=1, 2, 3, 6; | = 4, 5) 26
e N \/k __ 2
: A .
_ ¢ aga
C =évx D, g for (i, j=4,5) 27
A% CK.CE.- ckckh
55 4554
Qk -1/=1 DD,

Wherethek term refers to th&" ply of the laminateV¥ is the ratio of the original

thickness of th&™ ply over the original thickness of tleatire laminate, and:

— k
— ——| T 44 55" 45 “54 28




The assumption is made that the applied mechanical loadtimgon the

Iaminate[sT*J is known,not varying through the thicknesad represents the

"average" or "effective" stress. The associated "effective" or "smeared" tamina
strains[é*J can be obtained directly from the inversion of Equatidn 2.

In determining the individual pievel stresses and straimap major
assumptions are used. These assumptiortbaréne inplane ply strains are equal to
the effective strains of the laminate and that theobytlaneply stresses are uniform
through the thicknesand equal to the effectivaresses in the laminate. The

assumptions are shown in Equati@®&and2.10, respectively.

e=efor (i = 1, 2, 6 and X9 = 1,

sk=s'for (i = 3, 4, 5 and2k = 1,
The expression derivdny Sun and Liaodg] is used to determine the

remaining strain components and is given in Equéibh

\ e

e g K ~K ~K k k

o &5Cs C5u eessu é CECl eekw

e—u (Spaser u ee—u e— ,
ju ec43c:44c:§50 , ju eC41C42C46ueequf or (k = 12112, é

@eku @CBSC&C&@ @s El 6C Cssz:Gu eekaf]

The remaining stress components are easily calculated using the relation in

Equation2.12.
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2.4 Nonlinear constitutive relationships

Ply-level material nonlinearity is represted by using the Ramberg
Osgood equation. Three dimensional nonlinearity is accommodated in all principal
material directions. The longitudinal, transverse, through thicknesef-plane
shear, and uplane shear directions can all have distinct imealr behavior. The
RambergOsgood equation, shown below, defines stress as a function of strain and

three parameters.

_ E,e
5= ] 1 213
d AE e @
g i)
¢ ¢ So + 3

wheregi s t he i nigtsthadtressasyinptbtey amis theishape factor of
the nonlinear sessstrain curve. The effect that these parameters have on the stress

strain response is shown in Fig@é.
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Figure 2.4 Nonlinear stressstrain response

For computational considerations, it is desired to define the instantaneous
or tangent lamina sfifiess as a continuous function of strain. Taking the derivative of

Equation2.13 with respect to strain, the following expression is obtained:

ED

= 214
ol d

where Eis the instantaneous or tangent lamina stiffness modulus expressedlgxplic

in terms of strain and the three Rambé&ggood parameters.
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2.5 Incremental approach to predicting nonlinear laminate response

The analytical code LAM3DNLP models the nonlinear laminate response
as a set of piecewise linear increments. It prediotgniate stresstrain response
using a specified load increment up until failure. The incremental approach starts with
the initial stiffness as determined by the smeared properties of the laminate. At the
end of each load increment, the stress state finentaminate is unsmeared for ply
level stresses and strains, failure analysis occurs, the nonlinear constitutive
relationships are updated to determine the stiffness in each principal ply direction, and
effective properties used for thpplication of thaextload incremengre obtained by
smearing the laminate. Figu2é provides a representation of the incremental loading

strategy for an arbitrary laminate.

Effective Laminate Stress

Effective Laminate Strain

Figure 2.5 Incremental laminate loading methodology[2]
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Assume that at poirft), correspondhig to the end of the" stress
increment, the strain and stress state of the laminate is krléf/\}dj [(s_i*"J). From this

point, the objective is to determine the strain and stress state afip)@nt

([éf”*lj, l5;™]). The effectivdaminate stiffness matrix at the end of stress increment
n, [C_:”“] is computed from an incremental form of the laminated media model
constitutive relation, Equatiahl. With the increment in load definekﬂ)s?f”], the

corresponding increment in laminate strdide " |, is calculated from an inverse form
]

of Equation2.1:
[pe]=[cy"][ps] 215

Individual ply stress and strain increments are calculated according to the
equations presented previousk cumulative summation is maintained to track the
total stressandstrain levels in each ply of the laminate. The tangent modulus values
for each ply and material direction are calculated according to Eq@atand used
in the determination of thaminate stiffness matrix for the next laminate stress
increment calculation. The entire nonlinear response for the laminate is obtained by
the cumulative sum of all stress and strain increments throughout the entire stress
loading history.

Figure2.6 illustrates the importance of the incremental approach when
modeling nonlinear material behavior. This figure shows the modeled lamina stress
strain response with three different load increments applied. The solid line represents
the exact response thatlee analytical solution of the Rambe@ggood equation.

The larger load increment results in a response that is stiffer than the desired nonlinear

response. As the increment size decreases, the model converges towards the exact
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response. Itis there®important to select a sufficiently small load increment when

simulating material nonlinearity.

Lamina Stress

B —-mInc=10
®---#Inc=5
—-—% Inc=1

Analytic Solution

Lamina Strain

Figure 2.6 Effect of increment size on nonlinear stresstrain response

2.6 Progressive ply failure methodology

Along with ply-level nonlinearity, progressivepfailure will also

influence the effective laminate response to load. Using the stresses and strains of

individual plies, failure predictions and pdatlure behavior are modeled for the
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l aminat e. Failure criter iLAMoOh ato dheasv @ nlxd eun
Maximum Strain, Maximum Stress, Hydrostatic Pressure Adjusted Maximum Stress,
TsarWu, Christensen, Feng, Hashin, and Von Mises.

The maximum strain failure criterion is commonly used for analysis using
the ALAMDYcDherierf on compares the gurrent ¢
B, 3 W © ) 10 the maximum strain allowables (Y1T, Y1C, Y2T, Y2C, Y3T, Y3C,
Y23, Y13, Y12) in each principal direction and assumes a ply fails if these strain

allowables are exceeded. The relasiof the strains to allowables are documented in

Equation2.16 through2.24.
If L°,1>0 and ifLo,{>Y1T, then the failure mode is fiber tension 2.16
If L°1<O and if Q|>Y1C, then the failure mode is fiber compression 2.17
If Q>O and ifQ>Y2T, then the fldure mode is matrix tension 2.18
If U<0 and if Q|>Y2C, then the failure mode is matrix compressior2.19
If Q>O and ifQ>Y3T, then the failure mode is matrix tension 2.20

If Loé<0 and if Q|>YSC, then the failure mode is matrix compressior2.21

If |L°M>Y23, then the failure mode is interlaminar shear 222
If |l1l,|>Y13, then the failure mode is interlaminar shear 223
If |Q5|>Y12, then the failure mode is-plane shear 224

The ply discount method is used by th
materialproperties of failed plies. In this method, the material stiffness in the
direction of failure is discounted and the
are adjusted. For example, if a ply fails in the 2 direction, the elastic modulus of that

ply in the 2 direction is set to 1% of the current value and thestitan is decoupled
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by s ejtanidptgzem.Decoupling the ply by zeroing
prevents unrealistiply strains causeb y P o ieffest o thé failed ply.Table2.1

lists which properties are modified for the six different nsodefailure.

Table 2.1 Failure mode and property modification

Failure Mode Property Modification
1 Ei=001"Ey, viz=wz=0
2 Eg = |:|.|:|1*E1, Wz = Wap = 0
3 E3 = |:|.|:|1*E3, Wiz = Wpr = 1]
12 Gz = 001Gy
13 G13 = |:|.|:|1*G13
23 Goz = 001G,

Bogetti describes the progressive failure procedure of the analytical model
in [2]. As the laminate is loaded and laminate strains develop, the individual ply
strains are monitored. Whetygailure is predicted in any ply, according to the
maximum strain failure criteria, the incremental loading to that point is stopped and
the entire laminate stress vs. strain response is recorded. The modulus associated with
the particular mode of faife in the failed ply is then reduced according to property
modifications in Tabl®.1 and the incremental loading strategy is repeated from the
beginning (all stresses and strains are set to zero). The loading procedure is continued
until the next failuren a ply is detected. The corresponding modulus value is again
discounted, the laminate response is recorded, and the procedure is repeated. This
progressive ply failure response is repeated until final failure is determined, which is

assumed when tharhinate looses sufficient stiffness such that it cannot carry any load
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without undergoing an arbitrarily excessive amount of deformation (greater than 10%
strain).

This progressive failure procedure is effective in capturing the nonlinear
stressstrain esponse of the laminate, but modifications to this approach are needed
for successful implementation into FEA software. These modifications will be

discussed in the next chapter.
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Chapter 3

IMPLEMENTATION

LAM3DNLP was implemented into finite element softedy Powers et
al. with the creation of LAMPATNL4]. LAMPATNL is a user material subroutine
(UMAT) wused to i ncwmgpmeaartien g dc ea pfipsrneaah ,ngn o
anisotropy, and progressive failure analysis into ABAQUS. The subroutine UMAT is
used b define the mechanical constitutive behavior of a material and is called at all
material calculation points of the element. LAMPATNL treats each material
calculation point within the finite element model as though it was a laminate in
LAM3DNLP.

