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ABSTRACT

DEVELOPMENT OF PROGRESSIVE FAILURE MODELS AND THEIR
APPLICATION TO OPEN HOLE COMPOSITE LAMINATES AND
WIND TURBINE BLADES

Muyan, Mevliit Can
Doctor of Philosophy, Aerospace Engineering
Supervisor : Prof. Dr. Demirkan Coker

March 2023, 235 pages

The usage of composite materials in the load carrying aircraft structures has been
increasing in the last few decades. Composite materials are also used in wind turbine
blades, which are designed to endure extreme weather conditions without being
damaged over a lifespan of 20 years. Within the framework of this dissertation, the
root cause and propagation of damage in two types of composite structures subjected
to uniaxial and combined loading are studied. In the dissertation three different
studies are presented. The first study is on the development of a proposed analytic
Extended Point Stress Method (EPSM) for the strength prediction of quasi-isotropic
carbon-epoxy open hole laminates. EPSM is advantageous over traditional analytical
models as it is applicable not only under uniaxial but also combined loading. The
second study is on a finite element model incorporating continuum damage model
and cohesive zone model for the strength prediction of quasi-isotropic carbon-epoxy
open hole tension (OHT) laminates. In the study, the necessity of modeling interface
failure in OHT laminates that fail in brittle failure mode with minimal delamination

is highlighted. The third study deals with the FE model validation and progressive



damage analysis of a 5-meter composite wind turbine blade under monotonic
loading. After validating the FE model based on modal tests, blade progressive
damage analysis under flap-wise (max) loading is conducted. The failure initiation
region is predicted in the blade root transition region and the blade collapses after

maximum loading level.

Keywords: Open hole composite laminate, Finite element model, Progressive

damage analysis, Wind turbine blade, Continuum damage model
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ILERLEMELI HASAR MODELLERININ GELIiSTIRILMESI VE DELIKLI
KOMPOZIT PLAKALAR VE
RUZGAR TURBIN KANATLARINA UYGULANMASI

Muyan, Mevliit Can
Doktora, Havacilik ve Uzay Miihendisligi
Tez Yoneticisi: Prof. Dr. Demirkan Coker

Mart 2023, 235 sayfa

Son yirmi yilda, yiik tasiyan hava araci yapilarinda kompozit malzemelerin
kullanim1 artmistir. Kompozit malzemeler ayn1 zamanda, 20 yillik ¢alisma omrii
boyunca hasar gormeden asir1 hava kosullarina dayanacak sekilde tasarlanan riizgar
tiirbini kanatlarinda da kullanilmaktadir. Bu tez kapsaminda, tek eksenli ve birlesik
ylikleme altindaki iki ¢esit kompozit yapida goriilen hasarin ana nedeni ve gelisimi
incelenmektedir. Tezde ii¢ farkli ¢alisma sunulmaktadir. ilk ¢alisma, kuasi-izotropik
karbon-epoksi delikli laminatlarin dayanim tahmini i¢in Onerilen analitik
Genisletilmis Nokta Gerilme Yontemi (GNGY)’nin gelistirilmesi hakkindadir.
GNGY sadece tek eksenli degil ayni zamanda birlesik yiiklemeler altinda da
kullanilabilmesi agisindan geleneksel analitik modellere gore daha avantajlidir.
Ikinci calisma, kuasi-izotropik karbon-epoksi delikli ¢eki laminatlarin (DCL)
dayanim tahmininde kullanilan siirekli ortam hasar modeli ve kohesif arayiiz hasar
modelini igeren sonlu elemanlar modeli hakkindadir. Calismada, minimal
delaminasyonla gevrek modda kirilan DCL kompozit laminatlarinda kohesif arayiiz
hasar modellesinin yapilmasinin gerekliligi vurgulanmaktadir. Ugiincii ¢alisma ise

5-metrelik bir kompozit riizgar tiirbini kanadi sonlu modelinin dogrulanmasi ve
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monotonik yiikleme altinda ilerlemeli hasar analizi ile ilgilidir. Sonlu elemanlar
modelinin modal analiz sonuglarina dayali dogrulanmasmin ardindan, kanadin
kelebekleme  (maksimum) yiiklemesi altinda ilerlemeli hasar analizi
gerceklestirilmistir. Hasar baglama bolgesinin kanat kok gegis bolgesinde oldugu
tahmin edilmistir ve kanadin, maksimum yiikleme seviyesi sonrasinda ¢okecegi

sonucuna varilmaistir.

Anahtar Kelimeler: Delikli kompozit laminat, Sonlu elemanlar modeli, ilerlemeli

hasar modeli, Riizgar tiirbin kanadi, Siirekli ortam hasar modeli

viii



To my father Dr. med. Yilmaz Muyan



ACKNOWLEDGEMENTS

First of all, 1 would like to express my deepest gratitude to my advisor Professor
Demirkan Coker for being a dedicated advisor at every stage of my PhD and for
providing essential guidance while | delved into interesting research topics. His in-
depth knowledge, experience, positive energy, and high motivation for research

allowed me to overcome the challenges | faced during my doctoral studies.

| would also like to thank my dissertation committee members Professor Levend
Parnas and Professor Altan Kayran for providing me with valuable comments, which
| have benefited from greatly. Their constructive feedback and insightful comments
have helped me to refine and improve my work. In addition, | wish to thank my
dissertation examining committee members Professor Ercan Giirses and Professor
Barig Sabuncuoglu. Their questions and comments enabled me to improve my

dissertation further in the right direction.

| am also grateful to the many past and present graduate students of Professor Coker
who | feel lucky to consider as my friends. Specifically, | would like to thank
Dr. Aydin Amireghbali for his unconditional, lasting friendship and fruitful
scientific discussions. | am grateful to Onur Ali Batmaz, Onur Mirag¢ Bozkurt, Ali
Gezer, Tamer Tahir Ata, Ahmet Cevik, Burcu Demirtas, Erdem Dinler, Tutku Iigin
Ozcan, Umut Altuntas, Ogiin Burak Yavuz, Emine Burcin Ozen and Pakize Temiz
for supporting and encouraging me with their inspiring discussions and valuable
insights. Moreover, | would like to thank Dr. Saeid Dashatan, Professor Touraj

Farsadi and Onur Cakmak for their friendship and supporting me during my research.

Next, | wish to express my gratitude to Professor Oguz Uzol and RUZGEM Center
for Wind Energy established in the Middle East Technical University for providing

me with the resources and facilities necessary to conduct this research.



Last but not the least, | would like to express my gratitude to my family. | dedicate
my dissertation to my father Yilmaz Muyan, who motivated me to do a PhD. He
always encouraged my curiosity for science. Similarly, my mother Candan Muyan
always believed in me and provided support especially in the difficult periods of my
doctoral studies. Her endless love, generosity, positivity, and strong personality
made me believe that people can overcome challenges, if they do not give up and
remain determined. Additionally, | thank my brother Cem Muyan and sister Pinar
Muyan-Ozgelik for being on my side no matter what life brings; their support has

made me to feel secure and confident.

Xi



TABLE OF CONTENTS

ABSTRACT .ttt b et e e Y
07/ OO vii
ACKNOWLEDGEMENTS ...t X
TABLE OF CONTENTS ...t X1l
LIST OF TABLES ...ttt XVI
LIST OF FIGURES ... .ottt e XVii
LIST OF ABBREVIATIONS ... XXVI
LIST OF SYMBOLS ... XXVili
1 INTRODUCTION ...ttt 1
2  LITERATURE REVIEW ...ccooiiiiie e 7
2.1  Strength Prediction of Open Hole Composite Laminates.............c.ccc.c....... 7
2.1.1  Analytical APProaches .........coeiieiiiie i, 7
2.1.2  Numerical APProaches ... 13

2.2  Progressive Damage Analysis of Wind Turbine Blades............c.ccccennie. 21

3 PROGRESSIVE FAILURE ANALYSIS OF UNNOTCHED AND OPEN-

HOLE COMPOSITE LAMINATES ... ... 27
3.1 Analytical MOEIING ....ccooiviiiiiiiiiieice e 27
3.1.1 Composite Laminate Strength Calculation Methods......................... 27
3.1.2  Open Hole Composite Laminate Strength Calculation Method........ 52

3.2 Numerical MOdeIING .....c.ccoviiiiiiie e 68
3.2.1 Intralaminar Damage Model............ccccovveiiiiiiiii e 68
3.2.2  Interlaminar Damage Model............cccooviiiiiiiiiiice e 74

xii



4  PLAIN STRENGTH ANALYSIS OF COMPOSITE LAMINATES ............. 79
4.1  Plain Strength Analysis ProCedure..........ccccoeviveieiieesieie e see e 79
4.2 Results from the Plain Strength Analysis of Multidirectional Laminates 87

4.2.1  Validation of Biaxial Failure ENVElOPES.........cccccevvvieiveieiiecees 87

4.2.2  Validation of the Uniaxial Failure Envelopes with Respect to Fiber
(@ T4 1=] ] v Ui o] o U PTOUPPPTRTO 89

4.2.3  Comparison of Failure Envelopes for IMA/M21 Laminate under
BiaXial-Loading .......c.cooveiiiiieiieie e 91

4.2.4  Comparison of Unidirectional Strength Curves for IMA/M21

Laminate with Respect to Fiber Orientation.............ccccocevveveiic v 92
4.25  Comparison with World Wide Failure EXercise ..........ccccceevevverreennnne 94
4.3 CONCIUSIONS .....eeeiiciie ittt sreenne e 95

5 ANALYTICAL APPROACH FOR THE OPEN HOLE STRENGTH
PREDICTION OF COMPOSITE LAMINATES SUBJECTED TO UNIAXIAL

AND BIAXIAL LOADING CONDITIONS ...ttt 97
B INETOUUCTION ettt e e 97
5.2 MethodolOgy ....ccoooeeieiiicece et 98

5.2.1 Open Hole Composite Laminate with an Elliptical Hole Subjected to
CombiINed LOAAING......cciiieieieieie ittt 98

5.2.2  Open Hole Composite Laminate with a Circular Hole Subjected to

Combined LOAGING......ccuiiiieieieie e 107
5.3 ReSults and DISCUSSIONS .........cceruirieriieieieientesie st 112
5.3.1  Open HOIE TeNSION ....ccvviiiieiicce e 112
5.3.2 Open Hole COMPIESSION .....ccvviiiieiiieiieesiie e 118
5.3.3  Open Hole under Multiaxial Loading .........cccccocevveeviieiiieiiecieenne. 120

Xiii



5.4  Summary and CONCIUSIONS ........c.covueiiiiieiieiieie e 124

6 NUMERICAL APPROACH FOR THE PREDICTION OF SIZE EFFECTS

ON OPEN HOLE TENSION LAMINATES .......oo e 125
6.1 INEOTUCTION.....cuiiiiiiiiieee e 125
6.2 MethodolOgy ......coviiieiiiie e 126

6.2.1  Intralaminar Damage Model..........ccccccoiieiiiiinieniis e 126
6.2.2  Interlaminar Damage Model..........ccccccoviiiiiiiiiniie e, 132
6.2.3  Finite Element Model and Boundary Conditions..............ccccccevne... 133
6.2.4  Mesh Convergence StUAY ..........ccoeiirerinieiiieiiene e 135

6.2.5 Validation Study of the ABAQUS User Subroutine (Puck Continuum

Damage MOUEI) .......oiueeie e 138
8.3 RESUITS.. .ottt bbb 144
6.3.1 FE Modeling Approach Using Classical Lamination Theory......... 144

6.3.2  FE Modeling Approach Using Continuum Shell Elements and
INtErface MO .......ooeieee e 151

8.4  CONCIUSIONS. ... 168

7 FE MODEL VALIDATION AND PROGRESSIVE DAMAGE ANALYSIS
OF A 5-M COMPOSITE WIND TURBINE BLADE UNDER MONOTONIC

LOADING ...ttt 171
7.1 INEFOTUCTION ...t 171
7.2 MEthOUOIOGY ......eeieeiiiieie e 172

7.2.1  FE Model of the 5-m RUZGEM Wind Turbine Blade.................... 172

7.2.2  Experimental Modal Analysis of the 5-m RUZGEM Wind Turbine
Blade s 176

7.2.3  Intralaminar Damage Model...........cccccooveiiiiiieic e, 178

Xiv



7.3 RESUIES et

7.3.1  Validation of the 5-m RUZGEM Wind Turbine Blade FE Model
based on the Experimental Modal Analysis...........c.ccooiiiiiiiiencieniiee

7.3.2  Progressive damage analysis of the 5-m RUZGEM Wind Turbine

Blade using Puck’s damage model .............ccoooviiiiiiiiiiii

T4 CONCIUSTONS ...t eenseenenenenennnnennnnes

8 CONCLUSIONS AND FUTURE WORK ..ot

8.1 OVErall CONCIUSIONS ...

8.2  Future
REFERENCES
APPENDICES

A. Materi

MV OTK e ettt e e e e e e

Al DAtADASE ...t

B.  Validation Study for the Stress Field Generated by the Extended Point
Stress Method MATLAB COUE .......cooviiiiieiieieceesee e

C.  Test Matrix of UD Tape Materials for Determining the Characteristic

Distance.......

CURRICULUM VITAE ...

XV



LIST OF TABLES

TABLES

Table 5.1 Mechanical Properties of the IM7/8552 lamina. ...........cccccevvrivrninennenn, 113
Table 5.2 Comparison between predictions and experiments for the [90/0/45/-45]3s

F LT OSSOSO 113
Table 5.3 Mechanical Properties of the IM7/8552 Lamina...........cccoccevvrvernieennnnn, 115
Table 5.4 Comparison between predictions and experiments for the [45/90/-45/0]4s

Fo LT oSS USROS 115
Table 5.5 Mechanical Properties of the M21/T800 Lamina............cccccevevveiveennenn, 117
Table 5.6 Comparison between predictions and OHT experiments for the [90/45/0/-
A5]35 TAY-UP. 1ttt 117

Table 5.7. Comparison between predictions and OHC experiments for the
[90/45/0/-45]3s lay-up (Longitudinal compressive stress of the lamina is taken as
1231 MPA [L20]. cvooviiveeeeeessesissee e s s sss s ens st seanenns 119
Table 5.8. Comparison between predictions and OHC experiments for the

[90/45/0/-45]3s lay-up (Longitudinal compressive stress of the lamina is taken as

LA00 MP). ..ottt 120
Table 5.9 Mechanical Properties of the IM7/8552 lamina [121]. .......cccccoovvvvennene. 122
Table 6.1 Mechanical Properties of the IM7/8552 lamina. ...........ccccccevveierinennnnn. 127
Table 6.2 Interlaminar Material Properties. .........ccoovvvveiieiincieneseeeees 128

Table 6.3 Comparison between predictions and experiments for the IM7-8552

CFRP [90/0/45/-45]35 1aY-UP. ..cuvitiieieiiiieieisie e 147
Table 7.1. Material properties and design allowables of RUZGEM blade for static

ANAIYSIS [L37] . ettt 174
Table 7.2. Degradation rules according to the failure mode. .............cccccovveieennn 180

Table 7.3 Comparison of the 5-m RUZGEM blade modal analysis results between
tests and FE simulations (adhesive mass included)..........cccooooviiieiininininiene, 184

XVi



LIST OF FIGURES

FIGURES

Figure 2.1. Fracture model proposed by Waddoups et al. [14].....c.ccccevvvivievveriennnnne. 8
Figure 2.2. Point stress (a) and (b) average stress criterion [15]. .....cccccvvvvvverennenne 9
Figure 2.3. Cohesive Zone Model proposed by Soutis et al. [24]...........ccccovrnnnne 10

Figure 2.4. (a) Representation of the line crack along y-axis caused by
microbuckling under compression-tension loading (b) strength prediction
procedure for an XAS/914C (-45/0/-45/90),s laminate under compression tension
loading (loading ratio, A = —0.3) [28]. ....ccoeiiiiiieeee e 12
Figure 2.5. Strength reduction of [0/+45/90]s graphite/epoxy open hole laminates
subjected to 1:1 biaxial tensile l0ading [30]. ......ccooeiiiiiiiiiiiee 12
Figure 2.6. Schematic representation of the sublaminate and ply-level scaling
MEthOdOIOGIES [B6]. .oovieeeeiieeie et 14
Figure 2.7. Three different damage mechanisms seen in the OHT tests on quasi-
1SOLropiC 1aMINALES [B7]....c.e i 14
Figure 2.8. Three different damage mechanisms seen in the OHC tests on quasi-
isotropic laminates (a) brittle, (b) push-out (c) delamination [35]..........c.ccccevenee 15
Figure 2.9. Mesh pattern used in the OHT specimen fe models with implementation

regions of cohesive interface elements (laminate thickness=2 mm, ply-level scaling

laminate configuration) [38]. ....c.coveiiiieci e 16
Figure 2.10. Four meshes for different element Sizes. ..........cccovvevviveiieveccicieene 18
Figure 2.11. Mesh refinement study of different numerical models....................... 19

Figure 2.12. (a) Zigzag approach used for approximation the linear softening in a
stress-strain curve (b) piecewise constant stiffness values with slight changing
SEFAIN VAIUES [43]. .o 20
Figure 2.13. Damage evolution in the quarter of the deformed main spar: (a)
damage state 1 before structural instability (b) damage state after structural
INSEADIItY ([55],156]). v vevereererrerierieiisiiiee sttt 22

XVii



Figure 2.14. Comparison between the predicted and observed damage in the root
transition region of the 52.3 m composite wind turbine blade [59]. ........cccccoevenen. 23
Figure 2.15. 5-m glass-fiber-reinforced-ploymer RUZGEM wind turbine blade. .. 25
Figure 3.1: Failure envelope for unidirectional lamina subjected to biaxial normal
loading using maximum stress theory [69]. ......c.cccvvviieiiiie e 30

Figure 3.2: Failure envelope for unidirectional lamina subjected to biaxial normal

loading using maximum strain theory [69]. ..o, 32
Figure 3.3: Basic stressings of UD-COomposite [79] ......cccooeiviinineniiiniceecee, 39
Figure 3.4. Stress of the UD-lamina and stresses on a possible (IFF) fracture plane

parallel to fIDErs [82]. ..o 40
Figure 3.5. Fracture under uniaxial compressive stress g2c¢ [82]. .......cc.ccevvvvvvnennn, 41

Figure 3.6: (a) Damage hysteresis (DH) caused by micro cracks in a UD-layer in a

loading/unloading cycle (b) shear stress tm21, and transformed principal stresses

omll and omllII (c) micro cracks between fibers [83]. ..., 45
Figure 3.7. Master Fracture Body in (on, Tnt,Tn1) coordinate system [79]. ......... 46
Figure 3.8. Search for the fracture plane in UD composite [82]. .........cc.ccccvvvvnenn, 47

Figure 3.9. Representation stress exposure on the (a2, 721)-stress plane (Lutz,
2006) [79]. v oveeveiere ettt et re e 48
Figure 3.10. Laminate strength analysis and load-deformation behavior [73]........ 51
Figure 3.11. Plate with an area S subjected to external forces Xn and Yn at the
external CoNtoUr [90]. ....c.veiiioe e 60
Figure 3.12. Plate with an area S subjected to external forces Xn and Yn at the
external contour [90]. .....eoiiiee s 61

Figure 3.13. Coordinates of a composite lamina with an elliptical opening subjected

to combined 10ading [18]......cciveiiiieiieie e 63
Figure 3.14. Total stress in an infinite plate can be decomposed into two stress

StateS 1 and Tl [92]. ... 65
Figure 3.15. A finite width anisotropic plate with an elliptical opening [86]. ........ 65
Figure 3.16. Stress-strain linear Softening reSPONSE.......cccvvvevieiiieeiiie e 71

XViil



Figure 3.17. Adjusting the stress-strain softening response for different

CharacteristiC €lEMENT SIZES. .....cvcviiiiie i 72
Figure 3.18. Bi-linear damage evolution law............cccccceviiiiiiinieicicc s 73
Figure 3.19. The bilinear traction-separation response implemented in the Cohesive
pAo ] g1\ [T L= I 0 SRS 76
Figure 3.20. The bilinear traction-separation response for mixed modes [108]..... 77

Figure 4.1: Multidirectional laminate with individual plies and the coordinates [69].

................................................................................................................................. 80
Figure 4.2. Flowchart for the Failure Analysis of a Composite Tape Laminate
Using Mode Based Failure Criteria (FPF, First Ply Failure) [69]. ........cccoveieenene 86
Figure 4.3. PLS MATLAB Code for the Progressive Failure Criteria (Yamada-Sun
and Puck) of Composite Tape MaterialS...........cccooeieriniiiiinineeee e 87

Figure 4.4. Failure envelopes for carbon/epoxy (AS4/3501-6) lamina subjected to
biaxial normal loading using different failure criteria. ..........cccccccooveveiieiiecieceenne. 88
Figure 4.5. Failure envelopes for carbon/epoxy (AS4/3501-6) lamina subjected to
transverse normal and shear loading using different failure criteria....................... 88
Figure 4.6. Normalized Tensile Strength of Unidirectional and Angle-Ply
Laminates with Respect to Fiber Orientation (AS4/3501-6 Carbon/Epoxy, Tsai-Wu
(O3 1 = g o] o TR o TSRS 89
Figure 4.7. Normalized Compressive Strength of Unidirectional and Angle-Ply
Laminates with Respect to Fiber Orientation (AS4/3501-6 Carbon/Epoxy, Tsai-Wu
(@31 = o] TR o TSP SR 90
Figure 4.8. Normalized In-Plane Shear Strength of Unidirectional and Angle-Ply
Laminates with Respect to Fiber Orientation (AS4/3501-6 Carbon/Epoxy; Tsai-Wu
(O3 1 = o] g N TS PSSR 90
Figure 4.9. Bi-axial failure Envelope for Quasi-Isotropic IMA/M21E Laminate

Subjected to Biaxial Normal Loading Using Different Failure Criteria. ................ 92
Figure 4.10. Uniaxial Tensile and Compressive Strength of IMA/M21E
laminate (60/30/10 lay-up) with Respect to Fiber Orientation. ............c.cccccvevunnnne. 93

XiX



Figure 4.11. Comparison between the predicted and measured biaxial failure
stresses for (0°/+45°/90°) AS4/3501-6 laminates [111].....cccccevvevvevieiieieeiieieenen, 95

Figure 5.1. Lamina with an elliptical opening subjected to uniaxial loading [18].