Several inplications arise when converting the analytical code into a user
material subroutine. The analytical code was designed to simulate a laminate as a
material point under a prescribed load increment. While it is relatively straightforward
to keep track ofhe nonlinear response and failure history of a single point, mapping
this procedure for thousands of elements and material points can be complicated. In
addition, there are certain constraints imposed by the finite element method to insure
stability. The constraints are based on thermodynamic stability conditions. Changes
to the material response and the key assumptions of the laminated media methodology
are required. Powefd] briefly describes these implications and changes, but an

investigation inb these issues is discussed below.
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3.1 Theoretical consideration

3.1.1 Ply-level stress and strain calculations
The two major assumptions of the theo
stated in @apter 2. The first assumptiegthat the ipplane ply straingre equal to
the effective strains of the laminate and is shown in Equ8tionThe second
assumption is that the eaf-plane stresses are uniform and equal to the effective
stresses in the laminate and is expressed in Equafiorin these equationthek

term refers to th&™ ply of the laminate.

e=efor (i = 1, 2, 6 and & = 1, 2

sk=s'for (i = 3, 4, 5 and & = 1, 2
All the remaining ply strains (3, 4, and 5) and ply stresses (1, 2,)and 6

determined by the expressions given by Sun and Bgo$hown in Equation8.3

and3.4, respectively.
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The ply stresses and strains are used to leddcthe tangential stiffness

properties for each ply. Theseplye vel properties are fAsmeare

effective stiffness of the laminate for that increment. Ply stresses and strains are also
needed to apply plipased failure criteria for progssive failure in the structure.
The procedure for calculating the pivel stresses and strains for the

nonlinear analytical code is outlined in Fig@&. In LAM3DNLP, the three

dimensional load increment for the laminate, in the fosmp, s, ,s,,5,,,5,,,5,), IS

Xz
input into the program. After initializing laminate strain, ply strains, and ply stresses,
the program calculates the givel tangential stiffness properties, laminate stiffness
matrix, and plylevel stiffness matrices based upon theenirply strains. The

laminate stiffness matrix and laminate load increment are then used to calculate the
laminate strain increment. Using the assumption in Equatigrihe irplane ply

strain increment is set equal to thepiane laminate strain inement. Similarly for

the assumption in Equatid@2, the ouof-plane ply stress increment is set equal to the
out-of-plane laminate stress increment. Theafyplane ply strain increment is
calculated using the plevel stiffness matrices, the-plare laminate strain increment,
and the oubf-plane laminate stress increment using Equ&ii8n The inplane ply

stress increment is calculated similarly using Equ&gidn The increments for ply
stress, ply strain, and laminate strain are used to e plggit respective values and the

procedure is continued for the next load increment. This procedure demonstrates the

direct i mplementation of the assumptions

level stress and strain components in LAM3DNLP.
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Figure 3.1 Ply stress and strain calculation procedure for LAM3DNLP



Implementing LAM3DNLP into the LAMPATNL UMAT requires
modifications to the procedure shown in FigBre In ABAQUS, the user material is
required to output the stiffness matrix and updagesthess tensor at the material
calculation point at the end of the increment. These values must be determined from
the current laminate stress, the current laminate strain, and the laminate strain
increment. The procedure for calculating the stiffneagimand stress tensor using
ply-level stresses and strains in LAMPATNL is outlined in Fighige

The major difference between the LAMPATNL procedure and the
LAM3DNLP procedure occurs when determining the tangential stiffness properties of
the plies. ILAM3DNLP, the ply strains that are initially zero are recorded and
updated throughout the procedure. These strains are used to calctletelply
material properties and ply and laminate stiffness matrices. The LAMPATNL user
material subroutine does tn@cord the pltevel strain data from increment to
i ncrement due to the fAsmearingodo approach i
the plylevel material properties and ply and laminate stiffness matrices at the
beginning of the increment without the péwel strains. To accomplish this, the ply

strains are set equal to the laminate strains as shown in EqBi&tion

é=efor (i = 1, 2, 3, 4, 5356 and k
This enables LAMPATNL to calculate the ply and laménstiffness
matrices at the beginning of the increment, update the stress tensor for the increment,
and determine the laminate stiffness matrix at the end of the increment. Ply stresses
used for stress based failure criteria are determined analyticalythe ply strains

and Rambergsgood relationship.
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The outof-plane ply strains are taken directly from the laminate strains in
LAMPATNL while the outof-plane strains in LAM3DNLP are calculated using the
stiffness matrix, oudf-plane laminate stresses)d inplane laminate strains. These
changes do not affect the calculated stetsmn response of laminate made of one
material through the thickness or a laminate subjectedptame loading. The
implicationof this change for hybrid compositesith different material through the

thicknessijs a subject for future work.
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Figure 3.2 Ply stress and strain calculation procedure for LAMPATNL
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312 Poi ssonbds ratio

The response of the composite laminate is modeled using the Ramberg

Osgood equation given Equation2.13. This stresstrain response is nonlinear and,

when coupled with the incremental approach, becomes a piecewise linear response. At

each load step, the instantaneous tangent moduli for the extensional and shear

directions are calculatagsing Equatior2.14. Over each load step, the material is

considered to be a linear, elastic material.

Thenumericalstability for calculationsof a linear elastic, orthotropic

material requires the following five conditions to be n3&i:[

El’ E2’ E3’6127G137G23 > O

o ~L
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3.10

At the start of the analysis, these conditions are satisfied, but the

incorporation of plylevel progressive failure can cause conditidrs 3.8, and 3.90

become unsatisfied.

To correcptyist hi s

continuously updated throughout the simulation. The current moduli are used in

conjunction with the
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the beginning of the analysis, to calcul at

stability. The reciprocity relationships used for this are:

T
C — i 2
n23 _n32 T
3

311
=
n1c3 = /7|31 _%r
3 3.12
=
/7162 = n|21 _1T
E, 313

where” isthewr r ent Po 7sssornéhse riantiitd ,a E'iBthé ssonods
tangential, or instantaneous, elastic modulus at the load increment. These adjustments
ensure that the material statyilof the UMAT is satisfied through the entire

simulation. The LAMPATNL work of Powers et afl][contains these adjustments

but does not specifically document them.
3.2 Procedural considerations

3.2.1 Progressive failure adaption for FEA
The LAM3DNLP approale was developed to analyze the material point
response of a laminate. Modifications to the post failure behavior of the analysis are
made when implementing the code in LAMPATNL. In LAM3DNLP, a specified load
increment is applied to the laminate up ufsilure. Once failure occurs, the
necessary adjustments to the failed plies, such as elastic modulus reduction and
Poi ssonbs ratio adjustment, are made and t
restarts from the first load increment. This proceshustrated in the flowchart

shown in Figure3.3.
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Apply load increment.

Reinitialize stress and
strain state. Restart
loading from first
increment.

l

No

Update nonlinear ply
properties. Record
stress-strain response.

.

Ply Failure?

Reduce laminate
properties using ply
discount method.

v

Update nonlinear ply
properties. Record
stress-strain response.

aminate Failure or

Figure 3.3 LAM3DNLP progressive failure procedure

The procedure creates multiple stress r a i n
between them, as shown in of Fig@é. This figure shows the stresgain respose
and progressive failure for this quasotropic layup of S2 Glass/Epoxy. First ply

failure is represented in the first iteration. Ultimate or last ply failure is defined as the

nd of increments?

Stop loading and
record outputs.

curves

failure that occurs at the highestess state. In this casbetthid iteration is

determined to be representative of last ply failure.
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Figure 3.4 Stressstrain curves of[0°/90°/£45°f S2 Glass/Epoxy laminate

The effective stresstrain response of the laminate is the combination of
the first three iterations. This quit is represented as the circled LAM3DNLP stress
strain response in FiguB4. This iterative procedure is effective in capturing the
immediate loss of load carrying capability that is seen in experimental straiss
curves, but the process of retitag the analysis from the first increment is not
practical for finite element applications.

Changing this approach when implementing LAMPATNL was done
simply by continuing the analysis with reduced material properties at the current
stressstrain state &ér failure has occurred. This change is reflected in the

LAMPATNL flowchart of Figure3.5. Comparing this procedure to LAM3DNLP

38



procedure in Figur8.3, the stress and strain state of the laminate is no longer

reinitialized and laminate is not restarfeaim the first increment.

Y

Apply load increment.

1

No

Update nonlinear ply
properties. Record
stress-strain response.

T

Ply Failure?

Reduce laminate
properties using ply
discount method.

v

Update nonlinear ply
properties. Record
stress-strain response.

End of increments?

Record output
variables.

Figure 3.5 LAMPATNL progressive failure procedure
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The process changes the predicted s&ssn response to that shown as
the UMAT curve of Figur&.6. Instead of abrupt drops in load, ply failure causes a
reduction in the werall modulus of the material. This can be seen in the slight
deflection of the curve at 0.35% and 1% strain and the noticeable deflection at 3.2%
strain. To facilitate a on®-one validation of the UMAT and the analytical code,
simple modifications tehe underlying FORTRAN code of the original LAM3DNLP

were made to incorporate this procedure.

700

600 ‘/./.
500 ///
400
300
/.A// -
200 —e— LAMPATNL

100

0.00% 0.50% 1.00% 1.50% 2.00% 2.50% 3.00% 3.50%

Figure 3.6 Stressstrain curves of [0°/90°/x45°] S2-Epoxy laminate -
LAM3DNLP output and ABAQUS UMAT output
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3.2.2 Tracking progressive failure

Improvements to thedacking of failure progression were added to the
LAMPATNL user material subroutine developed by Powers et al. In LAM3DNLP,
one material point is simulated, but LAMPATNL must account for upwards of several
thousand elements with multiple integration paini$ie user material subroutine is
called at every integration point during each load increment within the analysis.
During each call, the UMAT receives the strain state of that integration point and
determines the stiffness matrix of the material in ofdethe program to calculate the
stress. To accomplish this, the UMAT must know the failure history of the laminate at
that integration point.

The failure history tracks which ply and in which direction failure has
occurred. This requires the failursstory to be element, integration point, ply, and
direction specific (Figur8.7). With a model containing hundreds of plies each with
six moduli (&, B, Es, Gi2, Gi3, Gp3) and thousands of elements each with multiple
integration points, tracking all dfiis necessary information can be difficult and
memory intensive. It is accomplished by saving a large array that holds the failure

history and is sorted by ply number, element number, and integration point number.
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Element 12

Figure 3.7 Tracking failure history is mode, ply, integration point, and element
specific

3.2.3 Selection of elements
Selecting the correct element is important when simulating the behavior of
compl ex structures. The ALAMO codes wer e
composite structures. olmatch the analysis capability of these programs, it is
important for LAMPATNL to be able to interface with thrdienensional elements.
LAMPATNL was developed by Powers et al. to support the use of two dimensional,
solid (continuum), axisymmetricatdocde bilinear (CAX4) elements. These elements
were first supported because of the need for simulating cylinders and other

axisymmetric structures. The user material was also able to interface with elements
with four term stress and strain tensors of the fsm s, s ,,s,,) and

(e.e,,€,,6,). Toimprove the three dimensional modeling capabilities of
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LAMPATNL, support of 8node linear brick elements (C3D8 in ABAQUS) was

added. This support extends to any element that has six termasitlestsain tensors

in the forms(s ,,s,5,,5,,,5,,:S,,) and(&,,e,,6,,6,,6,,€,,).

23

It is important to investigate which of these supported elements are best
for the accurate simulation of thigection composite structures and which provide
easily nterpreted visualizations of key outputs. Modeling-agisymmetric
structures leads to the use of the thateeensional &ode linear brick elements.

There are several options available for this node type, including hybrid with both
linear and constamressure, the support of incompatible modes, and reduced
integration.

The reduced integration option for this element has several advantages and
disadvantages. Fully integrated C3D8 elements contain 8 integration points per
element and reduced integratiGBD8R elements contain only 1 integration point.

Using reduced integration elements would result in one eighth of the number of
calculations for the same amount of elements. The resulting simulation would be less
accurate, especially in cases where ceduntegration elements have historically
exhibited problems, such as bending. Elements with reduced integration are also
prone to hourglassing and controls must be used to prevent undesirable distortions.

The drawbacks of reduced integration elemergdatanced by less
computational cost and simplified visualizations. FighiBeshows visualization of a
model using fully integrated elements on the left and reduced integration elements on
the right. For this case, the output is direction of the mimn@y ratio, MINCIJN,
which can be integer values between zero and six.-ifdegers, negative numbers

represented as black areas, and number greater than six (grey areas) do not reflect
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correct values. These incorrect values are a product of dispkstiragpolated values,
derived from integration points, at the nodes of full integration elements. For this
output, the values can be discontinuous from one element to the next, yet the nodal
extrapolation assumes these values to be continuous. Usingdadtegration
elements avoids problems associated with the visualization of extrapolated nodal

values.

+1.529%e+01
+6.000e+00
+5.500e+00
+5.000e+00
+4,500e+00
+4.000e+00
—+ +3.500e+00
—+ +3.000e+00
~+ +2,500e+00
+2.000e+00
+1.500e+00
+1.000e+00
+5.000e-01
+0.000e+00
-4,098e+00

Figure 3.8 Comparison of visualization of full integration (left) and reduced
integration (right) elements

Careful consideration was taken to ensuiréha concerns associated with
reduced integration elements are addressed and the implementation of LAMPATNL in
conjunction with these elements was correct. Using a user material with reduced

integration elements required hourglass stiffness contralen3ure the hourglass
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stiffness of the model was set to an appropriate value, the elastic strain energy was
compared to the hourglass energy calculated by the finite element program. The
hourglass energy should be less than 10% of the elastic stragy émensure no
hourglassing had occurred. The calculation of elastic strain energy was added to

LAMPATNL to make this comparison.

3.3 Validation of LAMPATNL

Validating the LAMPATNL user material subroutine begins with
modeling simple composite layups nigilinear ply properties and no progressive
failure. These single element models are validated with comparisons to the material
point response calculated by LAM3D. Matching the stetssn curve produced by
the UMAT using linear ply properties to thaeated by LAM3D ensures that the user
materi al Asmearso the ply proper-straims of
curve comparison is straightforward, comparing the output parameters created by each
program is more complex. The parametetsutated by LAM3D are the safety factor,
critical mode, and critical ply. LAMPATNL also produces these parameters and 13
additional parameters, but there are major differences in the meaning of the parameters
between the two.

For the linear case, safeyctor is defined as the ultimate load that a
laminate could sustain, based on the allowable amount of progressive failure, divided
by the applied loading on the laminate. The safety factor is therefore a scalar multiple
of the applied loading. The prosesf determining this value starts by calculating the
ratio of the strain allowable to ply strain for each ply and each direction. The lowest
ratio is called the safety factor for that iteration and the ply and direction in which the

lowest ratio occurssicalled the critical ply and critical mode respectively. The ply and
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direction are next flagged for failure and the stiffness in the critical direction of that

ply is discounted. New | inear fismearedo p
calculated andhie process repeats. A new safety factor, critical mode, and critical ply

are calculated and recorded for the next iteration, the plies are discounted, and
Asmearedo properties are updated. l'terati
the laminag¢ has been compromised. At the end of the analysis, the highest safety

factor of all the iterations is determined to be last ply failure and the mode and ply of

that highest safety factor are reported as critical mode and ply for the element.

The proces$or determining the safety factor in nonlinear, progressive
failure analysis is not as straightforward. First, stress and strains in nonlinear analysis
cannot be linearly scaled to larger values because this analysis uses the incremental
approach for detenining stress from strain. Secondly, the progressive nature of the
analysis requires that plies must exceed their strain allowable to be flagged for failure.
In the linear analysis, the lowestio of the strairfailure allowable to the ply strain is
designatedor failure and the ply igiscounted In nonlinear, progressive failure
analysis, the safety factor is defined as the lowaggi of failureallowable toply strain
at the current level and the critical ply and mode are the ply and direttiois o
lowest ratio. This determines which ply and diien are closest to failurapt which
ply and direction would cause last ply failure. Because of these differences, it is not
appropriate to directly compare values of the variables calculatedMiPRATNL to
those calculated in the LAM3D.

An outline of the examples used to validate the LAMPATNL user material
subroutine is shown in Tab&1. Using linear ply properties and no progressive

failure, two laminates are analyzed with LAMPATNL and comg@adceLAM3D

46



analysis. With nonlinear ply properties and progressive failure, LAMPATNL is

validated against LAM3DNLP for several materials and layups. For all of these

examples, laminate stresiain response is compared between the UMAT and

analytical malels. Because of the differences in safety factor calculations, this value

cannot be directly compared.

Table 3.1 Examples provided for LAMPATNL validation
Layup Material Load (MPa) | Load Direction Linear/Nonlinear | Progressive Failure
[0/90/+45] S-Glass Epoxy 100 X Tension Linear No
[£30] T300/PR-319 150 Y Tension Linear No
[0] S-Glass Epoxy 1700 1 Tension Nonlinear Yes
[0] S-Glass Epoxy 65 2 Tension Nonlinear Yes
[0] S-Glass Epoxy 50 3 Tension Nonlinear Yes
[0/90/+45] S-Glass Epoxy 800 X Tension Nonlinear Yes
[£35] IM7/8551-7 425 X Tension Nonlinear Yes
[+35] IM7/8551-8 160 Y Tension Nonlinear Yes
[£35] IM7/8551-9 85 Z Tension Nonlinear Yes
[£55] E-Glass/MY750 125 X Tension Nonlinear Yes
[+55] E-Glass/MY750 -200 X Compression Nonlinear Yes
[£55] E-Glass/MY750 350 Y Tension Nonlinear Yes
[£55] E-Glass/MY750 -225 Y Compression Nonlinear Yes

3.3.1 Validation of LAMPATNL for linear materials

In the first example, an-Glass/Epoxy lamirta with a [0°/90°/£45%

layup is evaluated in simple tension load of 100 MPa in tagréction. The linear

ply level properties of this material for LAM3D are shown in TébkE Maximum

strain is the failure criteria that is used for this exampletla@dailure allowables are

also shown in Tabl8.2.
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Table 3.2 Linear ply properties of SGlass/Epoxy

Ply Properties Strain Allowables
E, 52000 vl 3.270%
E, 19000 g° 2.210%
E, 19000 vy 0.263%
Gyo 6700 Vi 1.500%
Gia 6700 vy 0.263%
Gys 6700 VS 1.500%
31 0.30 91, 4.000%
Via 0.30 913 4.000%
Vo3 0.42 923 0.590%

The ply properties input into the nonlinear user material must be
linearized, which is achieved by setting the stress asymptote and shape factor
Rambeg-Osgood parameters to large values. Ta@8econtains the LAMPATNL
input values for the linearized material properties. Additionally, to disable the

progressive failure capabilities of the code, maximum strain allowables are set to 10%.