Figure 5.2. Characteristic curve of the laminate with an elliptical opening under
COMBINEd 10AAING. ....ocvveiiee s 103
Figure 5.3. Flowchart of the proposed methodology for the open composite
laminate strength PrediCtion. ..........ccoceiiiiiiii e 106
Figure 5.4. Characteristic distance do and coordinate system of a notched composite
laminate used fOr the EPSM. ..o 107
Figure 5.5. OHT strength vs. hole diameter plot for [90/0/45/-45]ss lay-up (PS, AS,
IFM and EPSM methods calibrate the characteristic distance at point a) ([9],[13])

Figure 5.6. Open Hole Tension Strength vs. Hole Diameter (PS, AS and IFM
methods calibrate the characteristic distance at point a, whereas EPSM calibrates at
POINE D) [13]. ettt r bbbt 116
Figure 5.7. Open Hole Tension Strength vs. Hole Diameter (PS, AS, IFM and
EPSM methods calibrate the characteristic distance at point a) (Ref. [13] [26])..118
Figure 5.8. Open Hole Compressive Strength vs. Hole Diameter (PS, AS, IFM and

EPSM methods calibrate the characteristic distance at point a) [26]. ................... 120
Figure 5.9. Comparison of biaxial failure envelopes for [0/45/90/-45]s IM7/8552
1AMINALE [121] .. e nre s 122
Figure 5.10. Failure pattern of the open hole cruciform specimen subjected to:

(@) 1,=1(b) 1,0 (c) 1,1 10adiNg ratios. ....c.coververeereiriiriiniieieie e 123
Figure 6.1. Brittle failure modes of the IM7-8552 OHT specimen with

w/d=6 (Camanho et al. (2007) [9]). .« eereererrerieriere e 126
Figure 6.2. Bi-linear damage evolution law. ...........ccccoevveiieiii i 131
Figure 6.3. Boundary conditions of the OHT laminate fe model. ........................ 134

XX



Figure 6.4. OHT finite element models (hole diameter = 6 mm) with different mesh

patterns (a) structured mesh (total number of nodes=4032) (b) non-structured

mesh (total number of NOAeS=14103). ......ccccoveririiiieiiee e 135
Figure 6.5. Influence of the mesh density on the strength of the IM7-8552 CFRP
[90/0/+45]3s OHT specimen with a hole diameter of 6 MM..........cccccoovviiiinnnnn 136

Figure 6.6. OHT finite element models (hole diameter = 6 mm) created using
different mesh densities: (a) total number of 1092 nodes (element size=0.5 mm in
the vicinity of the hole) (b) total number of 2366 nodes (element size=0.3 mm in
the vicinity of the hole) (c) total number of 4032 nodes (element size=0.25 mm in
the vicinity of the hole) (d) total number of 4580 nodes (element size=0.20 mm in
the VICINIty OF the NOIE). ... 137
Figure 6.7. FE Model of unit cell indicating boundary conditions for uniaxial
tension iN fIDEr AIFECLION. ........ccoviiiiiieie e e 140
Figure 6.8. Stress-strain response for the IM7-8552 UD (0-degree) lamina under

0] QT E= P U (=] 5] o] OSSOSO 140
Figure 6.9. FE Model of unit cell indicating loads and boundary conditions for
uniaxial compressions in fiber direCtion. ............cccoccveviiiiiicce e 141
Figure 6.10. Stress-strain response for the IM7-8552 UD (0-degree) lamina under
UNTAXTAL COMPIESSION. ..ttt bbb 141
Figure 6.11. FE Model of unit cell indicating loads and boundary conditions for
uniaxial tension in Matrix direCHiON. ........covveiereiiiee e 142
Figure 6.12. Stress-strain response for the IM7-8552 UD (90-degree) lamina under
0] QT E= P d U (=] 5] o] PSSP 142
Figure 6.13. FE Model of unit cell indicating loads and boundary conditions for
uniaxial compression in MatriX direCtioN. ...........ccccvveviiiiiiece e 143
Figure 6.14. Stress-strain response for the IM7-8552 UD (90-degree) lamina under
F] QT E= P U (=] 5] o] PSSO SPRTSSRUSN 143
Figure 6.15. Relation between the applied stress and the longitudinal displacement
during the numerical simulation of the IM7-8552 CFRP [90/0/+45]3s OHT
specimens with different hole sizes using ABAQUS UMAT. ........cccevviivevinenn, 146

XXi



Figure 6.16. Strength predictions of the IM7-8552 CFRP [90/0/+45]3s OHT
specimens With varying hole SIZeS. .......ccccvceiieie i 146
Figure 6.17. Average stress distribution for different hole sizes (D=2,6,10) in IM7-
8552 CFRP IM7-8552 CFRP [90/0/+45]3s OHT specimens in the elastic region
(0757 (0] 138 (o= To I | (] USSR 148
Figure 6.18. Fiber tensile damage evolution at load drop of the IM7-8552 CFRP
[90/0/+45]3s OHT specimens with hole sizes (a) 2 mm (b) 6 mm (c) 10 mm using
Puck’s damage model (ABAQUS UMAT). ...ccoveiiiiiiieiiiieecee e 149
Figure 6.19. Fiber tensile damage evolution at load drop of the IM7-8552 CFRP
[90/0/+45]3s OHT specimens with hole sizes (a) 2 mm (b) 4 mm (c) 6 mm (d) 10
mm using Hashin damage model (ABAQUS built-in damage model). ................ 150
Figure 6.20. Fiber tensile damage evolution shortly after load drop for the IM7-
8552 CFRP [90/0/+45]3s OHT specimen with a hole diameter of 6 mm (a)
structured mesh (b) non-structured MESh. ........ccccviiiiicii i, 151
Figure 6.21. FE modeling approach of the IM7-8552 CFRP OHT laminate with a
hole diameter of 2 mm using continuum shell elements with perfect bonding at ply
11T = Tot S TSP SSPR 152
Figure 6.22. Comparison between the experiments and numerical simulation of the
IM7-8552 CFRP [90/0/+45]3s OHT specimen using plane stress (S4R) and
continuum shell (SC8R) elements with perfect bonding at ply interfaces. ........... 153
Figure 6.23. Fiber damage evolution shortly after peak load in the 0°-ply of the
IM7-8552 CFRP [90/0/+45]3s OHT specimen with a hole diameter of 6 mm using
(@) plane stress (S4R) and (b) continuum shell (SC8R) elements with perfect
bonding at ply INTEITACES. ......couiiiiiiiieee e 155
Figure 6.24. Damage pattern at peak load in the IM7-8552 CFRP [90/0/+45]3s OHT
specimen with a hole diameter of 2 mm with perfect bonding at ply interfaces: (a)
matrix damage in the 90° ply, (b) fiber damage in the 0°ply, (¢) fiber damage in the
45° ply, (d) fiber damage in the -45° ply.......ccceeiiiiiiii e 156
Figure 6.25. FE modeling approaches for the open hole tension using detached

plies with SC8R elements Per PlY. ..o 157

XXii



Figure 6.26. FE modeling approach for the open hole tension (hole diameter, d=6
mm) using SC8R elements per ply with COH3D8 elements at ply interfaces. .... 158
Figure 6.27. Relation between remote stress oo and longitudinal displacement in
the IM7-8552 CFRP [90/0/+45]3s OHT specimen with a hole diameter of 2 mm

using different fe modeling Strategies. .........cccereieriiiiiieeee e 159
Figure 6.28. Strength predictions of the IM7-8552 CFRP [90/0/+45]3s OHT
specimen with different hole sizes (W/D=6). ........cc.cccvevveriieiiiieeiiee e 161

Figure 6.29. Comparison between the experiments and numerical simulation of the
IM7-8552 CFRP [90/0/+45]3s OHT specimen using plane stress (S4R) and
continuum shell (SC8R) elements with perfect bonding and continuum

shell (SC8R) elements with CZM ply interfaces. .........ccccoevevievivevciicceece e, 161
Figure 6.30. Damage pattern in the IM7-8552 CFRP [90/0/+45]3s OHT specimen
under ultimate load (hole diameter, D = 2 mm) with frictionless contact at ply
interfaces: (a) matrix damage in the 90° ply, (b) fiber damage in the 0° ply, (c) no
fiber damage in the 45° ply (d) no damage in the -45° ply. .....cccovverviiniiiinnnnns 164
Figure 6.31. Damage extent in the IM7-8552 CFRP [90/0/+45]3s OHT top
sublaminate under ultimate load (hole diameter, D = 2 mm) with Cohesive Zone
Model at ply INTEITACES. ........oiieie e 165
Figure 6.32. Damage extent in the IM7-8552 CFRP [90/0/+45]3s OHT middle
sublaminate under ultimate load (hole diameter, D = 2 mm) with Cohesive Zone
Model at Ply INTEITACES. .......ooiiieiee e 166
Figure 6.33 Damage extent in the IM7-8552 CFRP [90/0/+45]3s OHT

bottom (center) sublaminate under ultimate load (hole diameter, D = 2 mm) with
Cohesive Zone Model at ply interfaces.........cccoovevviieiicieie e 167
Figure 7.1. Blade assembly for the 5-meter RUZGEM wind turbine blade [137].

Figure 7.2. Mesh independence study of the 5-meter RUZGEM wind turbine blade,

where maximum tip displacement and maximum von Mises stress is used as the

CONVEIGENCE CIILEITON. ...vitiitieiieiieie stttk b e bbb nneas 174

XXiil



Figure 7.3. FE models of the 5-meter RUZGEM turbine blade components: (a)
pressure side (b) internal flange (c) chassis (d) suction side. ...........cccccevvvevvenenne. 175
Figure 7.4. (a) Flapwise (max) bending moment distribution on the RUZGEM
blade (b) loads and boundary conditions of the RUZGEM blade FE model. ....... 175
Figure 7.5. (a) Distribution of the MASS21 elements in the spanwise direction (b)
distribution of the MASS21 elements in the cross-section of the RUZGEM blade fe
40T ] SRRSO 177
Figure 7.6. Experimental modal analysis test set-up of the RUZGEM blade (a)
positioning of the accelerometers on the RUZGEM blade (b) mounting of the
shaker to the RUZGEM blade [140]. ....covvrvireriiieeieeeeeeeceie et 177
Figure 7.7. Validation of the ANSYS APDL Code for the progressive failure
analysis of a [0/90]s GFRP MY 750 laminate under ox uniaxial tension load based
on Puck’s damage model against experimental data [111]. .......cccoccvniniiinnnnnn. 182
Figure 7.8. Validation of the ANSYS APDL Code for the progressive failure
analysis of a [0/+45/90]s CFRP AS4 3501-6 laminate under oy uniaxial tension
load based on Puck’s damage model [111]. ....cccoooiiiiiiiniiniiiiiie e 182
Figure 7.9. Comparison of the 5-m RUZGEM blade 1% eigenmode between (a)
experiment and (b) FE simulation, 5" eigenmode between (c) experiment and (d) fe
] 0T = U o] oSSR 184
Figure 7.10. Load-displacement curves of the 5-m RUZGEM blade using linear

elastic model and progressive damage model (Puck) under flapwise (max) loading.

Figure 7.11. Total deformation of the 5-m RUZGEM blade at 99% flapwise (max)
loading (Scale fAaCtOr: X 2)....ccuciiiiciece e 186
Figure 7.12. Damage evolution — IFF (A) or IFF (B) — in the pressure side, internal
flange, spar and suction side of the blade (from top to bottom in a panel) at 93% of
flapwise (Max) 1080ING. .......coviiiiiiiiee s 188
Figure 7.13. Damage evolution — FF or IFF (C) — in the pressure side, internal
flange, spar and suction side of the blade (from top to bottom in a panel) at 93% of

flapwise (Max) 1080ING. .......covriiiiiiieiee s 188

XXIV



Figure 7.14. Element failure pattern in the pressure side, internal flange, spar and
suction side of the blade (from top to bottom in a panel) at 99% of flapwise (max)
(o= To |1 T TSRS 189
Figure 7.15. Element failure pattern in the pressure side, internal flange, spar and
suction side of the blade (from top to bottom in a panel) before blade collapse

under flapwise (Max) 10adiNg. .......ccccoveiviiieiieie e 189

XXV



APDL ANSYS
AS

ASC

ASTM

CDM

CFRP

CLT

CZM

DH

EPSM

FEA

FF

FFF

FFM

FFT

FPF

FPFF

GFRP

IFF

IFM

LIST OF ABBREVIATIONS

Parametric Design Language

Average Stress

Average Stress Criterion
American Society for Testing and Materials
Continuum Damage Model
Carbon-fiber-reinforced-polymer
Classical Lamination Theory
Cohesive Zone Model

Damage Hysteresis

Extended Point Stress Method
Finite Element Analysis

Fiber Failure

First Fiber Failure

Finite Fracture Model
Fast-Fourier-Transform

First Ply Failure

First Ply First Fiber
Glass-Fiber-Reinforced-Polymer
Inter Fiber Failure

Inherent Flaw Model

XXVi



LEFM

OH

OHC

OHT

PLS

PS

PSC

RF

RFF

RFM

SR

ub

UMAT

UPL

WWFE

YS

Linear Elastic Fracture Mechanics
Open Hole

Open Hole Compression
Open Hole Tension

Plain Strength

Point Stress

Point Stress Criterion
Reserve Factor

Fiber Reserve Factor

Matrix Reserve Factor
Strength Reduction
Uni-Directional

User Material Subroutine
Ultimate Ply Failure
World-Wide Failure Exercise

Yamada-Sun

XXVii



LIST OF SYMBOLS

2a Major diameter

a;j Compliances of the laminate

a,b,c,d Laminate compliance matrices

A,B,D Laminate stiffness matrices

Arp Avrea related to the integration point of an element
B Mixed mode ratio

Cq Damaged elasticity matrix

Dy, Linear differential operators

ds Damage variable for fiber failure mode

dm Damage variable for matrix failure mode

ds Damage variable for shear failure mode

Ey Elasticity modulus for different damage modes
Ey, E\f The elasticity moduli of lamina and fibre

F(x,y) Airy stress function

forr Stress exposure for fiber failure under tension
férr Stress exposure for fiber failure under compression
féier Stress exposure for inter fiber failure mode A
feirr Stress exposure for inter fiber failure mode B
fEirr Stress exposure for inter fiber failure mode C

fi Second order stress tensors

XXViii



fij Fourth order stress tensors

Gy Fracture toughness for different damage modes
G Longitudinal tensile fracture energy

Gy Longitudinal compressive fracture energy

Gy Transverse tensile fracture energy

G Transverse compressive fracture energy

Gie Mode I critical fracture energy

Gric Mode 11 critical fracture energy

K, Stress intensity factor

K. Critical stress intensity factor

Kr Stress concentration for finite plate

K Stress concentration for infinite plate

L. Characteristic element length

l Crack extension at failure

Lenar Mode Il characteristic length for infinite bodies
len siender,11 Mode Il characteristic length for slender bodies

) =) )

PPl Py Inclination parameters used in Puck’s damage model

d, Characteristic distance

Se Shear strength of the lamina in the symmetric cross-ply
laminate

S Longitudinal lamina shear strength

ST Transverse lamina shear strength

XXiX



5

th ts, Lt

t9,t9,¢?

Uy, Uy, U,
UR,, UR,, UR,
[Q]1:

w

X

Xu

Total laminate thickness

In-plane normal, in-plane shear and out-of-plane shear

tractions

Maximum allowable values for in-plane normal, in-plane

shear and out-of-plane shear tractions

Translational degrees of freedom

Rotational degrees of freedom

Ply stiffnesses

Plate width

Lamina strength in longitudinal directions

Lamina strength for different damage modes
External forces

Tensile lamina strength in fiber direction
Compressive lamina strength in fiber direction
Tensile lamina strength in transverse fiber direction
Compressive lamina strength in transverse fiber direction
Ply shear strength

Through-the-thickness coordinate

Stress component in fiber direction

Stress component in transverse fiber direction
Shearing stress in 1-2 plane

Layer stresses

XXX



On Normal stress on the fracture plane

t c c t 1 H : )
O\, 0,05, 00, Ty, Ty, Ty Stressings (applied stress mode) used in Puck’s model

Ooy Equivalent stress at damage onset

Ol max Interfacial strength under shear loading

£1,€2, Ve Strain components in material principal axes

[e]%, Layer strains

&1, €% Ultimate tensile strains in fiber and transverse fiber
directions

&1, €3, Ultimate compressive strains in fiber and transverse

fiber directions

egq Equivalent strain at final failure

Ye Ultimate shear strain in 1-2 plane

T2 In-plane shear stress

Ty Axial failure shear

Tr Transverse failure shear

Tntr Tnt Shear stresses on the fracture plane
Ui Roots of the characteristic equation
Vi Vis Poisson ratios of the lamina and fiber
Op Fracture angle

XXX






CHAPTER 1

INTRODUCTION

The usage of Fiber Reinforced Polymers (FRP) are increasing in structural
applications for the aerospace, automotive, energy and sports sectors in the last
decades. Owing to their superior mechanical properties such as high stiffness,
strength, toughness and low density, these materials are ideal candidates as
lightweight structures. In addition to this, the layup sequence of the composite
laminates can be readily changed to meet stiffness and strength requirements.
However, FRP laminates are weak in terms of out-of-plane strength and are
susceptible to impact loading and to thermal as well as environmental influences.
Moreover, due to multiple interacting damage mechanisms and large scatter in their
material properties, it is difficult to predict the damage modes of composite
structures [1]. Due to these phenomenological observations analytical and
experimental methods developed for metals turned out to be not appropriate for FRP
laminates and hence other damage theories were developed for composites. Since
composites exhibit complex damage mechanisms under static and fatigue loading
conditions, complete physical understanding of the damage mechanims are still
challenging. This is why further development of failure theories and prediction
models is still ongoing. A further drawback of fiber reinforced polymers is the fact

that they are costly.

To improve the economic aspects, cost reduction in manufacturing, design and
certification of FRP structures is mandatory. New production techniques such as out-
of-autoclave and automated manufacturing technologies help to break down the
production costs. However, design and certification requirements are still expensive,

because in the case of missing reliable design tools, experimental test programs could


https://www.sciencedirect.com/topics/engineering/fibre-reinforced-polymer

be impractical when large number of design variations, material properties, variables
are considered [2]. In order to address the issue of reducing costs in this aspect, it is
essential to develop dependable and effective computational tools that have the
ability to precisely predict the complete mechanical behavior of the FRP laminate
from elastic behavior until structural collapse. In this context, two independent topics
are studied: progressive damage analysis and strength prediction of open hole
composite laminates and progressive damage analysis and strength prediction of an
existing composite wind turbine blade under quasi-static loading. In this chapter, a
short summary of the three novel contributions are given to the literature in the two

topical areas studied in this thesis.

The first topic that is investigated in this thesis is the failure of open hole composite
laminates, i.e. composite plates with circular notches that are loaded to failure. In
aerospace structures, holes are frequently used for enabling bolted joints of
composite plates, weight reduction, inspection of inner structure and passing
wires [3]. These holes cause stress concentrations and lead to strength reduction of
composite structures compared to the unnotched composite structures. Moreover, the
damage mechanisms of open hole composite structures are rather complex due to the
intricate nature of subcritical damage modes such as axial, fiber/matrix splits,
transverse matrix cracks and delamination [4]. In order to understand the root cause
of complex damage mechanisms, virtual testing methods in combination with
experiments are utilized. Virtual testing is conducted at mesoscale level, complex
damage mechanisms in the plies, ply interfaces and their interactions are simulated
using a finite element (FE) analysis approach. At this point it is worth noting that
advanced nonlinear finite element models require long computation times, which
make them unsuitable for the preliminary design and optimization of structural
components. As a consequence, besides numerical models, aerospace industry is
striving for fast and accurate analytical methodologies for the strength prediction of
open hole composite laminates. Thus, in the first part of the thesis, failure in open
hole composite laminates is investigated (a) by developing a modified analytical



model in chapter 5, and (b) by using a cohesive zone method and continuum damage

models in the commercial FE code ABAQUS in chapter 6.

The objective of the first study in the first topical area is to develop an accurate and
fast methodology for the strength prediction of quasi-isotropic open hole composite
laminates not only under uniaxial, but also under in-plane combined loading
conditions. For this purpose, an analytical modelcalled the Extended Point Stress
Method (EPSM) is proposed. In the EPSM stress field is calculated on ply level
around a hole using Lekhnitskii’s Formulation and Classical Lamination
Theory (CLT). As proposed by Tan, the strength reduction (SR) due to a hole in the
laminate is calculated using a quadratic composite failure model which incorporates
the first-ply-fiber-failure criterion. Once the strength reduction is known, notched
laminate strength is calculated from the product of the SR by the unnotched laminate
strength, which is obtained by an iterative composite failure model. EPSM s
validated against tests of open hole laminates with different materials, lay-ups, hole
sizes and width-to-hole diameter ratios under uniaxial tension/compression loading
as well as biaxial loading conditions. It is shown that EPSM is more accurate than
other stress-based failure models. EPSM is also advantageous over traditional
analytical models including Finite Fracture Model, as it is applicable not only under

uniaxial but also combined loading conditions.

The second study in the first topical area is a numerical investigation of the strength
prediction of quasi-isotropic sublaminate-scaled laminates with different hole sizes.
The aim of the study is to develop the most suitable progressive damage modeling
strategy for the prediction of damage evolution as well as the strength prediction of
quasi-isotropic CFRP open hole tension (OHT) laminates, which fail in brittle failure
mode. To this end, a Hashin failure initiation-based Continuum Damage Model is
implemented in the FE models. It is found that continuum shell elements with perfect
bonding and plane stress elements lead to an overprediction of the OHT strength by
more than 17% and 27%, respectively. Although the OHT laminate exhibits brittle
behavior with minimal delamination modeling technique utilizing continuum shell

elements in combination with CZM at the interfaces, best agreement is obtained with



experiments in terms of strength prediction and the failure pattern. Hence, the
significance of modeling interface damage for OHT composite laminates, which fail

in brittle failure mode is highlighted.

In the second part of the thesis which covers the second topical area, the failure of
an existing 5-m RUZGEM wind turbine blade subjected to flapwise maximum
loading and the corresponding damage mechanisms are investigated (Chapter 7).
Modern wind turbine rotor blades are complex lightweight composite structures,
which need to be optimized with regard to aerodynamic and structural design
aspects. At the same time manufacturing costs of the blades must be kept low. To be
an attractive energy source against other energy sources, wind turbines must be
competitive in terms of Cost of Energy (CoE). In order to meet this target, larger
wind turbines with longer, slender and more flexible composite blades are built.
However, as larger wind turbine rotor blades with innovative designs are built to
harvest wind energy in complicated wind conditions, a greater number of blade
failures are reported [5]. Moreover, repeating blade failures indicate that the main
reason of the failure is not fully understood so that preventive measures in blade
designs can be taken. It is difficult to find the root cause of the blade failures, because
of the interaction between complicated loading conditions, nonlinear orthotropic
material behavior, complicated geometrical structure of the blade, defects in the
blade due to the manufacturing process, transportation and/or installation [6].
Developing reliable computation methods for predicting damage initiation and
growth is crucial for ensuring the dependable operation of wind turbines and
improving the competitiveness of wind energy among other energy sources ([7],[8]).

In thE study, the goal is to predict the main damage mechanisms, which lead to the
collapse of an existing 5-meter glass-fiber-reinforced-polymer (GFRP) RUZGEM
wind turbine blade under flapwise (max) loading. For this purpose, by
implementing Puck’s physically based phenomenological damage model the main
failure mechanisms of the blade are investigated. Within the scope of the study, the
blade FE model validation methodology based on modal tests is introduced. After
validating the elastic behavior of the blade with the experimental results, the



progressive damage analysis is conducted. Load is applied as a single point load in
order to simulate full-scale testing conditions of blade subjected to flapwise (max)
loading. As a result of progressive damage analysis utilizing Puck’s model, the
failure initiation region of the blade is predicted in the root transition region, at the
spar-suction side intersection. Furthermore, decrease in the load-displacement
curve is observed after maximum flapwise loading. The main reason for the blade

collapse was found to be a combined effect of delamination and fiber failure.

An outline of the thesis is as follows: In Chapter 2, literature review regarding the
strength prediction of open hole composite laminates and progressive damage
analysis of wind turbine blades is given. In Chapter 3, theoretical background of the
analytical and numerical modeling for the strength prediction of unnotched and open
hole laminates with reference to the literature is presented. In Chapter 4, comparisons
are made between experimental results and different plain strength analysis
procedures from the literature for strength calculation of unnotched laminates
subjected to in-plane combined loading. In Chapter 5, an analytical approach for the
open hole strength prediction of composite laminates subjected to in-plane combined
loading conditions is proposed and compared with the models in the literature. In
Chapter 6, the results for FE modeling incorporating Hashin and Puck continuum
damage models for the prediction of size effects on open hole tension laminates is
presented. In Chapter 7, the FE model is validated with experiments using modal
analysis and the failure characteristics of an existing 5-m composite wind turbine
blade subjected to monotonic loading are investigated. It is worth noting that
Chapters 5-7, cover the development of progressive failure models and their
application to composite structures used in aircraft and wind energy industries.
Finally, in Chapter 8 overall conclusions of this thesis are drawn and suggestions for

future work are provided.






CHAPTER 2

LITERATURE REVIEW

This literature review consists of two independent parts for the two topical areas
investigated in this thesis. The first part of the literature survey is devoted to the
previous research on the analytical and numerical approaches for strength prediction
of open hole composite laminates (Chapter 2.1). In the second part, detailed
information regarding the previous works on the progressive damage analysis of
composite wind turbine blades can be found (Chapter 2.2).

2.1  Strength Prediction of Open Hole Composite Laminates

2.1.1 Analytical Approaches

Owing to their high strength-to-weight ratios composite materials are widely used in
the design of primary aircraft structures with an increasing trend. These structures
fail mostly due to stress concentrations, such as holes. In the absence of accurate
analysis methodologies for strength prediction of the open hole composite laminates,
the design process of these structures will be costly due to large number of
mechanical tests and empirical knockdown factors ([9]-[10]). Hence, advancement
in the usage of composite materials in aircraft structures relies on the development
of analytical and numerical tools that can carry out the strength calculations of the
open hole composites accurately and in a short time frame. Approaches for the
strength prediction of open-hole composite laminates are based on analytical and
numerical methods [11]-[12]. Among numerical approaches, nonlinear finite
element models are accurate. Yet computation time needed for the analysis is not

suitable for the preliminary design of the aircraft structures [13].



Analytical attempts start with Waddoups et al. [14], who utilized linear elastic
fracture mechanics (LEFM) and proposed the Inherent Flaw Model (IFM) for the
open hole strength prediction of composite laminates. According to the IFM open
hole damage before ultimate failure can be lumped into a “region of intense energy”
called “inherent flaw” (See Figure 2.1). Open hole laminate strength depends on the

region of intense energy and the unnotched laminate strength.

i

Intense
Energy

Region a + Characteristic

Oimension of the
Intense Energy
Region

Figure 2.1. Fracture model proposed by Waddoups et al. [14].

Later, Whitney and Nuismer [15] introduced two stress criteria, namely point stress
criterion (PSC) and average stress criterion (ASC), for the evaluation of stresses in
laminated composites containing open holes. Using the stress criteria proposed by
Whitney and Nuismer, size effects of the discontinuities are calculated without
referring to LEFM. According to PSC, failure occurs when the point stress value is
equal to or greater than the strength of the laminate at some critical distance do away
from the notch. Similarly, in ASC, failure occurs when the average stress value is
equal or greater than the strength of the laminate until some critical distance ap away
from the notch. Distances do and ao are referred as characteristic distances and
regarded as material properties independent of the hole size/width and applied
loading. The schematic representation of the point stress and average stress criterion

is given in Figure 2.2 (a) and (b), respectively. Karlak [16] argued that the



characteristic distance varies with hole size and incorporated the hole size effect into
the PSC. Pipes et al. [17] enhanced the relation developed by Karlak [16] by
including notch sensitivity parameter in their formulation. Moreover, instead of the
expression for the infinite isotropic plate developed by Whitney and Nuismer, Pipes
et al. [17] used the approximate stress distribution expression for an infinite
orthotropic plate under uniaxial loading. Pipes et al. stated that the characteristic
length is a function of laminate configuration and material properties as well as notch

sensitivity which needs to be determined by experiments.
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Figure 2.2. Point stress (a) and (b) average stress criterion [15].

Tan ([18],[19]) extended the application of the above-mentioned analytical
approaches for more general cases. He introduced finite width corrections for the
open hole strength prediction in a finite plate and proposed a methodology for the
strength prediction of an open hole composite laminate under combined loading.
Taylor [20] made a comprehensive study on the selection of the characteristic
distances and state that the assumption of a constant characteristic distance comes
up with acceptable small errors in the strength prediction of long-fibre composite
laminate materials which are widely used in engineering applications. Analytical

methods, with well-defined correction factors, are accurate enough and fast for



simple structures. On the other hand, numerical models are required as the

complexity of the problem increases ([12], [21]-[23]).

As an alternative to the analytical models based on characteristic distance, Soutis et
al. [24] propose Cohesive Zone Model (CZM) for the strength prediction of the
Carbon Fiber-Epoxy laminate with an open hole. According to the model, damage
emerging from each hole side is represented with a cohesive crack. As shown in
Figure 2.3, damage starts when the stress level in the 0° fibers reach the stress level
of the unnotched laminate strength. Damage progression is simulated by replacing
the damage zone with an equivalent crack. In the equivalent crack region, crack
bridging stresses drop linearly along the crack overlapping region from a maximum
value of the unnotched laminate strength. The model requires only two parameters:
unnotched laminate strength and the fracture energy. However, the accuracy level of

the CZM is low compared to the other analytical models [25].
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Figure 2.3. Cohesive Zone Model proposed by Soutis et al. [24].

Camanho et al. [13] state that the main drawback of the analytical methods which
require characteristic distance information is that large and expensive test programs
are needed to determine the characteristic distance for different materials and
geometries. Hence Camanho et al. [13] introduced Finite Fracture Model (FFM) to

predict the open-hole tension strength of the composite laminates. When both stress-
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based and fracture-energy based criteria are met, failure prediction is done. Since ply
elastic properties, unnotched laminate strength and fracture toughness is needed as
the input, FFM does not require any inverse calculations. This is one of the
advantages of the FFM over the alternative methods. When compared with
experimental data, FFM is more accurate compared to the traditional methods such
as Point Stress (PS), Average Stress (AS), IFM and CZM ([13],[26]) In the follow-
up study, Furtado et al. [27] introduce an analytical model which incorporates only
the Young’s modulus, the strength and the R-curve of the O-degree ply. The
methodology provides advantages in terms of material characterization, computing
time and lay-up selection. Although only three material parameters are needed for
the analytical model, paper demonstrates that strength prediction accuracy level
needed for the preliminary design of the aerospace structures is still provided.

Behavior of composite laminates with an open hole subjected to uniaxial tension and
compression loading is studied extensively in literature. However, studies
concerning the evaluation of notched laminate strengths under biaxial loading is very
few [11]. Strength prediction methods have been mostly limited to uniaxial loading
([29]-[24]). Daniel’s [30] analytical method for the strength prediction of open-hole
composite laminates subjected to bi-axial loading is based on an ASC and on tensor
polynomial criterion. Yet the method was complex and not suitable for industrial
design applications. In Figure 2.5, using Daniel’s approach strength reduction of a
quasi-isotropic graphite/epoxy open hole laminate under biaxial tension-tension

loading is plotted.

The analytical model developed by Soutis and Fleck [24] and Soutis et al. [29] is
based on the stress distribution at the circular hole edge and stress intensity factor
for a crack emerging from the edge of the hole. The prediction of this model was
demonstrated for the strength prediction of CFRP plates with a hole under biaxial
compression-tension loading only and not for general combined loading conditions
[29]. According to the methodology proposed by Soutis and Fleck [24] and Soutis et
al. [29] remote stress oy, , Which is function of microbuckle length I is plotted using

the relation to predict the stable crack growth and the relation to predict the unstable

11



crack growth (See Figure 2.4). Their intersection point delivers notched strength. At

this point, it is worth noting that the aforementioned FFM [13] is only available under

uniaxial loading in literature.
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Figure 2.4. (a) Representation of the line crack along y-axis caused by microbuckling

under compression-tension loading (b) strength prediction procedure for an
XAS/914C (-45/0/-45/90),s laminate under compression tension loading (loading

ratio, 1 = —0.3) [28].
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2.1.2 Numerical Approaches

In this section, literature survey on the previous research concerning the numerical
approaches for the damage development and strength predictions of open hole
composite laminates is presented. Within the scope of this thesis, the main focus in
the numerical analysis of open hole laminates is given to the Open Hole
Tension (OHT) composite laminates. Since the damage mechanisms observed in
open hole composite laminates differ depending on the open hole composite laminate
lay-up configurations and geometry, this literature survey begins with a brief
explanation of the experimental observations seen in the Open Hole Tension (OHT)
and Open Hole Compression (OHC) tests. This part is followed by the numerical
approaches used for investigating the damage mechanisms seen in OH composite
laminates and their strength predictions.

During the structural implementation of composite materials in automotive,
aerospace, wind energy and marine industries, cut-outs and holes are frequently
needed. These discontinuities in the composite structures can lead to stress
concentrations, which in turn can cause damage initiation and propagation. This
damage development may lead to strength or life reduction of composite structures.
Hence, open hole tension (OHT) strength of laminated composites plays a crucial
role in the design of composite structures which are particularly subjected to tension
loading. OHT simulation of composite materials is a challenging task, as it involves
a range of multiple damage mechanisms and their interactions. These mechanisms

include matrix cracking, fiber failure, pull-out and delamination.

Early studies reveal that the strength of composites depend on the specimen size and
the geometric scaling effects ([31]-[33]). According to the more recent studies by
Green et al. [34], it is observed that OHT strength and failure modes are influenced
by the geometry of the test specimen such as hole diameter, specimen width, stacking
sequence and lamina thickness. In Green et al. [34]’s work OHT test results of the
quasi-isotropic Hexcel IM7/8552 carbon fiber/epoxy prepreg with [45m/90m/-
45m/0m]ns layup using ply-level scaling (laminate thickness is increased by keeping
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n constant and increasing m) and sublaminate level scaling (laminate thickness is
increased by keeping m constant and increasing n) are reported. Schematic
representation of the aforementioned thickness scaling methodologies is shown
in Figure 2.6. Schematic representation of the sublaminate and ply-level scaling
methodologies [36]. Green et al. [34] have observed that OHT specimen with ply-
level scaling lead to extensive delamination before fibre failure. On the other hand,
when sublaminate level scaling technique is used, fiber failure occurs first. In this
case, if the specimen size is small, pull-out failure is observed and for larger
specimen brittle fracture is seen. In Figure 2.7, depending on the OHT laminate
configuration and hole size, three different damage mechanisms are depicted.
Wisnom and Hallet's ([35],[37]) research has revealed that although in-plane damage
evolution is considered to be main problem in the strength prediction of OHT
laminates, delamination also plays a crucial role in the progression of damage and

ultimate strength prediction.

| Sublaminate scaling, n= 1,2,4,8 Ply-level scaling, m = 1,2,4,8
P
B {~  Baseline: [45/90/-45/0), | 45
-45 ‘ 90
0 ;
a5 - 45 a0 | —45
=5 I
————. | P ] urmm—— e e 4 R o0 L~
/Z

Symmetric mid-plane _

Figure 2.6. Schematic representation of the sublaminate and ply-level scaling

methodologies [36].

Brittle Pull-out Delamination

Figure 2.7. Three different damage mechanisms seen in the OHT tests on quasi-

isotropic laminates [37].
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Three different failure mechanisms seen in the open hole compression (OHC) tests
of the quasi-isotropic IM7 8552 OHC specimen are depicted in Figure 2.8 [35]. As
seen from the Figure 2.8 (a) sublaminate-scaled specimen showed brittle fracture.
Ply-level scaled specimen with 2 and 4 mm thickness exhibited local delamination
and push-out failure mode (See Figure 2.8 (b)). 8 mm thick ply-level scaled

specimen failed due to delamination as seen in Figure 2.8 (c).

(c)

(@)

Figure 2.8. Three different damage mechanisms seen in the OHC tests on quasi-

isotropic laminates (a) brittle, (b) push-out (c) delamination [35].

Using five different numerical approaches proposed by Camanho et al. [9], Hallett
etal. [38], Abisset et al. [41], van der Meer et al. [42] and Chen et al. [12] size effects
of open-hole laminated composites under uniaxial tension loading were investigated.
Camanho et al.[9] proposed an energy-regularized Continuum Damage
Model (CDM) to simulate the local damage evolution in the material. Stress-strain
behavior with exponential strain softening of each element was regularized by
equating the total energy dissipation to the fracture toughness of the material at
failure. OHT specimen fe models were built using layered plane stress elements,
which incorporate Classical Lamination Theory (CLT). Camanho et al. [9] predicted
the in-plane size effects of open hole tension specimen with five different hole sizes,
which fail in brittle failure mode. Good agreement between simulations and
experiments is observed. However, it is worth noting that the fracture toughness
value in fiber tension direction used in [9] was lower than fracture toughness used in
the recent work of Camanho and his coworkers [23]. In addition to this in their recent
work [23], fe modeling technique of OHT laminates was changed from layered plane
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stress elements to solid elements per ply with cohesive elements are ply interfaces.
Using the new fe modeling technique, for the same OHT laminates, a good

correlation between simulations and experiments is reported [23].

Hallet et al. ([38],[39]) utilized cohesive interface elements to model matrix cracking
as well as interface failure in the regions where potential crack paths in plies and
delamination between plies is expected. For the fibre dominated failure modes, an
additional failure criterion based on Weibull’s statistical model was
implemented ([38]). In Figure 2.9, mesh pattern used in the OHT specimen fe models
and the implementation of regions of cohesive interface elements are depicted. We
further note from Figure 2.9 that the small degenerated elements caused by the
implementation of the cohesive elements are removed. This modification in the fe
model leads to the misshaping of the hole. However, after the initiation of matrix
cracking, exact geometry of the hole does not affect the results. As long as the
cohesive elements are placed in the regions, where matrix cracks and delamination
occur, the model delivers good predictions. Full range of scaling effects were

captured by the fe model with cohesive interface elements presented in [38].

Spm -E xpl o
elements ==
AN
' Delamination
elements

— NV >

] >

| / V. >
Small degenerated areas Lines show the locations of
are neglected to avoid small potential splits introduced in
degenerated elements the FE model

Figure 2.9. Mesh pattern used in the OHT specimen fe models with implementation
regions of cohesive interface elements (laminate thickness=2 mm, ply-level scaling
laminate configuration) [38].
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Utilizing the continuum damage mesomodel based on a micromechanical approach,
Abisset et al. [41] investigated the damage evolution in OHT specimen until they
fail. According to the model proposed in [41], laminated composite is decomposed
into two elementary constituents: the ply and the interface. On ply level, diffuse
damage and fiber damage were simulated by progressive and brittle damage laws,
respectively. The model was capable of predicting the OHT composite laminate

strength, in-plane and ply thickness effects.

In their work, Bao and Liu [22] report on the difficulty to determine the accurate
stress concentration level at the hole edge of the composite laminates subjected to
tension. Based on the previous studies in literature, it is concluded that the
longitudinal splitting during loading reduces the stress concentration. Bao and
Liu [22]implemented surface-based cohesive contacts for longitudinal splitting and
delamination so that the thickness effect of sublaminate and ply-level scaled open
hole laminates under tension can be predicted. After using aligned mesh in fiber
direction, they were able to get a good agreement between experiments and

simulation results.

van der Meer et al. [42] proposed a phantom-node method, which can be used as a
mesh-independent approach for simulating the development of matrix cracks. In
addition to this, a continuum damage model and interface elements were used for
fiber failure and delamination, respectively. Using ply-level thickness scaling, the
decreasing trend of strength in open hole tension composite laminates seen in
experiments with increasing laminate thickness are captured with the proposed
model. However, for sublaminate-level scaling the small decrease in OHT composite

laminate strength with increasing laminate thickness was not captured.

Chen et al. [12] used smeared crack model as the intralaminar damage model and
cohesive elements for the interlaminar damage. In order to determine the most
suitable fe modeling approach for the strength prediction of IM7/8552 OHT
specimen with a lay-up [-45/90/45/0]s and a hole diameter 3.175 mm, different fe

models using layered plane stress elements, continuum shell elements with perfect
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bonding at ply interfaces and continuum shell elements with cohesive elements at
ply interfaces were built. In Figure 2.10, the aforementioned fe models using four
different mesh densities are depicted. Figure 2.11 shows the strength predictions
using layered plane stress elements based on Classical Lamination Theory (CLT),
reduced translaminar fracture toughness of the 0°-ply (CLT(b)), continuum shell
elements at ply interfaces (CSLI) continuum shell elements with two layers of
cohesive elements at ply interfaces (CSLI-2e/ply). As seen from the figure, the best
agreement with experiments is achieved with continuum shell elements with
cohesive elements at ply interfaces. As seen from Figure 2.11, when interface
damage is not included in the fe models, mesh dependency occurs and there is an
overprediction of OHT composite laminate strength values. In [12], it is reported that
the fe model with cohesive elements is able to predict the correct damage mode,
which fail in pull-out damage mode. However, the fe model with cohesive elements

was not accurate enough for OHT specimen which fail due to delamination.

Mesh 1: element Mesh 2: element Mesh 3: element Mesh 4: element
size = (0.8 mm size = 0.5 mm size = 0.35 mm size = (.25 mm

Figure 2.10. Four meshes for different element sizes.
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Figure 2.11. Mesh refinement study of different numerical models.

For the strength prediction of CFRP open hole laminates, Aidi and Case [44] and
Yoon et al. [45] used Continuum Damage Models (CDM) based on energy-based
degradation scheme. In both models bi-linear damage evolution law was
implemented. Damage initiation was predicted by multi-continuum theory and
Hashin failure criteria in Aidi and Case [44] and Yoon et al. [45]’s work respectively.
Aidi and Case [44] conducted eigenfrequency analysis of the OHT specimen to
identify the amount of damage. According to Aidi and Case [44] first in-plane mode
is appropriate to quantify the amount of damage in the material. In both studies solid
elements per ply were used to model the OHT specimen. Good correlation between

experiments and numerical analysis is achieved.