Table 3.3 Ply properties for linear S Glass/Epoxy

S-Glass/Epoxy 1 2 3 12 13 23
E, (GPa) 52 19 19 6.7 6.7 6.7
So (GPa) 100 100 100 100 100 100

n 10 10 10 10 10 10
n o} o} o} 0.3 0.3 0.42

The linear stresstrain curves of both LAMPATNL and the LAM3D

results are shown in FiguB®. The calculated stres$rain responses from these
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codes are coincident as expected. Because of the reasons statguianitius

section, the direct comparison of safety factor, critical mode, and critical ply are not

performed.
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80
T
o
=
~ 60
g
@
40 —— LAM3D —
—e— LAMPATNL
20
O T T T T T T T

. () . () . 0 . 0 . 0 .25% .30% . (] . (]
0.00% 0.05% 0.10% 0.15% 0.20% 0.25% 0.30% 0.35% 0.40%
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Figure 3.9 Stress vs. strain curves in the >firection for [0°/90°/+45°]s S
Glass/Epoxy comparing the LAM3D and LAMPATNL codes

For the next exapie, T300/PR319 in a [+30°] layup is subjected to a
tensile load of 150 MPa in the-tfirection. The ply properties used for the material
are listedin Tabl84 b el ow, oamdhvalbes hohused for input into LAM3D.
The resulting linear stresgrain curves are shown in FiglB40 and are again

coincident.
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Table 3.4 Ply properties for linear T300/PR-319

T300/PR319 1 2 3 12 13 23
E, (GPa) 129 56 56 133 133 1.86
S, (GPa) 100 100 100 100 100 100

n 10 10 10 10 10 10
n 5 5 5 0.318 0.318 05
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Figure 3.10 Stress vs. strain curves in the Mirection for [+30°]s T300/PR-319
comparing the LAM3D and LAMPATNL codes

3.3.2 Validation of LAMPAT NL for nonlinear materials

Comparisons between the LAMPATNL user material and LAM3D were

made by suppressing the nonlinear and progressive failure features of the user

material. In order to completely validate its proper function, the user material model
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must include these features. The next step in validating the UMAT is to match results
using a single element model with those that are output by the analytical code
LAM3DNLP. Changes to the pe#ilure loading procedure for the analytical code
were dediled in the Procedural considerations sections of this chapter. These changes
facilitate a ongo-one comparison of stressrain curves, critical modes, and critical
plies between the user material and LAM3DNLP.

The Rambergdsgood parameters that arediso model the nonlinear
properties for each material used in the examples are provided in3&a[#2e36)].
The maximum strain failure criterion is used for every example and the strain

allowables are shown in TalB& [2, 36].
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Table 3.5 Ramberg-Osgoal parameters

Material &
Its Parameters

Spatial Directions

for Constitutive Modeling

S-Glass/Epoxy 1 2 3 12 13 23
E, (GPa) 52 19 19 6.7 6.7 6.7
C'o (GPa) 100 0.189 0.189 0.071 0.071 100

n 10 3.601 3.601 2.365 2.365 10
3 o) o) o 0.3 0.3 0.42

T300/PR319 1 2 3 12 13 23
E, (GPa) 129 5.6 5.6 1.33 1.33 1.86
8o (GPa) 100 0.135 0.135 0.108 0.108 100

n 10 4.728 4.728 4.872 4.872 10
3 0 0 4 0.318 0.318 0.5
IM7/8551-7 1 2 3 12 13 23
E, (GPa) 165 9.01 9.01 5.6 5.6 2.8
8o (GPa) 100 0.193 0.193 0.089 0.089 100
n 10 3.604 3.604 2.018 2.018 10
3 o) o) 4 0.34 0.34 0.5

E-Glass/MY750 1 2 3 12 13 23
E, (GPa) 45.6 16.2 16.2 6.42 6.42 5.79
8o (GPa) 100 100 100 0.077 0.077 100

n 10 10 10 1.8 1.8 10
3 0 0 4 0.278 0.278 0.4

E-Glass/LY556 1 2 3 12 13 23
E, (GPa) 535 17.7 17.7 6.36 6.36 6.32
8o (GPa) 100 100 100 0.076 0.076 100

n 10 10 10 1.85 1.85 10
3 6] 6] 4 0.278 0.278 0.4

AS4/3501-6 1 3 12 13 23
E, (GPa) 126 11 11 6.8 6.8 3.93
l‘jo (GPa) 100 100 100 0.097 0.097 100

n 10 10 10 1.96 1.96 10
3 0 0 4 0.28 0.28 0.4
Table 3.6 Maximum strain failure allowables
Material Y1T (%) [ YIC (%) [ Y2T (%) [ Y2C (%) | Y3T (%) | Y3C (%) | Y23 (%) | Y13 (%) | Y12 (%)

S-Glass/Epoxy 3.27 -2.21 0.33 -1.5 0.263 -1.5 0.59 4 4

T300/PR319 1.07 -0.74 0.43 -2.8 0.43 -2.8 1.5 8.6 8.6

IM7/8551-7 1.551 -0.96 0.87 -3.2 0.755 -3.2 2.1 5 5

E-glass/MY750 2.81 -1.75 0.25 -1.2 0.25 -1.2 4 4 4

E-glass/LY556 2.13 -1.07 0.2 -0.64 0.2 -0.64 3.8 3.8 3.8

AS4/3501-6 1.38 -1.18 0.44 -2 0.44 -2 2 2 2
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Using a single element model for each example, the laminate is loaded in
the X-direction until failure has occurred. This process is similarly repeated forthe Y
and Zdirections. The first aoparison between the LAMPATNL user material and
LAM3DNLP is a simple unidirectional layup ofGlass/Epoxy. As with all of the
materials tested, this material is linear in the fiber direction. The tensile failure strains
in the 2 and 3directions for ths material are relatively small, which results in the
nonlinear responses of the material in those directions appearing to be linear. Figure
3.11 shows the stressrain response of the unidirectional material in the 1 direction.
As expected, the UMATuwyVe is coincident with the analytical model and both reach

failure at 3.27% strain.
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Figure 3.11 Stress vs. strain curves in the-tlirection for [0°] S-Glass/Epoxy
comparing the UMAT and LAM3DNLP codes

The stressstrain response in thedirection is shan in Figure3.12.
Failure in this direction occurs at 0.33% strain and this is reflected in the results.
Figure3.13 shows the response of this material in tugr&ction, with failure

occurring at 0.26% strain in both the LAMPATNL and LAM3DNLP.

54



70

60

50

N
o

Stress (MPa)

w
o

20 —e— LAM3DNLP
—=— UMAT

10

0.00% 0.05% 0.10% 0.15% 0.20% 0.25% 0.30% 0.35%
Strain (%)

Figure 3.12 Stress vs. strain curves in the-2lirection for [0°] S-Glass/Epoxy
comparing the UMAT and LAM3DNLP codes

55



60

50 o

40

20 ,// —e— LAM3DNLP

—&—UMAT

w
o

Stress (MPa)

10

0# T T T
0.00% 0.05% 0.10% 0.15% 0.20% 0.25% 0.30%

Strain (%)

Figure 3.13 Stress vs. strain curves in the-8lirection for [0°] S-Glass/Epoxy
comparing the UMAT and LAM3DNLP codes

The next example is anGlass/Epoxy laminate in a [0°/90°/£45°%r
guastisotropic, layup. In this example, the response to load applied in-theétion
is the same as response to load applied in theection, so only one plot is shown
for these two load cases. The hio@ar material response and progressive failure of
the laminate is shown in FiguBel4. Transverse tensile failure in the 90° plies occurs
in the laminate at 0.35% strain and in the +45° plies at 1% strain. These failures
produce slight deflections the stresstrain response. Some additional failure has
little effect on the overall stiffness of the laminate in this direction. Longitudinal
tensile failure in the 0° plies occurred at 3.3% strain that caused a dramatic decrease in

the stiffness of theaminate. The final failure recorded for this case is longitudinal
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compressive failure in the 90° plies. Both the analytical code and the user material
yield the same results for this test case, continuing to validate the correct function of

the user mizrial.
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Figure 3.14 Stress vs. strain curves in the tirection for [0°/90°/£45°]s S-
Glass/Epoxy comparing the UMAT and LAM3DNLP codes

The outof-plane stiffness of the laminate is not significantly affected by

its layup and there is no progressive falin this direction because first ply failure is

catastrophic. The stressrain response in thedrection is the same as that shown in
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Figure3.13 because the material used for this laminate is the same used in the first
example.

A laminate comprisedf IM7/8551-7 in a [£35°] layup is used in the next
validation test case. In this composite layup, the nonlinear transverse and shearing
directions are a contributing factor to the response-thr&ction loading. The stress
strain curves in Figurd.15 do not show abrupt discontinuities or changes in stiffness
outside those normally associated with nonlinear materials, suggesting that the failures

did not significantly affect the response of the laminate in this direction.
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Figure 3.15 Stress vs. stran curves in the Xdirection for [+35°]s IM7/8551-7
comparing the UMAT and LAM3DNLP codes
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Subjecting the same laminate to a load in thairéction yields a response
that is both highly nonlinear and significantly effected by progressive ply failure. In
Figure3.16, the stresstrain response deviates from the nonlinear behavior to a more
compliant response at approximately 1.7% strain. This failure corresponds to
transverse tensile failure in the +35° plies. Ultimate failure in this laminateplarme
shearing in all the plies. The results from the user material once again mirror the

results obtained by LAM3DNLP.
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Figure 3.16 Stress vs. strain curves in the ¥direction for [+35°]s IM7/8551-7
comparing the UMAT and LAM3DNLP codes
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The response of thiauininate in the Airection (Figure3.17) is linear
until failure. Once again, the small tensile failure strain of the material limits its
response to the linear regime of the nonlinear curve. Both the user material and

LAM3DNLP responses continue to matc
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Figure 3.17 Stress vs. strain curves in the Alirection for [£35°]s IM7/8551-7
comparing the UMAT and LAM3DNLP codes