Ridha et al. [43] developed a smeared crack model for investigating the size effects
of OHT specimen. Their model incorporated max-stress failure criteria and Tsai-Wu
failure criteria for fiber and matrix dominated failures, respectively. After damage
onset, fracture-mechanics augmented stress-softening model was used to simulate
the energy dissipation. Ridha et al. [43] found that for accurate OHT strength
predictions delamination and in-plane damage both needs to be included in the fe
models. In the follow-up study, based on the model developed by Ridha et al. [43],
Su et al. [47] investigated size effects on open hole compression specimen, and

compared with the experiments conducted by Lee and Soutis [46]. It is worth noting
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that some modifications regarding compressive deformation were implemented to
the model in [43] as presented in [47]. They have implemented Hashin failure criteria
for the prediction of fiber and matrix failure initiation. As in Ridha et al. [43] damage
progression is simulated utilizing an energy-based linear softening law. The
delamination is considered using cohesive elements at ply interfaces. In both Ridha
et al.[43] and Su et al. [47]’s works, it is concluded that for a good correlation with
experimental results the fracture toughness of blocked plies needs to be considered
in the numerical model. Furthermore, in both studies ([43],[47]) the issue of
numerical instability, i.e. convergence problems due to material softening is
addressed by using a zigzagging approach ([48],[49]) to approximate the linear
material softening behavior in the stress-strain relationship. This is achieved by
reducing the material stiffness (secant stiffness) in a stepwise manner as shown in

Figure 2.12 (a). The computational stability is then achieved in two ways:

e Zigzagging approach helps to keep a positive tangent modulus in the stress-
strain curve at all times, which leads to easier convergence

e Stiffness is kept constant in a piecewise manner as the strain changes in each
iteration (See Figure 2.12 (b)). This method helps to simplify the nonlinear
computation problem.
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Figure 2.12. (a) Zigzag approach used for approximation the linear softening in a
stress-strain curve (b) piecewise constant stiffness values with slight changing strain
values [43].
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Smeared crack model was also used by Zhou et al. [50] for the Open ,Hole
Compression (OHC) strength predictions. According to their work, ultimate strength
of the CFRP OHC laminates with different lay-ups were found in the following
order: [45/90/-45/0]3s>[453/903/-453/03]s>>[453/03/-453/903]s. This result shows that
the sublaminate scaled OHC specimen carries more load compared to ply-level
scaled specimen. As a further outcome of the study, under unidirectional
compressive loading, strength predictions using Tsai-Wu failure matrix failure
initiation criterion were found to be more precise compared to Hoffmann failure [51]

criterion.

Hu and Madenci [52] utilized peridynamics (PD) for the OHT/OHC composite
laminate strength predictions. A good agreement between numerical simulations and
experiments regarding deformation and strength predictions was observed. In
addition to this, the PD model proposed by Hu and Madenci [52] was able to capture

the damage evolution seen in experiments.

Recently Falco et al. [4] proposed a three-dimensional Continuum Damage Model
for simulating the intralaminar damage in laminated composites with open holes. A
frictional cohesive surface modeling approach coupled with penalty-based contact
surfaces is proposed as the interface damage model. In their work, Falco et
al. [4]emphasize the significance of mesh alignment in fiber direction for realistic
modeling matrix cracking and delamination propagation.

2.2 Progressive Damage Analysis of Wind Turbine Blades

Wind turbine blades are among the most important components of a wind turbine
with respect to turbine efficiency and cost. Severe blade failures, where repair is
necessary may lead to a long wind turbine downtime. In order to prevent long wind
turbine downtimes due to blade failures, reliable rotor blade designs are essential.
This can be achieved with a broad understanding of the blade failure mechanisms.
For the understanding of these failure mechanisms well-established structural

analysis methodologies in combination with blade tests are essential [53].
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In the literature, many studies on the structural behavior of composite turbine blades
have been published in the past two decades with most of the studies conducted for
large wind turbine blades. Jensen et al. [54] carried out full-scale tests and nonlinear
FE simulations of a 34-meter composite wind turbine blade under flap-wise loading.
In both the tests and the simulations, they noted that spar cap (suction side) deflected
nonlinearly and observed cross-sectional ovalisation, i.e. Brazier effect, arguing that
Brazier effect is the main reason for the blade collapse. Overgaard et al. ([55],[56])
reported on testing and numerical analysis of the collapse of a 25-meter composite
wind turbine blade subjected to static flap-wise loading. In the study, in contrast to
Jensen et al. [54] the main failure mechanism which leads to blade collapse is argued
to be delamination and its interaction with local buckling. According to Overgaard
et al. [56] (See Figure 2.13) delamination and local buckling occur prior to the
Brazier effect observed in spar caps. Once the blade is weakened by the
aforementioned failure mechanisms, blade collapses due to the compressive strains

in fiber directions.

(a) Damage state 1 before instability (b) Damage stute 2 at last increment

viscous damage d, - = . =
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Figure 2.13. Damage evolution in the quarter of the deformed main spar: (a) damage
state 1 before structural instability (b) damage state after structural
instability ([55],[56]).

Yang et al. [57] investigated the structural collapse of a 40 m blade and based on
full-scale test results showed that debonding was the root cause of rotor blade

22



collapse. Kim et al. [58] studied the structural response of a Multi-MW class wind
turbine blade using Puck’s 3D damage model and linear buckling analysis.
According to the results, blade shows sufficient structural strength and resistance
against buckling. When laminate failure is of concern, the major weak point of the
blade is located in the skin at the maximum chord. In another study, Chen et al. [59]
conducted a full-scale bending test of a 52.3 m wind turbine blade. Delamination in
the spar cap and shear web failure at the root transition region were found to be the
main failure mechanisms for the blade collapse as shown in Figure 2.14. Local
buckling contributed to the main failure mechanism by facilitating local out-of-plane

deformation. They conclude that for large blades, through-the-thickness stresses

which cause debonding and delamination at the blade root transition region need to
be considered in the FEA.

Solid element model Laminate cracks in the intersection Spar cap delamination

Figure 2.14. Comparison between the predicted and observed damage in the root

transition region of the 52.3 m composite wind turbine blade [59].

Haselbach and Branner [60] discuss the initiation and development of trailing edge
failure in the full-scale test of a 34-m wind turbine blade. They highlight the
influence of buckling on the damage onset in the trailing edge and sandwich panel
failure. As a further outcome of the study, they show that modeling technique
utilizing cohesive zone modeling approach for the failure in trailing edge delivers

good agreement with experiments.

Montesano et al. [61], state that progressive failure models incorporating failure
criteria do not consider the progressive nature of sub-critical microscopic intra-

laminar damage, which is vital for predicting the onset of macroscopic failure modes.
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Therefore, in the study of a physically based multi-scale damage model, which can
account for failures of a 33.25 m rotor blade under quasi-static and fatigue loading
is introduced. The simulation results show the capability of the model to predict the
evolution of sub-critical ply cracks between spar webs located near blade root at
maximum chord length. In the follow up work by Zuo et al. [62], the multi-scale
model is further expanded to include cohesive zone elements to predict structural
debonding failure at the spar/skin interface located near blade root at maximum
chord.

In contrast to large wind turbine blades, a fewer number of investigations on the
structural analysis of small wind turbine blades exists. Chen et al. [64] focused on
the local buckling resistance of 10.3 m wind turbine blades. FE analysis showed that
configurations with sharp edges are susceptible to local buckling. During testing of
the 10.3 m blade, although local buckling of shear web and flatback airfoil was
observed, composite laminate failure in these locations was not observed. These
results show the possibility of different failure mechanisms for different blade sizes.
In another study, to improve the structural strength of a small size 9-m wind turbine
blade, Paquette and Veers [63] carried out a blade system design study (BSDS),
where structural innovations such as flatback airfoils, thick root diameter and carbon
spar caps were introduced and their advantages were demonstrated. The static
strength of the blades was determined by measuring strains to failure by tests and
using finite element analysis. Moreover, linear buckling analysis of the blades were

conducted.

In their recent paper, Noever-Castelos, Haller and Balzani [65] report on the
validation of their fe modeling methodology of a 20-m composite wind turbine blade
with experiments. Blade deflections, strain levels, eigenfrequencies and eigenmodes
are among the experimental data, which are compared with simulations. Although in
general good agreement between tests and simulations is met, improvement is

needed for the torsional behavior of the blade.
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Ozyildiz et al. [66] conducted the progressive failure analysis of the existing 5-m
glass-fiber-reinforced-polymer (GFRP) RUZGEM wind turbine blade (See Figure
2.15) subjected to flapwise (max) loading. Within the framework of the study the
linear Puck material model is compared with the Puck’s progressive damage model.
It is concluded that progressive failure analysis is necessary to capture a more
realistic simulation of damage development. In their following work, Muyan and
Coker (2020) [67] focused on the failure characteristics of the RUZGEM blade
subjected to flapwise (max), edgewise (min) and combined flapwise (max) plus
edgewise (min) loading conditions. In their latest paper Muyan and Coker [68]
present their results on the static and fatigue analysis of the RUZGEM blade with

and without defect in the form of debonding. It is found that the inclusion of defect

decreases the static strength and fatigue life of the blade significantly.

Figure 2.15. 5-m glass-fiber-reinforced-polymer RUZGEM wind turbine blade.

25






CHAPTER 3

PROGRESSIVE FAILURE ANALYSIS OF UNNOTCHED AND
OPEN-HOLE COMPOSITE LAMINATES

This part of the thesis is devoted to the theoretical background regarding the
progressive failure analysis of unnotched and open-hole composite laminates used
in this work. In Section 3.1, analytical modeling approaches for the unnotched and
open hole composite laminates is given. In Section 3.2, theoretical basis of the
numerical approaches used for the intralaminar and interlaminar progressive damage

development in composite laminates can be found.

3.1  Analytical Modeling

Analytical modeling approaches for the strength calculation of unnotched composite
laminates and open hole composite laminates are presented in this section.
Subsection 3.1.1 begins with an explanation of the background of the laminae
composite failure theories followed by an explanation of the strength analysis
procedure for multidirectional composite laminates. In subsection 3.1.2, theories

behind the analytical open hole composite strength calculation methods are given.

311 Composite Laminate Strength Calculation Methods

In this subsection, existing methodologies for the strength analysis of unnotched
laminates (plain strength analysis) with reference to the literature is explained. For
this purpose, the most commonly used and representative composite failure theories
for composite tape lay-ups, followed by the multidirectional laminate strength
analysis procedure are presented. The strength calculation procedures of the
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composite laminates for any desired lay-up subjected to in-plane loads and moments

are treated.

3.1.1.1  Composite Failure Theories for Unidirectional Laminae

Failure theories for composite materials are developed by extending and adapting
failure theories from isotropic materials, such as Maximum Stress (Rankine),
Maximum Shear Stress (Tresca) and Maximum Distortional Energy (Von
Mises) [69].

Most theories are based on homogenous and linear material property assumptions.
However, some phenomenological models such as Puck’s model consider the effect
of constituent properties in addition to lamina properties and therefore categorized

as nonlinear models.

Daniel and Ishai [69] classified failure theories into three main groups:

1. Limit or non-interactive theories: Failure modes are identified by
comparing individual stress components (Tensile, Compression or Shear)
in principal material directions with the corresponding strength
properties. Stress components do not interact with each other and are
treated independently. Maximum stress and maximum strain failure
theories fall into this category.

2. Interactive theories: Stress components are fully coupled in one
equation. Overall failure is determined without reference to specific
failure modes. Tsai-Hill, Yamada-Sun and Tsai-Wu are examples of
interactive theories.

3. Partially interactive or failure mode-based theories: Fiber and
interfiber failure are treated with separate criteria. Failure theories from
Hashin-Rotem and Puck are grouped as partially interactive or failure
mode-based theories.
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Commonly used and representative failure theories are explained in the following

subsections:

3.1.1.1.1 Maximum Stress Theory (Non-interactive Theories)

As a representative example of limit or non-interactive failure theory maximum
stress theory is introduced. Kelly [70] implemented maximum stress theory to
composite materials and predicted off-axis strength of unidirectional composite
materials. According to the maximum stress theory, if the stresses in principal
material directions exceed the strength in corresponding directions failure occurs, as
expressed by the equations below. In the equations a; is the stress component in fiber
directions. X; and X, represent tensile and compressive strengths in fiber direction,
respectively. Similarly, o, is the stress in the transverse fiber direction. Y; and Y, are
the tensile and compressive material strengths in transverse fiber directions,

respectively. In the final expression t,, is the in-plane shear stress and S is the shear

strength.
0, = Xy wheno; >00ro; =—X,whenog; <0 (3.1)
o, =Y, whenag, >00ro, =-Y.wheno, <0 (3.2)
|T12l =S 3.3)

We note that the shear strength is independent of the sign of the shear stress. Failure
envelope for unidirectional lamina under biaxial normal loading using maximum

stress theory is depicted in Figure 3.1 below:
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Figure 3.1: Failure envelope for unidirectional lamina subjected to biaxial normal

loading using maximum stress theory [69].

3.1.1.1.2 Maximum Strain Theory (Non-interactive Theories)

Maximum strain theory [69] is presented as a second example of limit or non-
interactive failure theory. According to the maximum strain theory, if the strains in
principal material directions exceed the ultimate strains in corresponding directions,

failure occurs:

& =&y wheng; >00re; = e, wheng; <0 (3.4)
g, =¥, wheneg, >00re, =¢. whene, <0 (3.5)
Vel = ve (3.6)

where &;, &,,7, are strain components in material principal axes.
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g1y, €% = ultimate tensile strains in fiber and transverse fiber directions,

respectively

g1, €3 = ultimate compressive strains in fiber and transverse fiber directions,

respectively

ve = ultimate shear strain in 1-2 plane

Strains can be expressed in terms of stresses by the following equations:

04 o, 1
& = E_1_ V21E_2 = E_1(01 — V1203)
o, 0, 1
& = E_z 12 E_1 = E_2 (02 — v101) (3.7)
Te
Yic S
° " Gy

Ultimate strains can be expressed in terms of basic strength parameters as follows:

X, X
&l = E_1 e = _E_I
u X u Xc
&2t = E_1 €2c = _E_z (3.8)
S
u — —_—
143 Gra
From (3.7) and (3.8) maximum strain theory can be rewritten as:
_ _{thhenel>0
917 V1292 T |_x_ when &, < 0
Y; when &, >0 (3.9)

Oy — Vp10p =
2 T {—YC when &, < 0

6l =S
Failure envelope for a unidirectional lamina under biaxial normal loading (7, = 0)
is depicted in Figure 3.2 below:
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Figure 3.2: Failure envelope for unidirectional lamina subjected to biaxial normal
loading using maximum strain theory [69].

3.1.1.1.3 Tsai-Hill Failure Criterion (Interactive Theories)

Hill’s theory [71] is an extension of Von Mises yield criterion for anisotropic
materials in three dimensions. 1- and 2- are in-plane material directions and 3- is the

out-of-plane (thickness) direction. Hill’s yield criterion is as follows

(G + H)o? + (F + H)o? + (F + G)o? — 2Ho,0, — 2Go,05 — 2F 0,05 + 2LT%; +

(3.10)

The coefficients F, G, H, L, M, N are considered as failure strengths. Tsai [72]
related F, G, H, L, M, N with the fundamental strengths of a lamina X, Y and Z [73]
In this manner, let us assume only t,, acts on the body, then since its maximum

value is Fg,

1 (3.11)
2NS?=1 > 2N =

Likewise, if only o, acts on the body, then it is calculated from
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1
G+H)X*=1-> (G+H)=ﬁ

In the case where only o, acts on the body

1
(F + H) = W
If only o5 acts on the body:
1
(F+G) = ﬁ

Solving set of equations (3.12), (3.13) and (3.14), simultaneously yields:

1 1 1
M=ty —p
1 1 1
X=wtn v
1 1 1
F=vtp—xp

Let us consider the plane stress case in the (1-2) plane.

03 =T13=Tp3=0

Since UD composite has transverse isotropic property, Y is equal to Z.
Hence, failure criteria (3.10) is reduced to
of 010, 0 Th —1
Xz xz "y2' sz
Equation (3.10) is known as the Tsai-Hill failure criterion.

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

According to Jones [73] Tsai-Hill shows better correlation with experimental data of

E-Glass/Epoxy under uniaxial loading of an off-angle composite compared to

Maximum Strain and Maximum Stress Theories. He further emphasizes that

applicability of a failure theory depends on whether the material is brittle or ductile.

In other cases, maximum stress and strain theories can give better results compared

to Tsai-Hill.

Daniel and Ishai [69] state that the interactive quadratic nature of the Tsai-Hill theory

has been criticized, because it is based on Hill's theory, which is suitable for
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homogeneous, anisotropic, and ductile materials, whereas most composites are

strongly heterogeneous and brittle.

3.1.1.1.4 Tsai-Wu Polynomial Failure Criteria (Interactive Theories)

Bi-axial failure theories, such as Maximum Stress, Maximum Strain and Tsai-Hill
show insufficient correlations with experimental data. Tsai and Wu [74] improved
this correlation by adding more terms to their quadratic failure criterion. They

proposed a failure surface in stress-space in the following form:

In equation (3.20) f; and f;; are second and fourth order stress tensors. In the

equation usual contracted stress notation is used.

Since we are interested in the plane stress conditions, equation (3.20) can be reduced
to the following expression.

2f120107 (3.21)
fio1 + f202 + feTe + f1107 + [2207 + feoTé +% =1
vV 11/22

In equation (3.21) linear terms are used to represent strengths in tension, compression
or shear. Quadratic terms are used to form the ellipsoid form of the equation. The

2f12

AY) f11f22

coefficient

represents the interaction between normal stresses o; and a,.

In the coming paragraphs the procedure for calculating the components of the stress
tensors will be explained briefly. Let us consider the case of positive pure shear, i.e.,
0, = g, = 0 and 7, > 0. Applying the above failure criterion, failure occurs when

T = S, Where S is the shear strength.
f6652 + f6S =1 (322)

Now let us consider the case of negative pure shear, i.e., 0, = g, = 0and 74 < 0.
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Failure occurs when 7, = —S§, and the failure criterion yields
feeS? — feS =1 (3.23)

Solving equations (3.22) and (3.23) simultaneously

(3.24)

1
f6=0if66=§

For the uniaxial tension loading o, = 7, = 0 and g, > 0, failure occurs when o; =
X, where X is the longitudinal tensile strength and the strength criterion (3.21)

becomes

fiX ‘|‘f11X2 > 1 (3.25)
For uniaxial compressive loading o, = 7, = 0 and o; < 0; failure occurs when
o, = —X., where X, is the longitudinal compressive strength and the strength

criterion (3.21) now becomes

—fiXe + Fll(Xc)Z = | (3-26)
Upon solving (3.25) and (3.26), we get

-1 _1. -1 3.27
fi=g % fu=rr (3.27)
In a similar manner, uniaxial loading in transverse direction yields
- 1_1. -1 3.28
fZ - Y: Y. ' f22 - Y Ye ( )

where Y, and Y, are the tensile and compressive strengths in transverse direction,

respectively.

Liu and Tsai [75] expressed that the normalized interaction term f£7% in (3.21) can
best be determined by combined stress tests. Instead of performing such complicated
tests, Liu and Tsai recommended to use the value f, = —1/2, as a good
approximation. With the strength parameters determined, Tsai-Wu failure criterion
(3.21) takes its final form.
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2 2 2
o 010, 05 Og (1 1) <1 1)

- + +(=) +|l=—=)a+tl=—=)o, =1 3.29
XeXe  JX XYY, YY (5) X XU\, v)? (3.29)

3.1.1.15 S.E. Yamada and C.T. Sun Failure Criterion (Interactive Theories)

According to Yamada and Sun [76] a failure in a lamina does not automatically mean
that the laminate fails, as well. This is one of the factor that makes failure analysis
of laminated composites difficult. The failure theory proposed by Yamada and
Sun [76] focuses on the final failure of the laminate and includes the lamination
effect on the laminar shear strength.

Regarding the derivation of the failure theory, following assumptions are necessary:

e At the final failure stage of the laminate, it is assumed that all the laminas
which constitute the laminate have failed due to transverse cracking along
fiber direction. Hence, the transverse stiffness of each lamina is considered
to be zero (E, and Poisson’s ratio are set equal to zero). Only the longitudinal
stress (a;) and shear stress t,will be carrying the applied load.

e The shearing strength of lamina is more when it is considered inside a
symmetric cross-ply laminate compared to the case when the lamina is
considered alone. Symmetric cross-ply laminates provide us the advantage
that the pure shear situation (i.e. no interlaminar shear stress is involved) can

be produced easily.

Finally, the following criterion for the laminate is proposed by Yamada and

Sun [76]:
@G -
X Se (3.30)
[ > 1 failure, l < 1non — failure

In equation (3.30) above o, and 7,, are longitudinal and shear stresses, respectively.
X is the lamina strength in longitudinal direction and S, is shear strength of the

lamina in the symmetric cross-ply laminate. We note that equation (3.30) must be
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applied on each ply in a laminate. The quantities S, and X in (3.30) are obtained by
statistical consideration. The model incorporates the probabilistic nature of the

composite failure.

3.1.1.1.6 Hashin Failure Criteria (Partially Interactive and Failure Mode
Based Theories)

Hashin [78] reviewed theories that were available for the failure prediction of fiber
composites. He pointed out that the microstructural aspects of failure are too
complicated to be solved using micromechanics approach. In his opinion, defining a
three-dimensional failure criterion in terms of macrovariables, such as stresses and
strains would be a more promising approach. This can be done with the help
polynomials. Tsai-Hill and Tsai-Wu failure theories can be given as examples of this
approach. Hashin [78] criticized that the failure criteria based on curve fitting with
quadratic stress functions do not have a physical meaning. In order to overcome this
difficulty, Hashin and Rotem [77] defined separate expressions for fibre and matrix
failure modes. Hashin [78] modified expressions given in Hashin and Rotem [77] by
including interactive criteria for tensile failure and for combined transverse
compression and shear. Within the scope of this literature review, we will be
focusing on in-plane failure, which covers tensile and compressive failure modes for

fiber and matrix failures:

Tensile Fiber Mode

(;_1)2 + (%)2 =1 >0 (3.31)

Fiber Compressive Mode

0-1 - _YC 0-1 < 0 (332)
Tensile Matrix Mode
02\? 012\?
(Vt) + (T) —1 a3 >0 (3.33)
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Compressive Matrix Mode

0, )2
=) +
(st

In the expressions above,

2 2

(;;CT) -1 % + (%) =1 g, <0 (3.34)

X;: tensile failure stress in fiber direction

X .. compressive failure stress in fiber direction (absolute value)

Y, tensile failure stress transverse to fiber direction

Y.: compressive failure stress transverse to fiber direction (absolute value)
Sr : transverse failure shear

S, axial failure shear

From the failure modes above, it is seen that Hashin’s envelope will not consist of a
single function, such as in the case of Tsai-Hill and Tsai-Wu’s quadratic failure
expressions, but will consist of piecewise functions. These piecewise functions

represent different failure modes.

3.1.1.1.7 Puck’s Theory of Failure in Fiber Polymer Laminae (Partially

Interactive and Failure Mode Based Theories)

Puck’s physically based phenomenological model is based on experimental
observations and Mohr’s fracture hypothesis. Hence, after a brief description of the
observations concerning basic fracture planes seen in UD composites and failure

hypothesis Puck’s failure model is presented.
a. Observations of Failure Modes in UD Composites

Basic stressings (stressing is used to mean applied stress mode) of a UD-composite
element, which cause fracture is summarized in Figure 3.3. Six different types of

stressings, a”t, 0,01, ot 1,,, T, Ty and the corresponding failure modes are
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depicted in the figure. The first subscript of the stressing represents the normal of
plane on which stressing is acting and the second subscript represents the direction

of the stressing.”||” is the fiber direction and “L1” is the fiber transverse direction.

From the figure the following phenomenological observations can be made:

o a”t and o stressing is responsible for fibre failure (FF)

e ¢¢ ofr,, and 7, stressings cause interfiber failure (1FF)

e 7. cannot produce a fracture on its action plane, because fibres prevent it
e Only ¢t and 7, cause fracture in their action planes

e | cause fracture on an oblique plane against its action plane. Likewise, 7, |

cause fracture approximately 45° against its action n plane.

 Oppstressing || o -stressing |7, ,-stressing| 7, stressing

IFF

Figure 3.3: Basic stressings of UD-composite [79]

At this point, we should note that, in Puck’s criteria there are six strengths designated

The failure of the UD composite under transverse compression, of is caused by
shear. Transverse/transverse shear t, | stressing which causes fracture at 45° against
the action plane of 7, ;. This type of fracture reminds us the fracture pattern of brittle

materials which are subjected to pure shear stress. The observations above lead to
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the conclusion that, “brittle fracture behavior” is predicted and takes us to the ideas

of Mohr Coulomb.

b. Puck’s failure hypothesis

In 1900 Otto Mohr introduced a simple fracture hypothesis: “The stresses on the
fracture plane are decisive for fracture” [79]. The hypothesis is easy but the location
of the fracture plane is not known beforehand. Puck modified Coulomb-Mohr’s
hypothesis for brittle materials in 1992 and adapted it to UD composites.

In order to have a better understanding of Puck’s hypothesis, Mohr’s failure envelope
is constructed for a transversely-isotropic lamina under plane (o, a5 and 7,3) stress.
In Figure 3.4Figure 3.3 stress of the UD-lamina and stresses on a possible IFF

fracture plane parallel to fibers is depicted.

Figure 3.4. Stress of the UD-lamina and stresses on a possible (IFF) fracture plane
parallel to fibers [82].

Transverse isotropy of the UD-lamina makes it possible to switch from the (x,, x3)
coordinate system to a (x,, x;) coordinate system using the stress transformation

equations:
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1 1
o, (6) = 5 (0, +03) + > (0, — 03)Cc0s26 + T,35in20 (3.35)
1
The(0) = — 7 (0, — 03)sin26 + T,5c0s20 (3.36)

Figure 3.5 shows fracture under uniaxial compressive stress a5. Maximum shear
stress is reached at & = 45°. However, at this point we observe from the Mohr’s
circle that compressive normal stress a5 is also at its maximum value. Since a,; helps
to counteract shear fracture, shear fracture of the UD composite is observed to

happen at 6y, =54. This is due to the value of o,(6,)less than

|O'nmax| (O-n(efp) < |Gnmax| )

nt

hntlman

__Tnt{efp]

ay

_RJ.E |C'_n|max 1ﬁn(E'fp) 0 n

Figure 3.5. Fracture under uniaxial compressive stress a5 [82].

Now, Puck’s fracture hypotheses adapted to a UD-composite can be stated as

follows:

1. The normal (a,,) and shear stresses (t,; and t,;) on the fracture plane are

decisive for IFF (Inter Fiber Failure)
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2. If g, isatensile stress, it helps IFF together with the resultant of shear stress

Ty (Ty = /T4, +T4,) or even alone (ry, =0), while compressive normal

stress counteracts IFF

3. Fracture occurs either as a tensile fracture due to o,, (highest normal stress)
or as shear fracture due to z,,; — whose effect is reduced by a compressive g,,.
Which of the two kind of stresses takes place depend on the ratio of stresses

0'2, 0'3 or T23.

It is not possible to define a failure criterion using the stresses o, 05,T,3, T31, T21
based on the laminate coordinate system (x;, x, and x3), because brittle fracture
hypothesis for the combined action of these stresses does not exist. According to
Mohr-Coulomb a,, 05,753, T31, To1; Must be transfered to the stresses o, T,,1, Tnr ON
the fracture plane, because these stresses are relevant for inter fiber failure (IFF).

This transformation is executed using the equation below [79]:

(02
Sn(Op) c? s? 2sc 0 0]]03
Tt(Op) p =|—=sc sc (c2—s?) 0 0] T23 (3.37)
Tn1 (Ogp) 0 O 0 s ¢ lT31J
T21

where ¢ = cos Opp — and s = sinbp,.

C. Puck’s failure models

Puck was the first scientist who argued that Fiber Failure (FF) and Inter Fiber
Failure (IFF) must be differentiated and analyzed with independent failure
criteria [79]. Puck’s oldest criteria known as the “Simplified and Modified Puck
Criteria” were introduced in 1969. For the World-Wide Failure Exercise | (WWFE
) [111] Puck introduced an advanced composite failure model known as the “Action
Plane Based Damage Model”. These failure models are explained in the subsequent

subsections.

42



(1) Simple and Modified Puck Criteria:

Simplified and modified Puck are two of the oldest Puck failure criteria ([80]-[81]).
Simplified and modified Puck both calculate fiber failure using the same approach

as in the maximum stress criterion:

(3.38)

01

t,c
R,

=1

Simplified and modified Puck provide us different expressions for matrix failure

criterion. Let us consider simplified Puck failure criteria for matrix failure first:

5\ (1) (3:39)
F + R_C =1
L L

In equations (3.38) and (3.39), depending on the type of stress in fiber or transverse

fiber direction, the following must be regarded:
0120 - R =Rj]
01 <0 = R/ =Rf
(3.40)

0, =20 - RY=R}

0, <0 - RY=R§

Modified Puck criteria for matrix failure is expressed as:

oy 2+ o2 (B2 2+ 1 N 1 1 (3.41)
2Ry} " RURY ' \RS R, Ry)72T

*

The term (*) is not always included in the modified Puck criterion found in literature.
This term helps to include the parallel-to-fiber stress o; in matrix failures. Sometimes

micro fiber fractures cause local debonding between fiber and matrix, which in turn
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reduce the fiber matrix cohesion. As a consequence, matrix resistance to failures
reduces [82].

(1) Puck’s Physically Based Phenomenological Failure Model

Puck’s theory provides information about the following major topics on (i) Non-
linear stress and strain analysis before IFF (ii) Action plane related criteria for IFF
and FF (iii) Continuous degradation after IFF. In the following paragraphs, these

topics are explained in detail.

Q) Non-linear stress and strain behavior before IFF:

According to Puck and Schiirmann [83] minor nonlinearity in the stress-strain
diagram of carbon fibers before IFF needs to be considered in the material strength
calculations. This nonlinearity in the material behavior is assumed to be due to micro
damage. Figure 3.6 shows the damage hysteresis caused by micro cracks in a UD-
layer in a loading/unloading cycle. This damage hysteresis is caused by the combined
influence of o, and t,; on the (0, ¢&;) and (t,4,y2q1)stress-strain diagrams. Puck
accounts for this nonlinearity using secant modulus method. This methodology helps
to determine the final stress/strain state within one load step. Puck and Mannigel [85]
explained their computational method for including the influence of nonlinearity in
stress-strain diagram of UD laminas with non-flexibilized thermoset matrix before
IFF.

Q) Action plane related fracture criteria for IFF and FF:

The plane on which the stress is acting on is called action plane in Puck’s criteria.
Failure criteria, which are related to action plane are explained in the following
subsections. In this thesis, simple and modified Puck criterion is implemented in the
analytical plain strength analysis method developed for composite laminates,
whereas Puck’s failure criteria developed for the WWFE I are implemented in the
numerical models used for the progressive damage analysis of open hole tension

composite laminates and wind turbine blade.
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Figure 3.6: (a) Damage hysteresis (DH) caused by micro cracks in a UD-layer in a
loading/unloading cycle (b) shear stress t,,,;, and transformed principal stresses

Oy @Nd g,y (€) micro cracks between fibers [83].
Puck’s failure model based on action plane strength criteria

Puck and Schiirmann [83] presented a more physically correct fiber failure (FF)
criterion for the world wide failure exercise | (WWFE 1), which is based on a failure
hypothesis for the fibers instead of the UD composite. This is due to the fact, that
loads are concentrated in fibers. The fiber failure for the plane stress condition is

expressed as [82]:

1

E .
fere = Jare |01 = (v = Vapmargt) o2 | with 342)

Rjfor[..] = 0and —Rf for [...] <0 (3.43)

In equation (3.42) above fg g stands for the failure exposure, o, and o, are the
normal stresses in principal material directions. v, and v, s are the Poisson ratios
of the lamina and fibre, respectively. E; and E;; are the elasticity moduli of the
lamina in fiber direction and E|; is the elasticity modulus of the fibre. m is a stress

modification factor which considers the difference between the elasticity moduli of

the fiber and matrix.
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Puck’s inter fiber failure (IFF) criteria

According to Puck’s hypothesis, for the 3D case two different failure conditions are

considered [84]:

)2 + (5D + (D) ?=1foro, 2 0 (3.44)
Ry Ry Ry

)2 ()2 = 3.45
(Rfrpimn) + (Rf”-r’i”ffn) 1foro, <0 (3.45)

In equations (3.44) and (3.45) the superscript “A” in R{#,R{, and R, stands for
action plane. Fracture resistance R4 of an action plane is the maximum resistance
with which the action plane can resist fracture. pf is the slope of the (oy, Tn1)
fracture envelope for g, < 0 at g, = 0. p{, is the slope of the (o, 7,;) fracture

envelope for g, < 0 at g,, = 0.
The master fracture body:

At this point plot the fracture body in (o, Tnt, Tn1) three dimensional coordinate
system using IFF equations (3.44) and (3.45) can be plotted. This fracture body is

called master fracture body, and displayed in Figure 3.7.

Figure 3.7. Master Fracture Body in (o, Tnt, Tn1) COoOrdinate system [79].
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However, the fracture angle 6, at which fracture happens is not known at this stage.
It is known that the fracture can happen parallel to fibers. In order to determine the
fracture plane with the highest risk of failure the most critical stress combination
(0w, Tne» Tha),Which will lead to fracture is investigated, as shown in Figure 3.8. This
investigation can be done using numerical or analytical methods. As seen in Figure
3.8 the search for the fracture plane in UD composite is conducted around xzi-axis,

which is parallel to fibers. This search covers the angles —90° < 6 < 90°.

Figure 3.8. Search for the fracture plane in UD composite [82].

The fracture plane is determined after finding the most critical stress (o, Tnt) Tn1)
combination. This combination is expressed in terms of stress exposure fz.In order
to understand strMULess exposure used in Puck’s theory, stress state on (03, T21)-
plane is shown in Figure 3.9. On the figure {o}" is residual stress, which is caused
during manufacturing process, and {o}* is the stress caused by loading. When {o}*
and {o}" are added we get the resultant stress vector {c}. If this vector is extended
and touches the failure envelope, it corresponds to {o} . Stress exposure is defined

as:

PG (3.46)
T oY

The magnitude of f; provide information about the risk of failure. If fz = 1, then
failure condition is reached. Fracture plane is computed by finding the angle which

corresponds to maximum stress exposure as shown by the following expression:
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fE(pr) = femax (3.47)

T21 A

1 T
-R¢ 0 R

Figure 3.9. Representation stress exposure on the (o, 7,;)-stress plane (Lutz,
2006) [79].

Inter fiber failure (IFF) modes:

Puck differentiates between different fracture modes based on different stress
combinations. For simplification reasons, fracture modes are shown on the (o5, 751)

fracture envelope (Referring to Figure 3.7). Fracture modes are as follows:

e Mode A fracture (between points (a) and (b)) is caused by the combination
of a! and T, stresses. o} induces ! stressing (tensile stressing) and 7,
induces 7, (in-plane shear stressing). For this fracture mode, fracture angle
Orp = 0°.

e Mode B fracture (between points (b) and (c)) is caused by the combination
of o5 and 1, stresses. a5 induces o stressing (compressive stressing) and
Tpy induces 7 stressing (in-plane shear stressing). For this fracture mode,
fracture angle 6, = 0°.

e Mode C fracture (between points (c) and (d)) is caused by the combination
of o5, 7,1 and 7, stresses. oy; induces oy stressing, and 7,1, T, induce 7,
and t, ;, respectively. In this case, the compressive stresses increase with

respect to shear stresses. For this fracture mode, fracture angle starts at 65, =
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0° at point ¢ and increases up to 8¢, ~ 55° at point d. This failure mode is

dangerous and causes cracks in oblique fracture planes.

For the 2D plane strength case, no numerical search of fracture plane is required.
Analytical methods are sufficient to find the fracture plane. Three IFF modes for the
2D plane strength case are derived from (3.44)-(3.45) at the fracture plane. These
IFF modes are described by equations (3.48), (3.49) and (3.50) below:

) o R 2 (3.48)
A — _2u Tox ) AL >
fE,rr [(Ri Rln) 02] + (RLu) +Rlu 0y, foro, 20

A (3.49)
B — (X : + PLj +m <0and |22 < L
EIFF — Ry o () Ry 05,0, T21l 7T |T21c
2 2] ne A (3.50)
c T2, 02 RS 02 Riy,
=\ - T — = |
fe 1 [(2(1+pi)R¢||) p (Ri) ] -07’ foro; <0Oand T2l IT21c

In equations (3.48), (3.49) and (3.50) fﬁlpp and fEIFF represent failure exposure for
failure modes A and B respectively. Similarly, f$ g is the failure exposure for failure

mode C.

(i) Continuous degradation after IFF:

According to Puck’s failure criteria for WWFE | under quasi-static loading if IFF
occurs, the elastic properties of the matrix in which failure takes place is degraded
continuously based on experimental data. A detailed explanation of the continuous
degradation method after IFF can be found in subsection 7.2.3 of this thesis, [82]
and [83].

3.1.1.2 Multidirectional Laminate Analysis Procedure

Multidirectional laminate strength analysis procedure begins with the calculation of

laminae stresses. As long as the laminate exhibits linear elastic behavior, stresses in
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the laminate are directly proportional to the applied loads. This allows us to

determine the load at which the laminate fails by scaling up the stresses [79].

Laminate strength analysis and load deformation behavior is summarized in Figure
3.10. In the figure, loading is given by in-plane forces and moments, and
deformations are given by in-plane strains and curvatures. As seen from the figure
the algorithm of the analysis is composed of two loops depending on whether the
laminae have failed or not. Laminate stresses are first calculated on laminate
coordinates and then converted to stresses in material principal axes using
transformation matrices. The load parameter is increased until some individual
lamina fails. In order to determine whether a lamina have failed or not, failure criteria

are used. The properties of the lamina are degraded in two ways:

(i) completely to zero if the fibers fail
(it) matrix is degraded if cracking in the matrix parallel to fibers occurs

At this point, we note that degraded properties must not be set to zero, in order to
avoid singularities in the calculations. Instead of setting to zero, degraded properties
are assigned very small values. After laminae have failed, new laminate extensional,

coupling and bending stiffnesses are calculated.
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Loading and laminae properties

» Calculate laminate stifnesses A,B,D

4

If no laminae have failed If laminae have failed

Find Laminae stresses Find Laminae stresses
per unit of load at last load level
k _k_k k k. k
(07 02 T12)/L 0702712
Apply failure criterion Apply failure criterion
Calculate load for a If no lamina fails,
lamina failure + increase load
to fail a lamina

Degrade failed lamina [ If a lamina fails
) Calculate laminate If no laminae left,
deformations gross laminate failure

Figure 3.10. Laminate strength analysis and load-deformation behavior [73].

During the strength analysis of the laminate, we must make sure that the laminae
does not fail at the same load, which caused the failure of the laminae in the
preceding cycle. In order to achieve this, stresses must be successfully redistributed
between remaining laminae. In addition to this, load increments must be kept low
enough, so that individual failure of the laminae takes place. When multiple laminae
fail instantly, gross failure of the laminate occurs. Laminate strength analysis
procedure does not depend on the selected failure criteria. Yet the results of the

analysis (loads and deformations) are related to the selected failure criteria.
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Types of Failure:

Failure in a laminate may be caused by the individual failure of the
laminae (intralaminar failure) or by the separation of the laminae (inter-laminar
failure). For the prediction of inter-laminar failure, 3-D stress and failure analysis
including inter-laminar strength and toughness properties of the laminate are
required [69].

First Ply Failure (FPF) is the case when the first ply in a group of plies fail. Ultimate
Ply Failure (UPL) is the case when the maximum load level is reached and the
laminate cannot sustain any further stresses. For UPL criteria such as first fiber
failure, maximum load or last-ply-failure are proposed. First fiber failure approach
is recommended for fiber dominated plies, whereas last-ply-failure approach gives

more realistic results for matrix dominated plies.

3.1.2 Open Hole Composite Laminate Strength Calculation Method

This subsection includes the theoretical background of the open hole composite
laminate strength calculation methodologies. In the first part of the subsection,
existing analytical models, which are used for the strength prediction of OH
laminates subjected to uniaxial loading are summarized (Section 3.1.2.1). In the
second part, the analytical model, which serves as the basis for the proposed strength
calculation method of OH laminates under combined loading conditions (Extended
Point Stress Method) in this thesis, is introduced (Section 3.1.2.2).

3.1.2.1  Existing Analytical Models

3.1.2.1.1 Point-Stress and Average Stress Models

According to the Point Stress Criterion (PSC) proposed by Whitney and

Nuismer [14] failure occurs when the point stress value is equal to or greater than
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the strength of the unnotched laminate at some characteristic distance do away from
the hole of the laminate. After this definition, for quasi-isotropic open-hole laminates

PSC can be expressed as following:

W oy a \? a \*
00 = feorrection (Z)? 2+ (a + d0> +3 (Cl + d0> (3.51)

where, g, and oy are the unnotched and notched laminate strengths, respectively, W’

and ‘a’ are the laminate width and hole diameter radius. For quasi-isotropic plates,

in order to account for the finite width-to-hole diameter ratio, a simple relation for

the correction factor, f.orrection (%) proposed by Tan [86] is implemented:

3
wy 2+(1-%)
feorrection (261) = . (1 ~ ZWa) (3.52)

Average stress criterion (ASC) proposed by Whitney and Nuismer [14] states that
failure occurs when the average stress value is equal to greater than the unnotched
laminate strength at some distance a, away from the hole in the laminate. For quasi-

isotropic open-hole laminates, the ASC can be expressed as follows:

2+(1_2Wa)3 On a \2 a \4
o 6(1—2Wa) [1—(afa0)][2+(a+ao) +3(a+ao)] (3.53)

3.1.2.1.2 Linear Elastic Fracture Mechanics Inherent Flaw Model

Linear Elastic Fracture Mechanics Inherent Flaw Model (LEFM IFM) proposed by
Waddoups et al. [14] is based on the assumption that, damage mechanisms occurring
just before ultimate failure can be lumped into a “region of intense energy” called
“inherent flaw” of length ‘aifm’. This approach is similar to Irwin’s plastic zone
correction in metals. With this assumption, the critical value of the stress intensity

factor of an open hole laminate is expressed as:
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Kic = f(@ifm a)0 [Tairm (3.54)

where f(aim,R) is Bowie’s [89] solution for the stress intensity factor of two cracks
originating from the circular hole. The strength of an unnotched specimen can be
calculated by taking f(a; s, a)=1. In this case, the critical stress intensity factor Kic

can be rewritten as:

Kic = XZ\/naifm (3.59)

where X[ is the tensile strength of the laminate. After equating (3.54) and (3.55),

the remote stress o is obtained as:
o X[

Provided that the hole diameter is known, equation (3.56) shows that the remote

stress o depends on the region of intense energy aim and the laminate unnotched

strength X .