The final example for validation is an@®&ass/MY750 composite in a

[£55°]slayup. This example tests the Xnd Y-direction responsef the laminate in

both tension and compression. The material properties, layup, and load scenario are
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the same as those studied in the first World Wide Failure Exercise (\AW§&&e test
case 9)2]. The details of this exercise are discussedintheBk gr ound of t he
codes section of Chapter 2.
The first validation for this laminate is tension in theliXection. In
Figure3.18, the laminate has an almost purely linear response up to around 0.5%
strain then a noticeable shift to nonlinear reseaafter. This shift is caused by
transverse tensile failure in all the plies of the laminate. The coincidence of the curves

further validates the results of the UMAT.
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Figure 3.18 Stress vs. strain curves in Xdirection tension for [+55°) E-
Glass/MY 75 comparing the UMAT and LAM3DNLP codes
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The second validation is compression in thdidection, shown in Figure
3.19. Like previous examples, the LAM3DNLP results and the user material results
match. Transverse compressive failure in the plies arod8d &rain causes the
laminate to become compliant. Ultimate failure in this test case is a result of shear

failure in the plies.
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Figure 3.19 Stress vs. strain curves in Xdirection compression for [£55°]
E-Glass/MY750 comparing the UMAT and LAM3DNLP codes

Tension in the Ydirection is next investigated for validation and shown in

Figure3.20. The response of the laminate is nonlinear with no noticeable stiffness
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changes that can be attributed to progressive failurplahe shear failure irnis

laminate around 2.25% strain does not significantly affect the response in this

direction. Ultimate failure in this test case is a result of transverse compressive failure.
The final example in Figurg.21 is compression in the-direction. A

changen stiffness around 1.25% strain is a result of transverse tensile failure in the

plies. This failure has a small effect on the response of the laminate in this direction.

In-plane shear failure in all plies is the ultimate failure in this case. Simiédrother

validation examples, the UMAT stressain curves match those produced by the

analytical LAM3DNLP code.

400 -

350

l

Y2C: £55°
300

T

|
Y12: 455°

250

200

Stress (MPa)

150

—— LAM3DNLP
100

/ —=— UMAT
50

0 T T T T T T T 1
0.00% 0.50% 1.00% 1.50% 2.00% 2.50% 3.00% 3.50% 4.00%
Strain (%)

Figure 3.20 Stress vs. strain curves in Ydirection tension for [£55°) E-
Glass/MY750 comparing the UMAT and LAM3DNLP codes
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Figure 321 Stress vs. strain curves in Ydirection compression for [£55°]
E-Glass/MY750 comparing the UMAT and LAM3DNLP codes

3.4 Validation summary

The comparison of the LAMPATNL user material output using a single
element model to LAM3D for linear propis provided the first step towards
validating the proper function of the subroutine. Four example cases were shown to
validate the nonlinear and progressive failure aspects of the user material function
correctly by generating the same output as LAMBPN The validated LAMPATNL
user material can now be utilized in the design of composite structures. The procedure
of incorporating the user material into the design process of thick section composites is

documented in the next chapter.
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Chapter 4

CASE STUDIES

LAM3DNLP and LAMPATNL were developed to analyze symmetric,
thick section composite laminates and structures with ply level material nonlinearity
and failure. In this chapter, two case studies are presented and examined with the
LAMPATNL user material The first case study is a simple block in compression that
is partially fixed on one edge, inducingphane shear stresses. The second case study
is an open hole sample subjected to simultaneous loading in HreX-directions.
The open hole sampis commonly used to check the effectivenesoiposite
failure models [18, 19, 225, 27, 29, 3D An example illustrating the improvements
and contributions to the LAMPATNL design method over its original version is also

provided.

4.1 LAMPATNL output parameters

A total of 16 parameters are output by the UMAT, so filtering and
processing this data is an important part of the design process. Several useful output
parameters are calculated for each element in the model in addition to the safety factor,
critical mode, and critical ply parameters produced by the original LAMPATNL user
material f]. A full list and brief description of each parameter is provided in Table
4.1. These history dependent parameters are calculated and stored throughout the

incremental solution.
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Table 4.1 List of state dependent parameters

DeAsti);r?:t?on Parameter Name Description
SDV1 CXXR Cyx Ratio, X Stiffness
SDV2 CYYR Cyy Ratio, Y Stiffness
SDV3 CZZR C; Ratio, Z Stiffness
SDv4 CYZR Cyz Ratio, YZ Stiffness
SDV5 CXZR Cyz Ratio, XZ Stiffness
SDV6 CXYR Cxy Ratio, XY Stiffness
SDV7 NOF Number of Failures
SDV8 CMODE Current Critical Failure Mode
SDV9 FMODE Previous Failed Mode
SDV10 CPLY Current Critical Ply Number
SDV11 FPLY Previous Failed Ply Number
SDV12 SF Safety Factor
SDV13 SUMCIJ Sum of SDV1 through SDV6
SDV14 PRODCIJ Product of SDV1 through SDV6
SDV15 MINCIJ Minimum value of SDV1 through SDV6
SDV16 MINCIJIN Cj number (1 to 6) of SDV15

The first six parameters are stiffness ratios evaluated directly from the
elemental (global) stiffness matrix. At the beginning of the finite element analysis, the
values on the diagonaf the stiffness matrix, £ are stored. These values change
throughout the analysis due to material nonlinearity and progressive ply failure. The
stiffness matrix is updated and the current values occupying the diagonal are divided
by the original valug to determine the stiffness ratio for that direction. Equdtibn
shows the calculation of thecgstiffness ratio CXXR, with the calculation of the five
other ratios following similarly.

C

CXXR= Cxx 41
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In Equatiord.1, thec term is the arrent value and thiterm is the initial
value. For this analysis,é refers to value in the (1, 1) position of the globgl C
stiffness matrix, @y in the (2, 2), Gz in the (3, 3), Gz in the (4, 4), Gz in the (5, 5),
and Gy in the (6, 6). Thevalues of the stiffness ratios range from 1 to O, where a
value of 1 indicates no stiffness loss from the original stiffness and 0 indicates
complete loss of stiffness of the element in the direction.

The parameter for the number of failures, NOF or SDV4roscthe
number of ply failures that have occurred in the element. For example, if a [0°/90°]
laminate had transverse tensile failure in the 90° plies and longitudinal tensile failure
in the 0° plies the number of failures would be 4. This value isudt @f symmetry
with a single failure recorded in the two 90° plies and another single failure recorded
in the two 0° plies. If failure has not occurred in the element, NOF will be at zero.
This parameter does not indicate the effect of ply failurénerstiffness of the sample
but is a count of the number of failure allowables exceeded in the elepenthis
point.

The critical mode CMODE, previous failed mode FMODE, critical ply
CPLY, previous failed ply FPLY, and safety factor SF are importa@sinpeters used
to determine the progressive ply failure history in LAMPATNL. The safety factor is
defined as the ratio of the principle material direction strain allowable to the current

ply level strain, as shown below:

SF, = AL 42
el

SF, = YICH it <o 43
el

67



SF, = Y21 i (>0 4.4
eZ
SF, _‘YZC if (<0 45
62
SE, = Y3 it (10 46
eS
SF, _‘YSC if (<0 47
63
SE, = Yzﬂ 48
€,
SF = Y13 49
65
SF, = Y12 410
eG

where Y1T, Y1C, Y2T, Y2C, Y3T, Y3C, Y23, Y13, and Y12 are the maximum strain
allowables. These calculations are done for all N plies in the laminate. The lowest
value out of the 9N safety factors is recorded and displayed &§-thetput

parameter. The ply with the lowest safety factor becomes the critical ply CPLY and
the mode in which this safety factor has occurred is recorded as the critical mode
CMODE. The values of CPLY range from 1 to N. The values of CMODE correspond
to the number of the lowest safety factor, as defined in Equati®dnis4.10, and

range from 1 to 9. Critical or failure mode 1 refers-wirgction fiber tension, mode 2

is 1-direction fiber compression, mode 3 igli2ection matrix tension, mode 43s

direction matrix compression, mode 5 isliBection matrix tension, mode 6 is 3

direction matrix compression, mode 7 is interlaminar (23) shear, mode 8 is
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interlaminar (13) shear, and mode 9 iplane (12) shear. The failure modes refer to
the plylevel coordinate system that is related to the laminate and global systems as

shown in Figuret.1.
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Y

Y

>
>
x|

Figure 4.1 Relation of global coordinates to laminate and ply coordinates

When a strain in a ply has reached its allowable (safety factor=1), the
failed plyand direction are discounted and excluded from the safety factor calculation.
The critical ply at this point is recorded as the previous failed ply number FPLY and
the critical mode becomes the previous failed mode FMODE. These values are
initially at zero and will take on the range of values of CPLY and CMODE if ply
failure occurs in the element. If failure is recorded, the FPLY and FMODE parameters
will portray the progression of failure in the analysis.

The SUMCIJ parameter is simply the sum of theX®, CYYR, CZZR,

CYZR, CXZR, and CXYR stiffness ratio parameters and can range from 6 to 0. The

PRODCIJ parameter is the product of these stiffness ratios and ranges from 1 to O.
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The MINCIJ parameter records the minimum value of the six stiffness sattbalso
ranges from 1 to 0. The MINCIIN parameter indicates which stiffness ratio is
recorded as the minimum for the element. If CXXR is the minimum stiffness ratio,
MINCIIN is 1, for CYYR itis 2, for CZZR it is 3, for CYZR it is 4, for CXZR it is 5,
and for CXYR itis 6. If the minimum stiffness ratio for the element is greater than
80%, no value for MINCIJN is recorded and this parameter is set to 8ere

output parameters are not used in the following case studies but may have more

important use in different analyses.