3.1.2.1.3 Cohesive Zone Model

Soutis and Fleck [29] propose a Cohesive Zone Model (CZM) for the strength
prediction of the Carbon Fiber-Epoxy laminate with an open hole. According to the
model, damage emerging from each hole side is represented by a cohesive crack.
Damage initiates when the stress level in the 0° fibers reach the unnotched laminate
strength. Damage progression is simulated by replacing the damage zone with an
equivalent crack. In the equivalent crack region, crack bridging stresses drop linearly
along the crack overlapping region from a maximum value of the unnotched laminate
strength. The model requires only two parameters: unnotched laminate strength and
the fracture energy. In this thesis, results obtained from the Composite Compressive
Strength Modeler Tool developed by Sutcliffe et al. [87] are used for the open-hole
tension and compression strength predictions ([25],[26]).
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3.1.2.1.4 Finite Fracture Mechanics Model

Finite Fracture Model (FFM) proposed by Cornetti et al. [88] uses the following
stress and energy finite fracture mechanics criteria as a couple for strength analysis
of a laminate with an open hole subjected to uniaxial loading:

1 a+l
Tf oyy(x,0)dx = X7 (3.57)
a

1 a+l
Tf K?(s)ds = K- (3.58)
a

In equations (3.57) and (3.58), ‘a’ is the circular hole radius and ‘| * represents crack
extension at failure. In equation (3.57), ayy(x, 0) and XTL are the normal stress in y-

direction and the unnotched strength of the laminate, respectively. It is noted that

normal stress oy, is measured along the x-coordinate in the (x-y) cartesian

coordinate system. In equation (3.58), K, and K. are the mode I stress intensity

factor and fracture toughness of the laminate, respectively. The crack extension
length is denoted by ‘s’. Furthermore, equation (3.57) represents the average stress
model, which is explained in Whitney and Nuismer [14]’s paper. In addition, the
proposed FFM uses equation (3.58) which serves as an energy balance, that must be
satisfied during crack propagation. The following two unknowns are determined
from the set of equations (3.57) and (3.58) [13]:

e remote notched strength

e crack extension at failure | .

When ‘| is known, it is possible to calculate remote stress at failure from either of
the equations (3.57) or (3.58). Hence, there is no need to calculate “characteristic
distance” from notched specimen tests. Numerical solution techniques are used for
the solution of nonlinear equations, that are encountered during the solution of
(3.57). Camanho et. al. [13] state, that characteristic distance, “l” is a function of

both geometry and material properties.
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The main advantages of the model compared to other approaches for the open-hole
strength prediction of laminated composites is that, it is economic, fast and accurate.
The proposed model is economic in the sense, that only ply elastic constants,
unnotched laminate strength, and fracture toughness is needed. Since it is not based
on Finite Element Analysis (FEA) or complex computation methods, it is fast. When
compared with experimental data, FFM gives more accurate results compared to

point stress model, average stress model and the inherent flaw model.

3.1.2.2  Open Hole Laminate Subjected to Combined Loading

In this subsection, the methodology for the strength prediction of composite plates
with openings under uniaxial in-plane tensile, compression, shear or combined
loading conditions is introduced. Different notch geometries such as elliptical and
circular are considered. The analytical solution to determine the stress field is based
on the complex variable mapping method using Lekhnitskii formulation and
classical lamination theory. Failure prediction is done using composite failure theory

at a critical distance and angle.
Theoretical Background and Derivations for Stress Field Generation

The derivation of Lekhnitskii [90] equations, which are used for the generation of
stress fields in an orthotropic plate with an elliptical opening is explained in this
subsection. Elastic equilibrium equations are satisfied by the introduction of an Airy
stress function F(x,y) [90]. When the body forces are omitted, these equations can
be written as:
0°F 0°F —d%F
T, = —— Ty = —— Ty = ——— 3.59
Ox dy? % = x2 xy 0xdy (3:59)
Condition of compatibility for deformation is [91]:
0%&, N 0’8y  0%Vyy _
dy2 = 0x? 0xdy

For an anisotropic body average strain values are given below:

(3.60)
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€ = a110x + 2120y + A16Tyy
€y = a120x + 22,0y + a36Tyy (3.61)
?xy = a160x + a266y + a66:txy

where ajj are the compliances of the laminate.

Plugging (3.61) into (3.60) gives the following equation, which must be satisfied by the

Airy stress function F(X,y):

0*F d0*F 0*F d0*F 0*F
A2 578~ Zazem + (2ay; + age) ax20y2 2a46 %0y + a11a_y4

Equation (3.62) can be integrated using the linear differential operators below:

=0 (362

D1D2D3D4F == 0 (363)

where Dy =aiy— uk%,k= 1..4

After the integration the characteristic equation below is obtained. In (3.64), 4, are

called the roots of the characteristic equation.
ap* — 2a561® + (2215 + age) U — 2ap6H + a5, = 0 (3.64)

For orthotropic plates ais = a2s = 0. Excluding special cases [, are either complex or

purely imaginary numbers. From (3.64) four roots of the form u,, u, and their
conjugates fi,, i, will be obtained. Among these roots two principal roots will be
chosen. According to a complementary definition, principal roots u,, u, are always
the complex roots that have the least value of argument among all roots. For isotropic
plates u, = p, = i. Characteristic roots can be regarded as values, which define the
degree of anisotropy in plane stress problems and with these values one can judge

how much a laminate can differ from the isotropic case.
Equation (3.63) can be rewritten as:

D,F = g3
D3D4F = gz (365)
D,;D3D4F = g4
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0 0
91 91 _ g (3.66)

Dig: = dy e
where Dy, k=1,...,4 are partial derivatives of first order.
Integrating equation (3.66) yields:

g1 =L+ wy) (3.67)

In expression (3.67) f1 is an arbitrary function of x + p,y. The integration of the set

of equations in (3.65), gives:

dy M2 Ox g1
dgs _ 093 _
oF  OF

ay #2 ax - g3

By integrating non-homogeneous equations in (3.68) in order the following

expression for F is obtained:

F=F(x+py)+FR&+uy)+FBx+a.y)+F&+iy) (3.69)

Different variables are introduced for different complex numbers:

zy =X+ Wy
Z; = X+ Uy (3.70)
zZz3 =X+ L1y
Zy =X+ [1pY

Since stress function is a real function of x and y, for the case of different complex

numbers presented in (3.69), the relation below can be written:

F = 2Re[ F,(z,) + F,(z,)] (3.71)

The following functions are defined for the obtaining the stress components in

terms of complex parameters:
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dF,

$1(z1) = d_Zl

dF,

$2(2;) = d_zz

d
¢1’(Z1) = ﬂ

dz,

, d
b, (2) = d;jzz

Stress components in expression (3.59) can be rewritten in terms of the functions
defined in (3.72):

(3.72)

0y = 2 Re[ puidy ' (z1) + p32' (22)]
oy = 2Re[ @' (z1) + ¢2'(22)] (3.73)
Tyy = —2 Re[ w1 (z1) + 1202 (22)]

We will try to derive the relations for ¢, and ¢, by using the conditions on the

surface of a body:

0y €0s(n, x) + Tyy, cos(n,y) = Xy

(3.74)
gy cos(n,y) + Tyy cos(n, x) = Yy
where n is the direction normal to the surface of the body X and Y, are external

forces.
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Figure 3.11. Plate with an area S subjected to external forces Xn and Yn at the
external contour [90].

Letting ., = 0 and cos(n, x) = cos(n,y) = 1, relations in (3.74) simplify to:

ox = XN, Oy =Yy (3.75)
Utilizing equation (3.59):
0°F 0°F
2N et
(3.76)

oF JSX d oF JSY d
- = S — = S
dy 0 N ax 0 N

In (3.76), by integrating oven an arc length ‘s’, which is equal to arc O’A, boundary
conditions for the external forces Xy and Yn are obtained. Expressions in (3.18) can

be expressed in terms of stress potentials as:

N

2Re[py1¢1(z1) + pap2(z2)] = —[0 Xnds + ¢
(3.77)

N

2Re[ b (z2) + b (2)] = — fo Yyds + ¢,

We note that ¢, and ¢, should satisfy the boundary conditions. Following
Lekhnitskii equations are derived for the determination of the stress field for an

infinite plate size compared to the size of the opening which is very small. External
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forces Xn and Yn, which are exerted on an infinite orthotropic plate with an opening

are depicted in

Figure 3.12. Plate with an area S subjected to external forces Xn and Yn at the
external contour [90].

In Figure 3.12,

a, b: lengths of the major axis of the elliptical hole

h: plate thickness

Xn, Yn: forces acting on the opening edge per unit area

Px, Py: resultant of the external forces Xn and Yn

Coordinates of the opening edge can be written in parametric form:
x = acos(9), y = bsin(9).

Forces change with respect to 9 between range 0-2m. In the coming expressions
complex representations of the stress functions ¢, and ¢, will be used. Expanding

Xnand Yy into Fourier series yields:
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P9 C
2 Rel 1 (22) + 122 (22)] = 5+ Go + ) (0™ + &™)
m=1

(3.78)

—P,9 < o
2Re[¢1(21) + ¢2(22)] = Smh + Bo + § (Bmo™ + fo™™)
m=1

where ¢ = e'?, a,, and B,, are the known coefficients which depend on the load
distribution at the opening edge. @,,, and f3,, are the respective conjugate values.
Constants «a, and S, are arbitrary constants in (3.78). The solution of the stress

functions in (3.78) have the form below:

a
$1(z) =Ag+A-Iné; + bm L¥y
- U — Uz
m=1
_ Em_#lam -m
$2(2;) =By + B-Ing; — —&
= U1 — Uz
where (3.79)
; _Zl+\/zf—a2—u2b2
1 a—i,ulb
; Zy ++/z% — a? — p2b?
2 =

a—iu,b

When plugged into (3.78) funtions ¢, and ¢, will deliver the same values as the
external forces of the form ¢ at the opening edge. 4, and B, are the arbitrary
constants. A and B are the constants, which are determined by the equations P, and
P,. Problems tackled in the open hole calculation does not involve unbalanced
external forces applied to the opening edge with respect to major eliptic axes. Hence
there will be no resultant force P, and P, and the terms related to P, and P,, A - In¢&;
and A - In &, are set to zero. Moreover A, and B, are arbitrary constants and cancel

out @y and fB,. This allows us to simplify (3.79):
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where (3.80)

: _ zy++zE —a? — uib?
L=

a—iub

:  zy++zZ — a? — uZb?
, =

a—iuyb
Let us now consider in-plane combined loading condition, which cause stress
distributions in a plate with an elliptical opening. The geometry and the coordinates

of an orthotropic plate with an elliptical opening is shown in Figure 3.13.

2
A y
1Ty
X

Figure 3.13. Coordinates of a composite lamina with an elliptical opening subjected
to combined loading [18].
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The following expressions for in-plane stresses are given in the principal coordinates

of the opening. Total stress components on the plate can be found by summing the
stresses due to:
Q) Uniform stress field:
0 = Gy sin® Y + Gy, cos? P + Ty, sin 2§
09 = Gy Cos* P + Gy sin? P — Ty sin 2§ (3.81)
oo = (Gy — Gy) Sin P cos P — Tyy cos 2
(1) Stress components due to the opening (equations (3.73)) are obtained by

the functions ¢, and ¢, in (3.82) (The first term of the series expansion

Is sufficient for representing applied stresses and hence m=1)

() = P te S
y (3.82)
b2(22) = %z

a, and B, are expressed more explicitly in (3.83) and (3.84) below:

a, = —(G;/2)cosyp(acosy + ibsimp) — (7,/2)simp(asimp — ibcosy) + (T,,/2) (asin2p — ibcosi) (383)

By = —(G;/2)simp(acosy + ibsiny) + (7,/2)cosyp(asing — ibcosy) + (T5,/2) (acos2yp — ibsinys) (384)

Total stresses of the plate given in the principal coordinates of the opening are:

oy = 2Re[pi ¢’ (z1) + 15’ ,(22)] + 0,°
0, = 2Re[ @' (z1) + ¢',(22)] + 0,°
0s = —2Re[ ¢’ (21) + 29’ (22)] + 06°

(3.85)

In this regard, (3.24) shows an infinite plate with a circular opening subjected to
biaxial loading. As mentioned above, this problem is solved by superpositioning

stress state I, which resembles the stress distribution plus the stress state 11, which is

caused by the circular opening in the infinite plate.
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Figure 3.14. Total stress in an infinite plate can be decomposed into two stress states
I and 11 [92].

Finite-width correction for an anisotropic plate containing a central opening:

In the previous section, stress field solutions are derived for infinite anisotropic
plates. To apply these results to a finite width plate, a correction factor is needed to
account for the finite width effect. In Figure 3.15 a finite-width anisotropic laminate

with an elliptical opening is displayed.

-

\
n
- 3

N
IN

s

/ N\
/\”\/\
vV Y Y v ¥

Figure 3.15. A finite width anisotropic plate with an elliptical opening [86].

The relation to account for finite-width correction is expressed as:

Ox wy (2
fy = feorrection (%) -{ Oy (386)
Oxy Oxy We
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where

W  plate width
2a major diameter

where feorrection 1S the approximate orthotropic finite width correction for a circular hole
opening (a=b) as a function of W/2a (plate width divided by the major diameter). The
correction factor is expressed explicitly as [86]:

2 -1
fraecion (3m) = 15 = {L@) w2 (M) wr -3 [1 - M)]} (3.87)

2+(1-177

where

Kr: stress correction for finite plate

K7 :stress correction for infinite plate

Za) (3.88)
2+ (1+ %)3

2(5)

In (3.88) M is defined as the magnification factor and helps us to get more accurate

M? =

results even for the case where a/b < 4. K;° is calculated from the relation below:

A11A22 B A%Z

2
K'I(EO == 1 + — [W,AllAZZ - A12 + s — (389)
Az 2466

In (3.89) 4;; are the components of the laminate in-plane stiffness matrix. For quasi-

isotropic laminates a simpler relation is introduced:

66



KT_2+(1—2Wa)3

")

(3.90)

In both equations(3.88) and (3.90), the ratio of the major diameter to the plate width
(2a/W) is selected as:

0] in the case of a circular hole (a=b):
w . W W,
5 = mln(%,%)

(i) inthe case of an elliptical hole:

W W W,
2a = MG,

The proposed open hole composite strength calculation method is developed based
on the approach proposed by Tan [86]. He introduces an analytical model for the
strength prediction of notched laminated composites subjected to in-plane combined
loading. According to the methodology, strength reduction (SR) of the model in
Figure 3.13 is calculated using the expression below:

X2 y2
oo ow _PPEFQotchedlal TRt G E = @y
G, FPFF (Unnotched)

In equation (3.91), oy’ and &, are the notched and unnotched ultimate strength,
respectively. The critical distance b, needs to be determined experimentally. The
notched ultimate strength of the laminate is calculated by multiplying SR with the
unnotched laminate strength. The input parameters of the model are material elastic

properties, strength parameters and characteristic length.
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3.2 Numerical Modeling

3.2.1 Intralaminar Damage Model

In this subsection, continuum damage models (CDM) used for the progressive
failure analysis of the unnotched and open hole composite laminates are discussed.
In CDM different damage initiation criteria such as Puck, Hashin or
LaRCO03/LaRCO04 are used for determining the damage onset. Damage evolution is

carried out utilizing a fracture energy based bilinear degradation scheme [93].

3.21.1  Damaged Material Response

In this work, the degraded stiffness matrix coefficients are calculated based on the
model suggested by Matzenmiller et al. [94]. According to the model the following

relation between the effective stress and the nominal stress is written:

& = Mo (3.92)

where M is defined as the damage operator. The diagonal form of M is expressed as:

(3.93)

In the expression above, dy, d,, and d represent damage variables for fiber, matrix

and shear failure modes. Considering (3.92) and degradation of Poisson’s ratio ([93],
[95],[96]), damaged compliance matrix can be obtained from the second derivative

of the complementary free energy function with respect to the stress tensor:
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1 V21
——== 0
|[(1—d £)E1 E, ]|
_0°G _ | _viz2 1
T 902 i Eq (1-dm)E; 0 | (3.94)
1
0 0 —_—
(1-d5)G12
Where the complementary free energy function is expressed as ([97],[98]):
G=2(1f:211f)E1 + 2(1_6‘22”)52 - VE_I:O'MUZZ + 2(1—6T122)cr12+(a11011 + a3202)AT + (B11011 + B2202.)AM (395)

In expressions (3.94) and (3.95), E; and E, are the longitudinal and transverse in-
plane elastic moduli, respectively. G,, is the in-plane shear modulus. Stress tensor o
is an average stress tensor over a representative volume larger than the diameter of a
fiber. The subscripts 1 and 2 show the fiber (longitudinal) and matrix (transverse
fiber), directions, respectively. Thermal expansions in the longitudinal and
transverse directions are denoted by a,; and a,,, respectively. Similarly, §;, and
B,, denote hygroscopic expansion coefficients in longitudinal and transverse
directions, respectively. AT and AM stand for temperature and moisture content
differences with respect to their reference values. Utilizing the damaged compliance

matriX, the corresponding damages stiffness matrix is expressed as following [93]:

) (1-df)E, (1-df)(1 = dp)var Ey 0
C=5|(1-d)A = dpvisE; (1 - dp)E, 0 (3.96)
0 0 D(1 - dy)Gy,

where D =1 — (1 —d;)(1 — dp)vy2v2; and

de=1—(1—=de)(1—drc)(A = dpe)(1 = dic).

3.2.1.2  Energy Dissipation

Rate of energy dissipation occurring due to the evolution is damage is given by:

G ;. , 0G a6 - 96 - . . . .
0= mdft + mdfc + mdmt + Wmcdmc = Y}tdft +Y}cdfc+ymtdmt+ymcdmc (397)
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The complementary free energy function (See equation (3.94)) guarantees that the
thermodynamic  forces (Ym) conjugated to their corresponding damage

variables (dm) are always positive.

3.2.13 Initiation Criteria

As the initiation criteria Puck, Hashin or LaRCO03 ([99], [100]),LaRCO04 ([101]) can

be used.

3.2.1.4  Damage Evolution laws and Numerical Implementation

The evolution law of the damage variable after failure initiation is based on the
fracture energy dissipation G. The evolution law is a generalization of the
methodology proposed in Camaho and Davilla [102] to simulate interlaminar
delamination with cohesive elements. The approach proposed in Bazant’s crack
band [103] model is utilized to alleviate mesh dependency in the fe model. In the
model, mesh objectivity, i.e. element size independency is achieved by regulating
the energy dissipation per unit volume using characteristic element length and

fracture toughness:
gy = i—M M=1+1-,2+,2-6 (3.98)

In expression (3.100) g,, is the energy dissipation per unit volume. G,, is the fracture
toughness and L* is the characteristic element length. Bazant and Oh (1983) [103]
proposed the following relation for calculating the characteristic length of a square

element:

P (3.99)

cos@’

where, A;p is the area related to the integration point of an element and 6 is the angle

between the mesh line along which the crack band advances and the crack direction.
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In expression (3.99), & must be restricted to |6] < 45. In expression (3.98), subscript
M denotes different damage modes. If stress — linear strain softening behavior for
the damage evolution is used (See Figure 3.16), the expression (3.100) can be

expanded and rewritten as following:

1 G
500l = 7= (3.100)

Hence, &, strain at failure is determined from:

Fo 26 3.101
€ _O'OL* (3.101)

g -———

80 gf &

Figure 3.16. Stress-strain linear softening response

From (3.101) it is seen that &, strain at failure, is inversely proportional to the
characteristic element length. In other words, if the characteristic element length
decreases & must increase and vice versa as depicted in Figure 3.17. This behavior
of Bazant’s crack band [103] model helps to preserve fracture energy for different

characteristic element sizes.
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Figure 3.17. Adjusting the stress-strain softening response for different characteristic

element sizes.

Damage variables for particular failure modes; fiber tension (f;), fiber
compression (f,), matrix tension (m,) and matrix compression (m.) are calculated

based on the relations in (3.102). In the relations below, 6,?6(, is the initial
displacement at which the failure begins (d; = 0). S{eq is the displacement at which
the material completely fails (d; = 1). §; eq is the displacement between the state of

the material at which the failure begins (d; = 0) and the state at which the complete
material failure occurs (d; = 1). The graphical representation of this bi-linear
damage evolution law is given in Figure 3.18. In the figure K° and K are the initial

undamaged and instantaneous stiffnesses, respectively.

0, if S1eq < 6Peq
51f (51.861 - 519361) ,
4y = {1 if 8% S Oreq <Ol
l5z.eq (51,eq - 6,,eq) (3.102)
1, if Sreq > 1 eq
| € {f¢, foome, me}
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Figure 3.18. Bi-linear damage evolution law.

Depending on the detected failure mode, equivalent displacement and stresses are

calculated from the relations below [93]:
Fiber tension (6;; = 0):
56{(; = L*\/ < 811 >2

4" (< 01 >< &1 >)
= -
6eq

Oeq

Fiber compression (6;; < 0):

8li=L < -y >

(< _0-11 >< _811 >)

O-eq = L* Sfc
eq

Matrix tension (6,, = 0):

6;’:]’: == L*J< 822 >2+ 8%2

L*(< (oY) >< Eao > +O-12€12)

Oeq = smt
eq
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(3.104)

(3.105)

(3.106)

(3.107)
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Matrix compression (6,, < 0):

me = L*\/< ey, >4 62, (3.109)

_ L*(< _022 >< _822 > +0-12€12)

Ocq = 5T (3.110)

In relations (3.103)-(3.111), < x >, the Macaulay bracket is related to the absolute

x+|x|

value: forevery x ER, < x >=

3.2.15 Critical Finite Element Size

In order to prevent a local snap-back in the stress-strain relation, the elastic energy
of an element (with thickness t and strength X,,) at the initiation of failure, which is
given by X2 (L*)? - t/(2Ey) (with damage modes M = 1 +,2+,6) must be lower
than or equal to the fracture energy G, - L* - t of the element. Hence the maximum

finite element length for each damage law M is calculated from:

, M=1%,246 (3.112)

3.2.2 Interlaminar Damage Model

In this thesis, Cohesive Zone Model is used to account for the interlaminar damage
modes, such as delamination and debonding. The cohesive zone method is built on
the assumption that stress transfer between the two separable surfaces of a
delamination/debonding interface does not vanish completely at the damage
initiation point. After the damage initiation, stiffness at the interface of the separable
surfaces reduces progressively. The interface failure between the two separable faces
are modeled utilizing cohesive zone elements (COH3D8) available in ABAQUS.
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The cohesive behavior is defined with a traction-separation (o — &) equation as
depicted in Figure 3.19. The element stiffness matrix is given by the stiffness of the
interface material (named as penalty stiffness in ABAQUS documentation). The
CZM element can be regarded as a spring between the corresponding nodes of the
element. Using the cohesive element, different fracture modes such as mode I-

opening, mode Il-shear and mode-111 tearing can be simulated.

Under mixed fracture modes, there are three traction components a;, o;;, a;;; and the
corresponding three &, 8;;, 6;;; separation components. In order to reduce the
number of tests for determining the penalty stiffness for each fracture mode, same
stiffness value is assumed for all fracture modes. In the mixed mode CZM, the

following quadratic criterion is used for determining the damage onset [106]

3 2

z (1) V. (3.112)
ol

i=1 > !

where ¢ are the interface strength values for each crack propagation mode,
a?,af}, afy;. After the damage initiation, damage mechanics approach is followed.

Dissipated fracture energy is calculated as the area OAB in Figure 3.19.

Aoap = Aoar — Aosr (3.113)
Referring to Figure 3.19, the expression above can be rewritten as:
1 857 —6;

where,

G;: single mode Strain Energy Release Rate (SERR)
G;.. single mode critical SERR

87 single displacement at damage initiation

8 : single mode displacement at fracture
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F,D=1.3
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Figure 3.19. The bilinear traction-separation response implemented in the Cohesive

O

Zone Model [106].

Once the SERR for each single fracture mode are calculated from (3.114), Kenane
and Benzeggagh’s [107] (B-K) criterion is used to check the condition for crack
propagation. According to the (B-K) criterion a crack propagation occurs when

Gtot > Gegu, Where Gy, and Ggy, are given by,

Geot = G + Gy + Gypg (3.115)
G+ Gy '
Gequ =G+ (Guc - GIC) (GI TG+ Gm) (3.116)

After damage initiation under mixed mode, damage variable which is used for the

degradation of the stiffness matrix is calculated from the equation below:

_ 87 (8m — Sm)

_ (3.117)
S (8 — Om)

din

In eq. (3.117):
&5, mixed mode displacement at fracture
52, : mixed mode displacement at damage initiation

dm: instantaneous mixed mode displacement
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Utilizing eq. (3.117) and the undamaged stiffness value, instantaneous stiffness K

can be calculated from:
K=01-d,K (3.118)

At the instance when Mode |, Mode Il and Mode 111 are concurrently observed, the
combined effect of mixed modes should be calculated correspondingly. In Figure

3.20, the bilinear traction-separation response of mixed modes is provided.

Figure 3.20. The bilinear traction-separation response for mixed modes [108].
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CHAPTER 4

PLAIN STRENGTH ANALYSIS OF COMPOSITE LAMINATES

This Chapter summarizes and compares the methodologies used for the plain
strength analysis of composite materials in this thesis. The reserve factors are
calculated for a composite laminate with any desired layup subjected to in-plane
loads and moments using composite failure criteria. Five simple failure criteria in
addition to five more progressive failure criteria for tape lay-ups are considered. The
most commonly used and representative failure criteria in the literature are
implemented in MATLAB [109] codes for the plain strength analysis of composite

tape materials. The final choice of the failure criteria must be based on a test program.

4.1  Plain Strength Analysis Procedure

Within the scope of this thesis, MATLAB [109] codes for the plain strength analysis
of composite tape materials are developed. These MATLAB codes incorporate the

following simple failure criteria:

e Yamada-Sun

e Tsai-Wu

e Tsai-Hill

e Puck (modified)
e Max Stress

e Max Strain

Futhermore, the following iterative composite failure criteria are implemented in
MATLAB codes:

e Yamada-Sun + Puck (modified)

e Max Stress + Tsai-Wu
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e Yamada-Sun + Tsai-Wu
e Max Strain + Puck (modified)

e Max Stress + Puck (modified)

When simple failure criteria are chosen for the analysis, the reserve factor of the
laminate is equal to the reserve factor of the lamina with the minimum value that is
attained either due to fiber failure or due to matrix failure. Iterative failure criteria on
the other hand determines the reserve factor when first fiber failure (FFF) occurs. In
the iterative failure criteria elastic properties of the matrix are degraded until the

reserve factor of the fiber is less than the reserve factor of the matrix.

As a representative example for FPF analysis, algorithm of the plain strength analysis
is explained using Yamada-Sun plus Puck iterative failure criteria. The algorithm
can be easily modified to calculate laminate strength using different simple or
iterative failure criteria. The algorithm predicts the strength of the multidirectional
laminate subjected to in-plane combined loading. The multidirectional laminate with

individual plies and the coordinate system definitions are shown in Figure 4.1.

_*ZM izK ]

AR
o
- N W

Figure 4.1: Multidirectional laminate with individual plies and the coordinates [69].
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The pseudo-code and the algorithm implemented in the Plain Strength (PLS)
MATLAB Code is shown Figure 4.2 and Figure 4.3. The steps for calculating the

reserve factors are as follows:

1.  Ply thickness, ply sequence and material orientation angle are read as an

input.
2. Lamina strengths (X;, X., Y;, Y., S) are entered as an input.
3. Mechanical loading (Forces [N]xy and Moments [M]x,) are read as an input.

4.  Elastic properties (E;, E;, v, Gip) are entered for each lamina

individually.
5.  Poisson’s ratio v, is calculated from,

V12 4.1
V21 == E2 - E_ ( )
1

6.  Reduced ply stiffnesses [Q],, with respect to material principal axis are

computed from relations,

Q i
B V12V21
E;
Q —_ -
2271 V12V21 (4.2)
_ va1Ey
27— V12V21
Q66 = G12

7. Transformed reduced stiffnesses with respect to laminate reference axes (X,y)

are calculated for each layer (k) using equations,
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Qxx = m*Q1q + n*Qpz + 2m?n?Qy; + 4m?n?Qgq
Qyy = n*Qq1 + m*Qyp + 2m*n?Qy, + 4m*n® Qe
Qxy = M*n?Qq1 + M?n?Qy; + (M* + n*)Qy, — 4m®n® Qg
Qxs = m°nQy; — mn3Qz; — mn(m? —n?)Qq; — 2mn(m? — n?)Qes (4.3)
Qys = mnQqq — M>nQyy + mn(m? — n?)Qq, + 2mn(m? — n?)Qes
Qss = M?n?Q1q + M*n?Qyy — 2M*n?Qqp + (M? — 1n?)? Qe

where m = cos(6), n = sin(0)

8.  Through-the-thickness coordinate z, (Figure 4.1) for each layer (k) is

calculated.

9.  Laminate stiffness matrices [A], [B] and [D] are computed from,

n
Aij = Z QF (2 — Z—1)
k=1
1 n
By =5 0k = zs”) (4.4)
k=1

n
1
D;j = §Z Qf(zi® = zk—1®)
=1

10. Laminate compliance matrices are computed using,
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where (4.5)

11. Reference plane strains [e°]x,y and curvatures [K],,, are calculated from,

Eyx Axx QAxy QAxs bxx bxy bxs 1r N e

& Ayx  Gyy Qys byx  Dyy Dys|IN,

]/_: _ Asxy QAgy Agg bsx bsy bss N ( 4 6)
K, Cxx Cxy Cxs dxx dxy dxs M, l
Ky Cyx  Cyy Cys dyx dyy dys||My

K Csx  Csy Css dsx dsy dss J LM ]

12. Through-the-thickness coordinate of the lamina mid-plane (z) is calculated.

13.  Strains at each layer in the laminate with reference to laminate coordinates

system is determined using,

&) [ex]  [Ke
[ey] = |e|+z[Ky 4.7)
SS y; KS

14. Layer strains [e]’f,2 with respect to material principal axis (1,2) using the

transformation matrix in calculated from,
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€1
£ m*>  n®*  2mn |[&
1 |= | n* m* —2mn||%
5 Ve —-mn mn m?—n?llé& (4.8)

where m = cos(6), n = sin(0)

15. Layer stresses [0]¥, with respect to material principal axis (1,2) are

calculated using the expression,

01 Qi1 Qiz 0741
[02 = [Qu Qa2 O ][52] (4.9)
Te 0 0  QeellVs

16.  Progressive Faliure Criteria (Yamada-Sun and Puck) is implemented as
explained below:

Yamada-Sun Failure Criteria for Fiber Failure

Lamina strengths (X;, X., S) are substituted into (4.10) based on the sign of the

stress component in material axis:

(al(k) : )fFF(k)>2 s (rlz(k) -SRFF (k))2 1 (4.10)

For example, if o; = 0, X; and g; < 0, X, must be considered. For positive and
negative values of t,,, S value is entered. From the solution of equation (4.10),

fiber reserve factor RFF(k) of the lamina is obtained.
Modified Puck Failure Criteria

Lamina strengths (X;, X., Y;, Y., S) are substituted into (4.11):

a1 (\* | (02(K)* | Tz ACNE
RFM(k)? [( zxt) T G| REME - G = 1 (4.11)

From the solution of (4.11) RFM(k): and RFM(k). are obtained. Reserve factor of
the lamina is given by, RFM (k) = max(RFM(k),, RFM (k),).

17.  Matrix reserve factor (RFM(k)) and fiber reserve factor (RRF(k)) are
obtained for each ply.
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18. (i) Min(RFM(K)) and Min(RRF(k)) are determined on a ply-by-ply basis. If
Min(RFF(k))<Min(RFM(K)) fiber failure point is reached and the laminate fails due
to First Fiber Failure (FFF). Then, reserve factor of the laminate is equal to the

reserve factor of the fiber:

RF, g min ate = Min( RFF (k)). Program ends!

(i) If all the laminae are degraded, which is checked by the following condition:
SUM (E2) = (number of plies) x 0.001

RF, 4 minate = min( RFF (k)). Program ends!

At this point we obtain following additional information from the program:

. Critical ply is equal to the ply number “k” with min (RFF) and its angle is

known from the input data

o The sign of the stress in fiber direction a; in critical ply gives us information
about the failure type. If it is positive fiber tension, if it is negative fiber compression

is the reason for failure
o o7 in critical ply is the failure stress

19. If Min(RFM(k))<Min(RFF(k)) matrix failure point is reached and the

properties of the lamina(e) must be degraded according to the following rule:

E,, Gi, and v, for the lamina(e) with min(RFM(K)) are set to a very small value
0.001.

20.  Aslong as RFiLaminate IS not calculated in steps (16) and (18), PLS MATLAB

code is restarted from STEP 4 with the new material properties of the laminate
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Xt,Xc,Yt,Yc,5 Layer strengths

Ey, E3, vi2, Gy Unidirectional lamina properties
Layer stiffnesses (1- and 2-axes)
B Layer orientation
| [Ql%y | Transformed layer stiffnesses (x- and y- axes)
‘ Ty, Ty Location of the layer surfaces
[A], [B], [D] Laminate stiffnesses
| [a], [b], [c], [d] | Laminate compliances
| [M], [M] ’—'I Mechanical loading
‘ (€% [K]xy | Reference plane strains and curvatures

Location of point of interest in layer k
Layer strains (x- and y-axes)

Layer orientation

Layer strains (1- and 2-axes)

Layer stiffnesses (1- and 2-axes)

Layer stresses (1- and 2-axes)

Layer strength coeffiecients

RFM(k), RFF(k) Layer fiber and matrix reserve factors
| Min{RFM(k)), min(RFF(k)) | Layer minimum fiber and matrix reserve factors
| RFlaminate=min(RFF(k)) ‘ Laminate safety factors

Figure 4.2. Flowchart for the Failure Analysis of a Composite Tape Laminate
Using Mode Based Failure Criteria (FPF, First Ply Failure) [69].
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Updating laminate
properties

l

Calculation of stresses and reserve
factors for fibre and matrix in each ply
(RFF(k),RFM(k))

I

Min(RFF(K))<Min(RFM(k))

Material properties

(E;, Gy, V12) are set zero
or the ply with minimum
RFM (k)

No: matrix
failure

Yes: fibre
failure

RF laminate = Min (RFF(k))

Figure 4.3. PLS MATLAB Code for the Progressive Failure Criteria (Yamada-Sun
and Puck) of Composite Tape Materials

4.2  Results from the Plain Strength Analysis of Multidirectional Laminates

In this section, biaxial failure envelopes and unidirectional tensile strength curves of
laminates with respect to fiber orientation are compared with the available graphs in

literature for validation.

4.2.1 Validation of Biaxial Failure Envelopes

Figure 4.4 shows failure envelopes for carbon/epoxy (AS4/3501-6) lamina subjected
to biaxial normal loading from [69] and the same plots, which are created using
MATLAB Codes for laminate strength analysis. The mechanical properties of the
AS4/3501-6 carbon/epoxy lamina is listed in Table A.2. In Figure 4.5 failure

envelopes for carbon/epoxy (AS4/3501-6) lamina subjected to transverse normal and
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shear loading are shown from [69]. The envelopes, which are generated using
MATLAB code are plotted in the same figure.

—-Tsai-Wu [69]

115 | o Max strain[69]

—e—Max Stress [69]
Tsai-Hill  [69]

0O Tsai-Wu (MATLAB)
Tsai-Hill (MATLAB)

0 Max Strain (MATLAB)

O Max Stress (MATLAB)

|
™~

o,/ Yt

Figure 4.4. Failure envelopes for carbon/epoxy (AS4/3501-6) lamina subjected to

biaxial normal loading using different failure criteria.

1lg —~Tsai-Wu [69]
Tsai-Hill [69]

—=—Max Stress, Max Strain [69]

0,/ Yt

O Tsai-Wu  (MATLAB)
Tsai-Hill  (MATLAB)

O Max Stress, Max Strain (MATLAB)

Figure 4.5. Failure envelopes for carbon/epoxy (AS4/3501-6) lamina subjected to

transverse normal and shear loading using different failure criteria.
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From Figure 4.4 and Figure 4.5 we observe that MATLAB Codes deliver identical
results with the plots in Daniel and Ishai [69] and the MATLAB Codes for these
loading cases are validated.

4.2.2 Validation of the Uniaxial Failure Envelopes with Respect to Fiber
Orientation

In Figure 4.6 normalized tensile strength curves of unidirectional and angle-ply
carbon/epoxy (AS4/3501-6) laminates from Daniel and Ishai [69] and MATLAB
Code are depicted, respectively. Similarly, Figure 4.7 shows normalized
compressive strength curves of unidirectional and angle-ply
carbon/epoxy (AS4/3501-6) laminates from Daniel and Ishai [69] and MATLAB
Code, respectively. Finally, in Figure 4.8 normalized in-plane shear strength of
unidirectional and angle-ply laminates are compared with the curves from Daniel
and Ishai [69]. As seen from the figures below, MATLAB Code for the strength

analysis of laminates is validated for the loading cases studied.
1.0

—=[theta] Unidirectional [69]
——[+/-theta]s Angle-ply [69]

O [theta] Unidirectional (MATLAB)
O [+/-thetals Angle-ply (MATLAB)
+ [theta] Unidirectional (eLamX)

+ [+/-theta] Angle-ply (eLamX)

0.0 —— Bl
0 10 20 30 40 50 60 70 80 90
theta (Degrees)

Figure 4.6. Normalized Tensile Strength of Unidirectional and Angle-Ply Laminates

with Respect to Fiber Orientation (AS4/3501-6 Carbon/Epoxy, Tsai-Wu Criterion,
FPF).
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——[theta] Unidirectional [69]
——[+/-theta]s Angle-ply [69]

O [theta] Unidirectional (MATLAB)
O [+/-thetals Angle-ply (MATLAB)
+ [theta] Unidirectional (eLamX)

+ [+/- theta]s Angle-ply (eLamX)

T T T T T T T T
0 10 20 30 40 5 60 70 80 90
theta (degrees)

Figure 4.7. Normalized Compressive Strength of Unidirectional and Angle-Ply

Laminates with Respect to Fiber Orientation (AS4/3501-6 Carbon/Epoxy, Tsai-Wu
Criterion, FPF).

6
—e—[theta] Unidirectional S, (tension) [69]
E‘Q.S O [theta] Unidirectional S, (tension)
|U§’ (MATLAB)
Uﬁh —e—[theta] Unidirectional 5_(compression)
<4 (69]
e O [theta] Unidirectional (compression)
_C" (MATLAB)
=
%ﬂ 3 —e—[+/-theta]s Angle-ply [69]
L
A O [+/-thetals Angle-ply (MATLAB)
g2
E‘ + [theta] Unidirectional S, (tension)
g (eLamX)
5 + [theta] Unidirectional S, (compression)
= 1 4 3 (eLamX)
+ [+/-theta]s Angle-ply (eLamX)
O T T T T T T T

T
0 10 20 30 40 50 60 70 80 90
theta (degrees)

Figure 4.8. Normalized In-Plane Shear Strength of Unidirectional and Angle-Ply

Laminates with Respect to Fiber Orientation (AS4/3501-6 Carbon/Epoxy; Tsai-Wu
Criterion; FPF).

90



We observe from Figure 4.6, Figure 4.7 and Figure 4.8 that, there is a good
agreement between the results from eLamX (composite calculator from Technical
University of Dresden) [110] and the MATLAB code. Although in general plots
from Daniel and Ishai [69] correlate well with eLamX and the MATLAB code,
slight deviations are seen at some points. These slight deviations are attributed to
the fact, that these plots are scanned from the book and may not represent the exact

results data at all points.

4.2.3 Comparison of Failure Envelopes for IMA/M21 Laminate under

Biaxial-Loading

In this subsection, biaxial failure envelopes of the simple and iterative failure criteria
for the quasi-isotropic composite tape laminate made of IMA/M21E are studied. The
mechanical properties of the IMA/M21E lamina are given in Table A.1. Since quasi-
isotropic lay-up 25/50/25 (Notation used in the industry: 25% of the plies used at 0°,
50% of the plies at +/-45° and 25% at 90°) is among the typical lay-up configurations
used for design purposes of aerospace structures, it is chosen for the comparison.
Figure 4.9 shows failure envelopes generated using different failure criteria for the
quasi-isotropic laminate IMA/M21E under bi-axial loading. We note that test data is
not available for the uniaxial and biaxial loading. Envelopes of Yamada-Sun and
Puck and Yamada-Sun look similar, whereas the shapes of Tsai-Hill, Hashin, Max
Strain, Max Stress criteria and the iterative criteria Max Stress and Tsai Wu are quite
different. Tsai Wu failure criterion demonstrates a rather non-conservative behavior
in the compression-compression region of biaxial normal loading. Concerning the
damage progression in composite tape materials iterative criteria are represented
better by the experiments compared to the simple failure criteria. According to the
iterative failure criteria first fiber failure leads to ultimate failure of the laminate and
the laminate stiffness reduces due to matrix failure. To this end, the iterative failure
criteria which show good agreement with experimental data need to be selected and

the ones which show poor agreement needs to be eliminated. Since experimental
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results are not available, biaxial failure envelopes for the quasi-isotropic IMA/M21E
alone are not sufficient to decide for the most appropriate iterative failure criteria. In
order to investigate different iterative failure criteria combinations, this topic is

further discussed in the following subsection.

1500

} - . — t
-2500 -2000 -1500 - « L 1000 1500 2000

6, (MPa)

—&-Yamada-Sun + Puck

——Yamada-Sun

——Tsai-Wu

-1300 1 —sTsai-Hill
Puck

1700 + e

—=—Hashin
22100 + ——Max Strain

—+—Max Stress
-2500 + ——Max Stress + Tsai-Wu

o, (MPa)

Figure 4.9. Bi-axial failure Envelope for Quasi-lIsotropic IMA/M21E Laminate
Subjected to Biaxial Normal Loading Using Different Failure Criteria.

4.2.4 Comparison of Unidirectional Strength Curves for IMA/M21

Laminate with Respect to Fiber Orientation

Differentiation between various iterative failure criteria is done by studying the off-
axis uniaxial loading influence on the laminate strength. For this purpose, uniaxial
tensile and compressive strength of IMA/M21E laminate with a 60/30/10 lay-up
(Notation used in the industry: 60% of the plies used at 0°, 30% of the plies at +/-
45° and 10% at 90°) with respect to fiber orientation is depicted for different failure
criteria as seen in Figure 4.10. As there is no experimental data for the complete off-

axis angle range (0°-90°), the decision for the most suitable failure criteria is done
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by choosing the one which gives the safest results and closest results to experiments
at off-axis angles between 0° and 90°. From Figure 4.10, when the whole range of
off-axis angles are considered (0°-90°), we observe that Yamada-Sun plus
Puck (under tension and compression) give the most conservative results compared
to the other iterative failure criteria. The agreement of these criteria with test data

must be checked, as well.