4.2 Design methodology

A standardized process for designing composite structures with the
LAMPATNL user material has been developed. The output parameters produced by
the user material are subsequently used to analyze the nonéispanse and
progressive failure of the composite structure. The methodology for designing a

structure using LAMPATNL is outlined in Figude2.
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Record direction of stiffness
reduction in these areas.

v

Determine if failure occurred
in the structure.

Failure

Determine first
increment of failure.

.

Record failed mode
» and failed ply in this
region

.

Proceed to next
increment of failure

No

<]

inal Increment>

No Failure
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areas.

A

Make changes to the layup,
based on mode and ply
information, to meet design
objectives.

Figure 4.2 Design methodology flowchart

The largest reduction in original stiffness, identified by theelsivG; ratio
MINCIJ at the end of analysis, and its corresponding direction MINCIJN are examined
first. The next step is to determine from the NOF parameter, which records the
number of failures, whether the reduction in stiffness has been caused bglmate
nonlinearity or ply failures. If there are ply failures in the areas of concern, the

complete failure progression of the structure is constructed using the failed mode
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FMODE and failed ply FPLY. If the areas of low stiffness ratio are caused by
noniinear effects, the critical ply CPLY and mode CMODE at the final increment
become the basis for changes to the layup. The designer would use this information,
critical ply and mode or failure progression, to make changes to the design of the
structure taachieve the objectives of the analysis. Multiple iterations of this design
methodology may be needed in order to achieve these objectives. The following case

studies help to demonstrate this design methodology.

4.3 Original LAMPATNL design methodology

An example comparing the original outputs of LAMPATNL (safety factor,
critical mode, and critical ply) to the new stiffness ratios outputs is provided in this
section. This example illustrates new contributions that the stiffness ratio parameters
bring to vsualizing the critical design information of the structure.

In this example, a laminate of a [0°/90dyup of IM7/85517 is tested as
a beam in bending. The Ramb&ggood parameters and maximum strain allowables
for this material are shown in Tablgg and3.5 respectively. The sample is
constrained in Xand Zdirections along the bottom right edge and thdiréction
along the bottom left edge as shown in Figu8 Also in Figuret.3, a displacement
in the Zdirection along a portion of the tdace is applied to introduce a bending load

into the sample.
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Figure 4.3 Diagram of bending sample

The outputs that were originally available in LAMPATNL analysis were
the safety factor SF, critical mode CMODE, and critical ply CPLY. When a strain in a
ply has reached its allowable, the ply fails. This ply and direction are discounted and
excluded from the safety factor calculation. The recorded value of the safety factor
therefore decreases to one before jumping to a different value, as shown for the

loading of an arbitrary element in Figutd.
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Figure 4.4 Plot of safety factor vs. displacement

At the end of the simulation for this example, the element shown in Figure
44 displays a safety factor of 4.53 yet thieawebeen at least three ply failgrén this
element. Information on the failure history of the laminate in this element cannot be
determined from this final value of safety factor.

Figure4.5 shows the contour plots of safety factor from the beginning to
the end of the analysis. In thgdets, blue areas have a safety factor close to 1, red
areas indicate a safety factor of 5, and grey areas are anything greater than 5. From the
plot of the final increment (last plot in the series), it can be determined that the blue
areas are close failure, but there is no information on which areas and plies have

failed nor is there information about how these failures have affected the stiffness of
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the structure. The complex and abrupt fluctuations in the safety factor and the
inability to determme the failure history prevent the original outputs of LAMPATNL
from effectively providing the information necessary to make changes to the

composite design.

Figure 4.5 Plot of progression of safety factor (SF)
In this work, new output parameters fromMRATNL are proposed that

include the structural stiffness ratios of the laminate. These parameters are detailed in

the LAMPATNL output parameters section of this chapter. Fig@eshows the
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results of the MINCIJ parameter in the same arbitrary eledmmntmented in Figure

44. This plot shows that there was catastrophic stiffness loss in at least one direction
for this element. At the end of the analysis, the value of this parameter is 0.007,
indicating that complete stiffness loss has occurredlgaat one direction in this

element.

Minimum Stiffness Ratio

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Displacement (cm)

Figure 4.6 Plot of minimum stiffness ratio (MINCIJ) vs. displacement

A progression plot of the MINCIJ parameter is shown in Figufe In

this plot, areas that are blue correspond to a zero stiffness ratio (c@stjffaess

loss) and areas that are red correspond to no stiffness loss. By examining the contour
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plot of the last increment, it is easy to determine which areas have severe stiffness loss
and which areas do not. Because of the simple nature of fhestifatio measure, it

is easy to determine from the progression which areas have failed and in which order
they have failed. This contrasts from the safety factor plots shown in Bigure

which do not efficiently visualize the failure history of thetp

SDV1S

+8.500e-02
+0.000e+00

m mEEEE
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Figure 4.7 Plot of progression of minimum stiffness ratio (MINCIJ)
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4.4 Case study #1

4.4.1 Description

The first case study that is examined with the LAMPATNL is a
compressive shear sample. This sample was created to represent a composite material
thatis bonded to a much stiffer material. The sample, shown in Higgires
rectangular with an aspect ratio of 2.5 that is fixed on one half of one side. A
compressive load in the-tirection is applied to one end of the sample and a
boundary conditionmthe opposing end prevents the sample from moving inthe X

direction.
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Figure 4.8 Diagram of shear sample

The first design tested is a [0°/90yup of AS4/35046. The Ramberg

Osgood parameters and maximum strain allowables for this material areishown

Tables3.4 and3.5, respectively. A uniform pressure of 800 MPa is applied to the top
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end of the sample, causing compressive stresses and a shear stress concentration close
to the right fixed boundary condition.

The sample is modeled using a mesh4f&threedimensional &hode
linear brick elements with reduced integration, type C3D8RBAQUS. The mesh
contains 8505 nodes each with three degrees of freedom, resulting in 25515 total
degrees of freedont-or each case studye mesh was varied iroth density and
structure to ensure the resudfshe simulatiordid not change dramatically.

The objective of this case study is to limit the displacement of point A (see
Figure4 .8) in the Xdirection to 0.05 m. Limiting the shear and longitudinalfalis
important to the performance of this sample, so reducing areas of stiffness loss in these
directions is also an objective. Based upon the performance of the first layup,
modifications to the laminate may be needed to achieve the objective. Amgedia
the laminate must maintain the same material, weight, and thickness from the original
layup. These changes are made based on information gained from the process outlined

in the design methodology.

4.4.2 Results of original design

Following the procedureutlined in the design methodology, the first step
is to investigate the lowest ratio of current stiffness to original stiffness at the end of
the analysis. The contour plot of the LAMPATNL output parameter MINCIJ is shown
in Figure4.9. In this plot, a@as of concern are those that are blue, corresponding to a
zero stiffness ratio, and areas of least concern are red, corresponding to no stiffness
loss. This color scale holds for all plots of the MINCIJ, CXXR, CYYR, CZZR, and
CXYR shown in this case styd
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Figure 4.9 Contour plot of minimum Cj stiffness ratio, MINCIJ
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A significant area of the structure has at least one of its stiffness ratios
near zero. The next step in this methodology is to determine which direction the
stiffness ratios are at oraezero. A plot of the number (16), MINCIJN, indicates

the critical direction of the lowest stiffness ratio and is shown in Figyafe
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Figure 4.10 Contour plot of the direction of minimum Cj ratio, MINCIIN
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The area in the bottom right portiontbe structure at the fixed hétice
has Gy (red area of MINCIIN=6) as the lowest stiffness ratio, corresponding to the
XY shear stiffness. The areas in green also have a stiffness ratio close to zero and
correspond to a value of 3 in this plot. Tresult shows that there is a loss of stiffness
in the G stiffness ratio, or global-direction. This is not a result of loading in the Z
direction, but a result of ply strains caud
throughthickness tensile failerallowable.

In order to further investigate the critical losses in stiffness, a closer
examination of each individual stiffness ratio is required. Upon inspection, the
CXXR, CYYR, CZZR, and CXYR stiffness ratio parameters are low in the areas of
interest The contour plot of the CZZR ratio in Figutd 1 confirms what is shown in
Figure4.10, that a large part of the sample has lost stiffness in-theetion. The
plot of the Gy stiffness ratio, shown in Figuel?2, also confirms what is shown in

Figure4.10, that the XY shear stiffness is reduced near the fixed face of the sample.

83



SDV3
+1.000e+00
+9.583e-01
+9.167e-01
+8.750e-01
+8,333e-01
+7.917e-01
+7.500e-01
+7.083e-01
+6.667e-01
+6.250e-01
+5.833e-01
+5.417e-01
+5.000e-01
+4.583e-01
+4.167e-01
+3.750e-01
+3,333e-01
+2,917e-01
+2.500e-01
+2,083e-01
+1.667e-01
+1.250e-01
+8.333e-02
+4.167e-02
+0.000e+00

J

Figure 4.11 Plot of CZZ stiffness ratio, CZZR
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Figure 4.12 Plot of CXY stiffness ratio, CXYR

A closer examination of the plot of the\Cstiffness ratio shows that the

upper portion of the fixed face also experiences a loss of stiffness indhection as
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shown in Figuret.13. The limitation of the contour plot in Figu4dL0 is that only
one value for each element can be displayed. In the upper portion of thiatzethe
loss of stiffness occurs in both the &d XY-directions although only the shear

direction is indicated in this area in Figurao.
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Figure 4.13 Plot of CYY stiffness ratio, CYYR
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A similar scenario occurs in the areas of Figulé® that indcate Z
direction failure. Figurd.14 shows the plot of thex stiffness ratio, in which a large
part of the area that had stiffness loss in thiBr&ction also has a loss ofd{rection
stiffness. Because the sample is loaded in this directionathisefis important to the

response of the structure.
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Figure 4.14 Plot of CXX stiffness ratio, CXXR
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The next step of the design methodology is to determine if there are any
ply failures recorded. Because a large part of the sample has a stiffneasoatiear
zero, ply failures are to be expected. A plot of the number of failures that have
occurred is shown in Figueel5. The upper portion of the fixed face has the most ply
failures. This plot also shows areas that have a loss of stiffnessXrdibection are
differentiated from those with only-direction failure, shown as the areas of orange

and green, respectively.
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Figure 4.15 Contour plot of number of failures, NOF
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Continuing in the design methodology, the-f@yel failure history of the
sample is investigated. Plgvel failure behavior is the cause of the global stiffness
loss shown in the stiffness ratio plots in Figutddl to4.14. Figure4.16 displays the
progression of the modes that are failing throughout the response otitttarst The
failure modes shown in this figure refer to the-lglyel coordinate system as described
in the LAMPATNL output parameters section of this chapter.

In Figure4.16, only the mode of failure for the last failed ply is displayed.
Areas in darkblue (FMODE=0) have not failed, red (FMODE=9) indicates a failure
mode of 12 shear, green areas (FMODE=5) have tensile failure irdinec8on, the
areas in pale green (FMODE=3) ardifection tensile failure, and the light blue areas
(FMODE=2) indica¢ 1-direction compressive failure. It is important to understand
which of the four plies correspond to the failure modes of Figil& A progression
plot of the last failed ply is shown in Figu4el7.

In Figure4.17, the blue areas indicate that nduf@ has occurred, red
areas (FPLY=4) indicate that the failure shown in Figuté occurred in the 0° plies,
and the light orange area (FPLY=3) indicates that the failure occurred in the 90° plies.
In order to describe the progression of failure inddeple, four regions are identified
and highlighted on the sample below in FigdE8. The regions, shown in Figure
4.18 on a plot of FMODE at the end of the analysis, are used to refer to areas in the

progression plots of Figukel6ae and Figurd.17a-e.
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Figure 4.18 Diagram of regions

There are three phases of failure that occur in this sample. The first phase
is in-plane shar failure in all of the plies that propagates from region 1, the top edge
of the fixed face, downwards into region 2. This phase is displayed in plots a and b of
Figures4.16 and4.17. The next phase includes tensile failure in toedction in all
plies that starts at the top of the fixed face (region 1) and continues up the right edge of

the sample (region 3). This phase is shown in plots ¢ and d of Figliéeand4.17.
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Additional tensile failure in the-8irection occurs on the face opposing filked

portion, shown in Region 4 of plots ¢ and d. The final phase is compressive 1
direction failure in the 0° plies starting in Region 1 of plot ¢, expanding to Region 3 in
plots d and e, and also occurring in Region 4 in plots d and e.

Figures4.9 thraugh4.17 display the information that is needed to gain
insight into the plylevel failure behavior of the sample. This insight is used to make
changes to the layup of the sample to meet the objectives of this case study. The
current [0°/90°] layup doesot satisfy both of the objectives of the case study. The
displacement at point A is 0.0585 m, which exceeds the target value of 0.05 m. The
areas of global XY shear failure (Figutd2) and global Xdirection failure (Figure

4.14) are large and limitig these areas is the other important objective.

4.4.3 Design iteration #1

The original [0°/90°] layup of the laminate is insufficient in both the
displacement objective and limiting the extent of stiffness loss. The design is first
changed to a +45°slayup. The 0° plies of the laminate are essential in providing
enough longitudinal stiffness to satisfy the displacement objective. Using +45° plies is
aimed at addressing the area of shear failure along the right fixed boundary condition.
The fiberdirection of these plies is aligned more in the globalidéctionthan the 90°
plies adding to the stiffness of the structure in this direction. In the original design,
the 90° plies only provided minimal stiffness in thealiXection.

In order to deterine if the new layup has improved upon the original
design, the stiffness ratios are first examined. In Figur®, the MINCIJ of the new
design is compared to the original. The new design does not have areas with a

complete loss in stiffness in anyelition (dark blue areas). The new design has only
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a small area in the lower right corner where a minimum stiffness ratio has not changed

(red area) from its original value. In the original design, the area of no loss of original

stiffness is large.
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Figure 4.19 Comparison of minimum stiffness ratio MINCIJ [0°/90°]s (left) vs.
[02/£45°]s (right)

The majority of the sample ight plot of Figure4.19 has some stiffness

loss. The plot shown in Figu#e20 is used to determine in which direction these
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losses are the greatest. In this contour plot, the areas in red signifydinection
(CYYR) and the areas in green signify thaliXection (CXXR), the blue area indicates
that the minimum stiffness ratio was not below 80%. While the stiffness in-the X
direction is critical to the response of the structure, stiffness loss indredion is

not as criticabecause there is noading in this directiothough there will be a

Poi ssonds effect
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Figure 4.20 Plot of the direction of minimum C; ratio MINCIJ N for [05/+45]s
layup
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A comparison of the individual stiffness ratios o&CCyy, Czz, and Gy
will determine the benefits, if any, of switching to this layup. The comparison plot of
Cxx in Figure4.21 shows that while the stiffness loss in thdidection ofthe
[0./£45]s samplecovers larger area than the original design, the magnitude of stiffness
loss in these areas is less. In this plot, the areas in light blue have a higher stiffness

ratio than those in dark blue.
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Figure 4.21 Plot of Cxx stiffness ratio CXXR comparing [0°/90°]; (left) to
[02/£45]; (right)
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Comparing the & stiffness ratios of the sample in Fig4r@2, it is seen
that the new layup has a large area where stiffness has been reduced. This reduced
stiffness is a result of the 0° g4 failing in the transverse matrix direction, which

causes a small reduction in stiffness in this area.
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Figure 4.22 Plot of Cyy stiffness ratio (CYYR) comparing [0°/90°] (left) to
[02/£45]s (right)

97



Similarly, the comparison of £ ratio shown in Figurd .23 illustrates that
the complete failure of some elements in thdir&ction has been replaced by slight
softening over the entire structure. The response of the sample in this direction is
determined by the global XZ Poisson ratio and the new laysipela coupling in this

direction.
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Figure 4.23 Plot of C; stiffness ratio (CZZR) comparing [0°/90°] (left) to
[02/£45]; (right)
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Finally, an examination of the global XY shear stiffness ratio between the
original and modified layups is shown in Figdr24. The modified layup shows
dramatic improvements in limiting the extent and severity of shear failure along the

fixed boundary.
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Figure 4.24 Plot of Cxy stiffness ratio (CXYR) comparing [0°/90°]; (left) to
[02/£45]; (right)
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The results of this firstekign iteration are a reduction in the area and
magnitude of XY shear stiffness loss, a reduction in magnitude of Z stiffness loss,
more widespread but less severe Y stiffness loss, and a decrease in the magnitude of
stiffness loss in the Airection. Thealisplacement of point A for this layup is
however, 0.0647 m; which is worse than the first layup tested. While there is
improved performance in the stiffness objectives, the displacement objective is still

not met for this layup.

4.4.4 Design iteration #2

For the next design iteration, the stiffness in the longitudinal direction of
the structure must be improved in order to meet the displacement objective. A
laminate in a [@+35°]s layup is chosen because the £35° plies are needed to address
the XY sheafailures that occur along the fixed boundary of the part. These plies also
increase the global-Hirection stiffness of the sample since their fibers are oriented
more in this direction than the previous design.

The first condition to check is the digpkement objective. Examining the
results of this sample shows that the X displacement at point A is once again not
within the desired objective, at 0.0585 m. An investigation into the stiffness ratio
parameters shows that there is an improved performartke X stiffness, slightly
less desirable performance in the Y and Z directions, and similar performance in the

XY shear stiffness when compared to the first design iteration.
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4.4.5 Design iteration #3

The next layup needs to increase the stiffness of thiadaenin the X
direction while continuing to prevent shear stiffness loss. A laminate wt2%0]s
layup satisfies both these criteria and is used for this design iteration.

The first check for the layup is to compare the displacement at point A
to the targeted value. A displacement of 0.0475 m, less than the targeted value, is
recorded at this point. With this objective satisfied, an examination of the four key
stiffness ratios is needed to confirm that the performance of the layup meets the other
objective.

Like the first design iteration, an examination of the MINCIJ of this layup
is compared to the original (see Figdt25). The majority of the sample with the new
layup has a significant loss in stiffness in at least one direction. Howegentiast
with the original layup, this layup does not have large areas of complete stiffness loss.
The new layup has only one element, near the top of the fixed edge, with complete

stiffness loss.
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Figure 4.25 Comparison of minimum stiffness ratio MINCIJ, [0°/90°; (left) vs.
[02/£25°]s (right)

The plot shown in Figuré.26 displays that the direction, here shown in
pale green, is the predominate loss of stiffness direction. Stiffness loss in the Y

direction is not critical because there is no loadimtpis direction.
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Figure 4.26 Plot of the direction of minimum C; ratio MINCIJIN for [0 »/+25]
layup
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A comparison of the individual stiffness ratios o&CCyy, Czz, and Gy
is once again performed. The comparison plot,gfi€ Figure4.27 shows thathe
stiffness loss in the Airection has been minimized. In this plot, the areas in blue have

a high stiffness loss and the areas in red have no stiffness loss.

SDv1
+1.000e+00
+9.583e-01
+9.167e-01
+8.750e-01

+5.000e-01
+4,583e-01
+4.167e-01
+3.750e-01
+3.333e-01
+2.917e-01
+2.500e-01
+2.083e-01
+1.667e-01
+1.250e-01
+8.333e-02
+4.167e-02
+0.000e+00

=
[
Jus|
[==]
B
=
]
[Em]
|
B
2=l
£l
]
[2=]

&

Figure 4.27 Plot of Cxx stiffness ratio (CXXR) comparing [0°/90°]s (left) to
[02/£25]s (rig ht)
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Comparing the ¢ stiffness of the sample in Figu4e28, it is seen that
the new layup has a large area where stiffness has been reduced. Because stiffness in
this direction is not critical to the overall response of the sample, this resultais not

concern.
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Figure 4.28 Plot of Cyy stiffness ratio (CYYR) comparing [0°/90°]s (left) to
[0/£25]s (right)
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Similar to the first design iteration, the comparison gf hown in Figure
4.29 illustrates that the complete failure of some elements in-theeZtion has been

replaced by slight softening over the entire structure.
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Figure 4.29 Plot of Cz; stiffness ratio (CZZR) comparing [0°/90°]s (left) to
[02/£25]s (right)
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Finally, an examination of the XY shear stiffness ratio between the
original and modikd layups is shown in Figu#e30. The modified layup shows
improvements in limiting the extent and severity of shear failure along the fixed
boundary when compared to the original layup. This layup does not perform as well as

the first design iteratiorhut it does eliminate the shear failure region.
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Figure 4.30 Plot of Cxy stiffness ratio (CXYR) comparing [0°/90°]s (left) to
[02/£25]; (right)



This layup is able to satisfy both objectives set at the start of the case
study. With a displacement of O®Blat point A, the sample is within the targeted
value of 0.05. The modifications to the layup limit the areas of total stiffness loss of
the structure in the global X and XY shear directions.

This case study demonstrates the utility of the stiffness, tast failed
mode, and last failed ply LAMPATNL output parameters. These parameters helped to
improve the understanding of the complex interactions between progressive ply failure
and global stiffness reduction in the laminate. Areas of critical siffitoss were
easily identified using the linear scale of the minimum stiffness ratio parameter. The
progression of ply failures, determined from the design methodology, provided a clear
understanding of the response of the structure. Modificationg {@t90°]; layup
were made based on the insight gained from the mode and ply failure history. These
modifications enabled the designer to quickly achieve the performance objectives of

the analysis using only three design iterations.

4.5 Case study #2

4.51 Description

The second case studytiisee dimensional model ah open hole sample
that is subjected to multiaxiah-plane loading. The open hole configuration was
selected because it is a standard example used to examine progressive failure models
for composites18, 19, 21-25, 27, 29, 30]. This problem is also common in composite
applications and the effects on the structural response due to changes in material,

layup, and widtkto-diameter ratio are important to understand. A diagram of the
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sampe is shown in Figurd.31. The diameter of the hole is 1 and the width of the

sample in both the Xand Y-directions is 5, resulting in widtto-diameter ratio of 5.

UL

K~d i i Ay iy ivhvivhekhekv,

A A Ay Y
N\
Figure 4.31 Diagram of open hole sample

The original laminate is an-Slass/Epoxy matel in a [0°/90°/£45°), or
guastisotropic, layup. The Rambef@sgood parameters and maximum strain
allowables for this material are shown in Tal8e&sand3.5, respectively?, 36]. The
mesh for this model contains 6768 elements and 8905 ndtiedinite element
model has symmetry boundary conditions along the left face and bottom face. A

uniform pressure load of 300 MPa is applied to the right exterior faces in the positive
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X direction, creating tensile stresses in that direction. Another peslesw of 150
MPa is applied to the top exterior faces in the negative Y direction, creating
compressive stresses in that direction.

The objectives in this design case study are to limit the displacement of
the point at the upper right corner of the stuetto less than 0.05 m in the positive X
direction and 0.04 m in the negativedifection. Based upon the performance of the
guastisotropic layup, modifications to the laminate may be needed to achieve these
objectives. Any change to the laminate nmmsintain the same material, weight, and
thickness from the original layup. These changes are made based on information

gained from the process outlined in the design methodology.

4.5.2 Results of original design
Following the procedure of the design methodo)dlg first contour plot

examined is a plot of the minimum @tio MINCIJ, shown in Figurd.32.
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Figure 4.32 Contour plot of minimum Cj; stiffness ratio MINCIJ

The yellow and bright green areas of the sample represent a stiffness ratio
of around 60%/ (%, the pale blue area has a stiffness ratio of-20%, the dark blue
area has 0% stiffness ratio, and the red area (2 elements) is near 100% stiffness ratio.
The multiaxial loading that is applied to this sample causes stress
concentrations at both sidekthe open hole and, as expected, the stiffness ratio is
lowest in these areas. Almost the entire sample has a 30% reduction of stiffness in at
least one direction. To determine which directions are represented in &£RRira
plot of the minimum stihess ratio number MINCIJIN is needed. This plot is shown in

Figure4.33.

111



SDV1e
+6.000e+00

Figure 4.33 Contour plot of the direction of minimum C;j ratio MINCIIN

In this figure, light blue (MINCIIN=1) represents thedKXection, pale
green (MINCIIN=2) represents thedifection, and bright green (MINCIIJN=3)
represents the-direction. The important information from this plot is that the area of
stiffness ratio close to 10% at the top of the hole corresponds to the gldivakckon
and the area of complete loss in si$s to the right of the hole corresponds to the Z
direction. The rest of the sample that has a 30% reduction in stiffness is a combination
of the X- and Y-directions.

The reduction of stiffness at the top and right of the hole are an indication

that failure probably has occurred in these areas. The contour plot of the number of

112



failures in Figuret.34 shows that these areas have the highest amount of ply failures in
the sample. As a result, an investigation into all of the critical stiffness ratios is
needed because the stiffness reduction may have occurred in multiple directions in

addition to what is indicated in Figuré$82 and4.33.
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Figure 4.34 Contour plot of number of failures, NOF

The multiaxial loading combined with XZ and YZ Poisson ratiecf

contributes to strains in thedrection of the sample. The softening and failure of the
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laminate in the througthickness direction is shown in Figu#&5. The majority of

this sample has a 15% reduction in stiffness, the area above the opkashioézn
reduced by 35%, and the area to the right of the hole has a complete loss in stiffness.
This stiffness is not important to the overall response of the sample, but its
contribution tothe minimum stiffness ratio shown kiigures4.32 and4.33 coud

mask the reduction in other important stiffness ratios.
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Figure 4.35 Plot of Cz; stiffness ratio (CZZR)
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The next stiffness ratio examined is theCatio that is shown in Figure
4.36. The three areas to note in this plot are the top of the holgghhef the hole,
and the remainder of the sample. At the top of the hole,thest@fness has been
reduced to 15% of its original value. To the right of the hole and in the rest of the
sample, this stiffness ranges from 50% to 75% of its originakvalt is important to
note that in the area to the right of the hole, this stiffness ratio has only been reduced to
50% of its original stiffness. This suggests that, although some plies in this region
may have failed in the global-irection, the 0° fees in this direction have not failed
in fiber tension. The ply failure history of this sample is documented later in this

section.
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Figure 4.36 Plot of Cxx stiffness ratio (CXXR)

The plot of the @y stiffness ratio in Figurd.37 has similar charactstics
to the previous plot. At the right of the hole, thg Gtiffness has been reduced to
15% of its original value. This significant drop in stiffness is not apparent when
looking at the minimum stiffness ratio plots. To the top of the hole an@in th
remainder of the sample, this stiffness ranges between 50% and 75% of its original

value.
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Figure 4.37 Plot of Cyy stiffness ratio (CYYR)

The final stiffness ratio that is important to the response of the structure is
the Gy stiffness ratio, which repsents the XY shear stiffness. In Figdi@8, the
majority of the sample has less than 5% stiffness loss in this direction. Areas in close
proximity to the hole in the sample have been reduced to 65% of the original shear

stiffness.



SDVE

+1.000e+00
+9.583e-01
+9.167e-01
+8.750e-01
+8.333e-01
+7.917e-01
+7.500e-01
+7.083e-01
+6.667e-01
+6.250e-01
—t +5.833e-01
+ +5.417e-01

L.

Figure 4.38 Plot of Cxy stiffness ratio (CXYR)

The progression of failure through the sample must be understood before
making changes to the layup. A progression plot of the last failed mode is shown in
Figure4.39. For this plot, dark blue indicates no failg#@1ODE=0),the blue areas
(FMODE-=1) indicate 4direction tensile failure, the light blue areas (FMODE=2)
indicate direction compressive failure, the areas in pale green (FMODE=3) are 2
direction tensile failure, bright green areas (FMODE=5) have tensile failtite &

direction, and red (FMODE=9) indicates a failure mode of 12 shear.
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A progression plot of the last failed ply is shown in Fighi4®). In this
figure, grey areas indicate no failure recorded (FPLY=0), yellow areas refer to the 90°
plies (FPLY=7), redareas to the 0° plies (FPLY=8), blue areas to456& plies

(FPLY=5), and finally pale green areas refer to +45° plies (FPLY=6).
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Figure 4.39 Plot of progression of last failed mode FMODE