1800
1550
1300
1050
300
550 -
300 A

50 A
-200 9 15
-450 A
-700
-950
-1200

——Yamada-Sun + Puck

—+—Max Stress + Tsai-Wu

—+—Yamada-Sun + Tsai-Wu
Max Strain + Puck

1 Max Stress + Puck

Failure Stress (MPa)

Off-axis (°)

Figure 4.10. Uniaxial Tensile and Compressive Strength of IMA/M21E
laminate (60/30/10 lay-up) with Respect to Fiber Orientation.

93



4.2.5 Comparison with World Wide Failure Exercise

Unnotched laminate strength is predicted using well-known iterative composite
failure theories and judged against experimental evidence for the quasi-isotropic
[09/+£45°/90°]s AS4/3501-6 carbon/epoxy laminate subjected to biaxial loading test
case from the World-Wide Failure Exercise | [111] In Figure 4.11, biaxial failure
envelopes obtained using ‘Yamada-Sun plus Puck’, ‘Max Stress plus Puck’ and
‘Max Strain plus Puck’ iterative failure models are compared with the experimental
results. From Figure 4.11, it is seen that the failure envelopes of the ‘Max Stress plus
Puck’ and ‘Max Strain plus Puck’ failure models are almost the same. Both failure
models exhibit good prediction capabilities for the biaxial tension-tension, uniaxial
tension/compression loading cases. However, both failure models are seen to be
unconservative in the tension-compression and compression-compression quadrants.
On the other hand, Yamada-Sun plus Puck iterative failure model shows good
correlation between analytical and experimental results not only for the biaxial
tension-tension and uniaxial tension/compression loading cases but also for the
biaxial tension-compression loading case. It is further noted that “Yamada-Sun plus
Puck’ failure model exhibits better prediction capabilities than the aforementioned
failure models in the tension-compression quadrants and for the uniaxial
compression loading case. Similar to ‘Max Stress plus Puck’ and ‘Max Strain plus
Puck’ iterative failure models, ‘Yamada-Sun plus Puck’ iterative failure theory is
observed to be unconservative in the compression-compression quadrant. However,
for the compression-compression quadrant it is reported by Hinton et al. [111] in
WWEFE 1 that shell buckling might have influenced the test data and therefore test
data is possibly unreliable. Due to its better prediction capabilities, Yamada-Sun plus
Puck is selected as the most appropriate failure theory for the plain strength

prediction of quasi-isotropic carbon fiber/epoxy laminates.
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Figure 4.11. Comparison between the predicted and measured biaxial failure stresses
for (0°/+£45°90°) AS4/3501-6 laminates [111].

4.3 Conclusions

Within the framework of this thesis methodology for the plain strength analysis of
composite tape materials using simple and iterative failure criteria is presented.
Regarding composite tape materials the nature of iterative criteria are represented by
the experiments better than simple failure criteria, because first fiber failure leads to
ultimate failure of the laminate and the laminate stiffness reduces due to matrix
failure. The plain strength analysis methodology is partly validated with the available
data in literature. Test results are used so that decisions for the most suitable failure

criteria is made for composite tape laminates.

Differentiation between various iterative failure criteria is done by studying the off-

axis uniaxial loading influence on the laminate strength. As there is no experimental
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data for the complete off-axis angle range (0°-90°), the decision for the most suitable
failure criteria for tape materials is done by choosing the one which gives the safest
results. Yamada-Sun plus Puck gives the most conservative results for both tension
and compression loading. The final decision among these criteria is based on their
agreement with experiments conducted during the World Wide Failure Exercise
I [111]. Due to its better agreement with experimental data, Yamada-Sun plus Puck
is selected as the most appropriate iterative failure criteria for the plain strength

prediction of quasi-isotropic carbon fiber/epoxy laminates.
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CHAPTER 5

ANALYTICAL APPROACH FOR THE OPEN HOLE STRENGTH
PREDICTION OF COMPOSITE LAMINATES SUBJECTED TO
UNIAXIAL AND BIAXIAL LOADING CONDITIONS

51 Introduction

In this chapter, Extended Point Stress Method (EPSM) is proposed for the strength
prediction of quasi-isotropic open-hole laminates subjected to in-plane biaxial
loading. In the EPSM stress field is calculated on ply level around a hole using
Lekhnitskii’s Formulation and Classical Lamination Theory (CLT). As proposed by
Tan strength reduction (SR) due to the hole in the laminate is calculated using a
quadratic composite failure model which incorporates the first-ply-fiber-failure
criterion. Once the strength reduction is known, notched laminate strength is
calculated from the product of the SR by the unnotched laminate strength, which is
obtained by an iterative composite failure model. EPSM is validated against tests of
open hole laminates with different materials, lay-ups, hole sizes and width-to-hole
diameter ratios under uniaxial tension/compression loading as well as biaxial loading
conditions. Within the framework of this thesis, the accuracy level of the EPSM
against other traditional stress-based failure models and Finite Fracture Model using
open hole laminates with different materials, lay-ups, geometries under different
loading conditions is investigated. Moreover, the prediction capability of the EPSM
under bi-axial loading condition is studied using the experimental data available in

literature.
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52 Methodology

In the methodology section, analytical strength calculation procedures for the open
hole laminate with an elliptical hole and circular hole subjected to in-plane
combined loading is explained.

521 Open Hole Composite Laminate with an Elliptical Hole Subjected
to Combined Loading

In this subsection, the algorithm and pseudo-code of the open hole composite tape
material strength calculation method is explained in a step-by-step manner.
MATLAB codes are utilized for implementing the OH composite tape material
strength calculation algorithm. The summary of the implemented algorithm for tape

materials is displayed in Figure 5.3.

The calculation steps are explained in detail below.

First, material, geometric data and load cases are given as input:
1. Ply thickness, ply sequence and material orientation angle are read as an input.
2. Elastic properties (E;, E,, v, Gi) areentered for each lamina individually.
3. Lamina strengths (X;, X., Y;, Y., S) are entered as an input.

4. Unnotched and notched strength (o, and oy) of the laminate are entered for

the calculation of the characteristic distance.
5. Laminate width and length are entered.
6. Elliptic or cylindrical hole dimensions (a & b values) are entered.

7. Mechanical loading (Forces [N]x,y and Moments [M]x,y) are read as an input.
Due to mechanical loading (Forces [N]xy and Moments [M]xy) stresses

(0%, 0y and Ty,) for the laminate without an opening are computed. A detailed

explanation for this step can be found in subsection 3.1.1.2.
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8. The geometry and the coordinates of a composite lamina with elliptical opening
subjected to combined loading is shown in Figure 3.13. The geometry and
coordinate system is used for the strength calculation of the composite laminate.
For the stress field calculation principal roots of the characteristic equation g,

and u, are calculated from:
agh *—2a161 *+(2a12 + age)H? — 2az6lt + 35, = 0 (5.1)

In Equation (5.1) ajj, 1,j=1,2,6 are the laminate compliances with 1 and 2 in the
major and minor axes of the opening as seen in Figure 3.13, respectively. The
calculation of the laminate compliances is explained in subsection 3.1.1.2. between
step 5-10.

From Equation (5.1) four roots will be obtained. According to a complementary
definition principal roots of the characteristic equation yx; and u, are always the
complex roots that have the least value of argument among all roots. For laminates
dominated by (£45°) plies Berbinau et al. [104] state that the roots of the

characteristic equation are of the form:
w=F+iG and u, =-F+iG
Berbinau et al. [104] point out that the roots:
U =F+iG and u,=F —iG
lead to an incorrect stress field in the plate.

9. The total in-plane laminate stress components o;, g;, and ag given in the
principal coordinates of the opening are composed of the stresses due to the
opening plus the stresses caused by the uniform stress field

()% (03)° and (0})°) and are written with refence to Equation (3.85):

01 = 2Re[pf ', (z1) + u39',(z2)] + (01)°
oy = 2Re[ ', (z1) + §',(22)] + (02)° (5.2)
o = —2Re[ 1’ (z1) + 12¢',(22)] + (06")°
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where ¢," and ¢} are the derivatives of the Airy stress functions with respect to

z1 and z2. These expressions are derived explicitly as:

&, = —(—a+ pbi)(—By + pp01) (53)

VX2 + 234y + U %y? = a2 — b2 (x + iy + /X7 + 2xy + i 2y? —a% — uy%b2) (uy — i)

&, = — (—a+ ppb) (—By + 1yay) (54)

VX2 + 2315y + Ho2y? — a2 — pp?b2(x + oy + /X2 + 2X4ay + Ip2y? — a% — Up?b2) (g — M)
where the z; are expressed as:

zi = X+ Wy (5.5)
where x and y are coordinates of a point in the lamina where the stress components

are extracted.

In Equations (5.3) and (5.4) a, and 8; were already expressed in Equations (3.83)
and (3.84), respectively.

In equation (5.2), (67)°, (0%)° and (o} )denote the stresses due to the uniform

stress field and are written according to:

(01)°

(0%)° = G cos® P + Gy sin® P + Ty, sin 2§ (5.6)

Gy Sin? Y + Gy, cos® Y + Ty, sin 2

(06)° = (6y — Gy) sin P cos P — Ty, cos 2P

Lekhnitskii stress field solutions are derived for infinite anisotropic plates. Hence,
when Lekhnitskii stress field equations are applied to a plate with a finite width, a
correction factor is needed to account for this effect. Then similar to Equation (3.86)

the relation to account for finite-width correction is expressed as following:

!/ !

(O3] W (O3]
r{ _ i
() - fcorrection (2_) *302
: a , (5.7)

Stress components o7, o5, and oy are calculated at the characteristic distance,
which is represented by bo (Figure 3.13) for combined loading case and b for

uniaxial loading case as seen in Figure 5.1.
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Figure 5.1. Lamina with an elliptical opening subjected to uniaxial loading [18].
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10. Characteristic distance bz is obtained from the approximate stress distribution
expression for an infinite orthotropic plate:

oo i) +ats) -0 ot ()] 69

where o, and oy are the unnotched and notched strength of the laminate,

respectively [105]. K;° stands for the orthotropic stress concentration factor for an
infinite width plate:

o _ 2 | —— Aj1Ay, — AL, 9
Az 2466

and Aj; (i,j=1,2,6,) are the components of extensional stiffness matrix:

N
Ay = ;(Qi]’)k[hk — hy_4] (5.10)

Determination of the characteristic distance under combined loading is explained in
the next step:
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11. In Figure 5.2 characteristic curve of the laminate with a circular hole is plotted.
In order to determine the characteristic curve under combined loading four

characteristic distances are needed:

(d,)?: characteristic distance due to tension in x-direction

(d,)?°: characteristic distance due to tension in y-direction

(d,)2: characteristic distance due to compression in x-direction

(d,)2°: characteristic distance due to compression in y-direction

In the figure characteristic curves of a laminate with an open hole are depicted.
Using the above-mentioned characteristic distances, the following elliptic

characteristic curves under tension and compression loading are plotted:

Compression loading:

2 2

X Y

@t @)Y @t @™y ! 1D

Tension loading:

2 2

x Y

@ @07 (at @y ! .12

In Equations (5.11) and (5.12) x = (do)?. * cos(8),y = (do)?. - sin(8)

For the calculation of characteristic distances (d)?, (d)2°, (d)?, (d)2° equation
(5.8) is used and open hole tensile and compression strength values are needed.
From Equations (5.11) and (5.12) (d)¢ and (d)¢ are determined. Depending on the
stress state, i.e. for fiber tension and compression stress states (d)Y and (d)?
characteristic distances must be used, respectively. If both fiber tension and fiber
compression stresses are detected, then the characteristic distance which delivers

the minimum RF for fiber tension or fiber compression failure modes is used.
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Figure 5.2. Characteristic curve of the laminate with an elliptical opening under

combined loading.

Let (1- and 2-) principal axes of the open hole and (x- and y-) problem axes (x- and
y-) of the lamina shown in Figure 3.13. For our problem case, these coordinate axes
are considered to be the coincident (y = 90° in Figure 3.13). Then o7 = oy, 0}, =

oy and og = Tyy,.Hence, in the next steps calculation of layer stresses

ok, 013} and Tl§y are explained.

12. Reference plane strains [e°]x,y are calculated from:

52 Ay /T axy/tL Ays/tr, Oy
539 = ayx/tL ayy/tL ays/tL [0y ] (5.13)
)/SO asx/ ty asy/ iy ass/ iy Txy

where t_ is total laminate thickness

13. Layer stresses [o] ’;,y with respect to load application axes (X,y) are calculated

using:

103



Uylc( Qalccx Qalc(y Qalgs 83

o |=|Q% 0 Q%||e (5.14)
Talc(y Qalccs Qizcs Qécs )

14. Stress components o,.(6, by), 0, (6, by) and oy, (8, by) from Equations (5.14)

are computed at the critical distance b, (See Figure 3.13), and for over an angle

0 < 6 < 180 when combined loading is considered. Critical distance b, is

taken as constant value for all plies.

15. Layer stresses [a]’f,2 with respect to material axis (1,2) are calculates using the

transformation matrix in equation below:

(a{‘)
[ —Zmn (02 )’ (15)

-mn mn m?—n? (ck)

Where m = cos(f), n = sin(f)

The proposed methodology utilizes Tan’s approach, where the reserve factor of the
laminated composite with an opening is calculated based on the strength ratio of the
notched and unnotched laminates. In the proposed approach Yamada Sun plus Puck
(YS+Puck) iterative failure criteria is implemented for calculating reserve factor of

the unnotched laminate.

16. Reserve factor for each ply is calculated from Tsai-Wu Tensor Polynomial
Failure Criterion for Fiber Failure over anangle 0 < 8 < 180. RF at the critical

angle of failure and distance is obtained from:

2

RF2 1 RF(1 1) 1 (5.16)
XX, X, XJT |

17. Reserve factor of the open hole laminate is equal to the reserve factor of the
lamina with the minimum reserve factor. The lamina with the minimum reserve
factor is expected to fail first. This criterion is known as First-Ply-First-
Fiber (FPFF) Failure.
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18. The modified strength ratio (S.R.) of the laminate is set equal to the ratio of the
reserve factor of the notched laminate (RFn) and the reserve factor of the

unnotched laminate (RFo):

RF _Tsai_Wu_F PFF(Notched) _ RFy

S.R.= =
RF _Tsai_Wu_FPFF(Unnotched) RF,

(5.17)

In the proposed methodology, Yamada-Sun plus Puck (YS+Puck) iterative

failure criteria is used for calculating the unnotched laminate:

_ RF _Tsai_Wu_FPFF(Notched) _ RFy
" RF_Tsai_Wu_FPFF(Unnotched) RF,(YS + PUCK)

S.R (5.18)

Rearranging Equation (5.18) yields:

np. _ RE_Tsai_Wu_FPFF(Notched)
N RF_Tsai_Wu_F PFF(Unnotched)

- RF(YS + PUCK) (5.19)

RF calculations for the strength reduction ratio are done using Tsai-Wu failure
criteria for the first ply fiber failure (FPFF). A detailed explanation of YS-Puck

and Tsai-Wu failure criteria can be found in subsection 3.1.1.1.3 of the thesis.
Validation study of the obtained ply stress fields from the EPSM and the

proposed methodology for determining the characteristic distance is provided
in Appendices B and C, respectively.
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Figure 5.3. Flowchart of the proposed methodology for the open composite

laminate strength prediction.
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522 Open Hole Composite Laminate with a Circular Hole Subjected to
Combined Loading

In this study, an analytical methodology is proposed for the strength prediction of
circular open-hole sublaminate-level scaled composite laminate, depicted in Figure
5.4. Proposed methodology is based on Tan’s [86] approach, where the reserve factor
of the laminated composite with an opening is calculated based on the strength
reduction ratio of notched and unnotched laminates under uniaxial loading. In this
study, Yamada Sun [112] plus Puck (YS+Puck) ([80],[81]) iterative failure criterion
is implemented for calculating reserve factor of the unnotched laminate, whereas
Tsai-Wu quadratic failure criterion is used for calculating strength ratio of the

notched laminate, which can be used for multiaxial loading.

Figure 5.4. Characteristic distance do and coordinate system of a notched composite
laminate used for the EPSM.

Algorithm of the proposed methodology is depicted in Figure 5.3. According to the

algorithm, first material properties, laminate geometry and load cases are given as
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input. For the unnotched laminate layer stresses are found using CLT, whereas for
the notched laminate stress field is generated using Lekhnitskii’s complex variable
mapping method [90]. Stress distribution of an infinite open-hole laminate can be
solved by super-positioning the uniform stress field plus the stress field due to the
circular opening [92]. For the notched laminate depicted in Figure 5.4, uniform stress

field can be expressed as:
0l =N, /h
oy = N,/h (5.20)
Tgy = xy/h
Stress components due to opening are:
oy = 2Re[pui¢’ (z1) + uid’,(z2)]
oy = 2Re[ ¢’ (z1) + ¢',(22)] (5.21)
Ty = —2Re[u1 @' (21) + 2, (22)]

where ¢, and ¢, are the derivatives of the Airy stress functions with respect to z;

and z». These expressions are derived explicitly as:

(—a +wai)(—py + upaq)

$1=—
U Rt 2xpy + Y — @2 — B [+ pyy + a4 23y +EYE — @2 — (a2 (g — 1) (5.22)
(—a+ pa) (=P + may)
¢y =—
Lt 2y iy -t — [ + oy + V¥ + Zxwry + 13y? — a2 — 2a?| (g — 1) (523)
zi can be expressed as:
Zy = X + Wy, i=12 (5.24)

where x and y are coordinates of a point in the lamina where the stress components
are extracted. In equations (5.22) and (5.23), a is the hole radius. a1 and 1 are
expressed as:
a; = a|—(N,/2h) + i(Ny, /2h)] (5.25)
B1 = a[(Nyy/2h) — i(N,/2h)] (5.26)

For the stress field calculation principal roots of the characteristic equation u, and
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U, in Equations (5.21)-(5.23) are calculated from Equation (5.27):

ay pt = 2a564° + (2a5; + age)U? — 20564 + azp = 0 (5.27)
In Equation (5.27) ajj, 1,j=1,2 are the laminate compliances with 1 and 2 in the major
and minor axes of the opening as seen on Figure 5.4, respectively. From
equation (5.27) four roots will be obtained. According to a complementary definition
principal roots of the characteristic equation u, and u, are always the complex roots
that have the least value of argument among all roots. For laminates dominated by
(£45°) plies Berbinau et al.[104] state that the roots of the characteristic equation are
of the form:

Uy =F+iG and p, =-F+iG (5.28)

The total in-plane laminate stress components o, 0, and 7, given inthe principal
coordinates of the opening are composed of the stresses due to the opening plus the

stresses caused by the uniform stress field (oy, o, and t,).

or =0y + 2Re[uid' (z1) +u3¢’,(22)]
o, =0y + 2 Re[ @', (z1) + ¢',(z2)] (5.29)
Tyxy = TQ(c)y —2 Re[.uld)’l(zl) + #245'2(22)]

Lekhnitskii stress field relations are derived for infinite anisotropic plates [90].
Hence, when Lekhnitskii stress field equations are applied to a plate with a finite
width, a correction factor is needed to account for this effect. Then, similar to
Equations (3.51) and (3.53) the equation to account for the finite-width correction is

expressed as:

{gilzz;r(g—_zwf))

Layer stresses are obtained at characteristic distance, d,, using CLT. For this

Ox
{Gy} (5.30)

Toy Toy

o

purpose, the unnotched and notched strengths of the open-hole laminate is needed.

The characteristic distance is extracted from Equation (3.51) used for the PSC.
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Finite-width effect is also taken into account using the relation below proposed by
Karlak [16]:

2a (5.31)
Zaref

Once the layer stresses are obtained for the unnotched and notched laminate, reserve
factors (RF) can be calculated for the given load case. As shown in Figure 5.3,
strength reduction (SR) ratio is calculated by dividing the reserve factor of the

notched laminate by the reserve factor of the unnotched laminate as written below:

2 2

X + y
(@a+do)? " (a +dy)? (5.32)
RF,_Tsai_ Wu_FPFF

Reserve factors of the unnotched and notched laminates are calculated using the

REy_Tsai_Wu_FPFF at

S.R.=

Tsai-Wu quadratic failure criterion, which is reduced to the following form for the

calculation of the first-ply-fiber-failure (FPFF):

(01 )2+ (1 1)—1 5.33
x.x.) T \x, " x,)~ (5:33)

In Equation (5.33) g, is the stress in longitudinal direction. X, and X, are longitudinal

tensile and compressive strengths, respectively. From the multiplication of the
strength reduction ratio by the reserve factor the unnotched laminate, which is
obtained using the Yamada-Sun) plus Puck failure model gives the reserve factor the
open-hole laminate. In the final step of the flow chart of the EPSM in Figure 5.3, the
multiplication of the applied stress by the reserve factor of the notched laminate
delivers the notched laminate strength. The flowchart of the Yamada-Sun plus Puck
iterative failure model is shown Figure 4.2. As seen from the flowchart, Y-S plus
Puck failure model is based on the reduction of stiffness due to matrix failure. First-

ply-fiber-failure is used to predict the reserve factor of the unnotched laminate.

In the Y-S plus Puck failure model, modified Puck criterion [81] is used to predict

matrix failure and expressed as:
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2 2
05 T12 1 1)
i D 5.34
YtYC+(S)+<Yt+YC o =1 (5:34)

where g, and 7, are the transverse and shear stresses respectively. Yt and Yc denote
transverse tensile and compressive strength, respectively. S is shear strength. For the

fiber failure prediction, Y-S failure model is used to predict the fiber failure [112]:

o1\? T12\2
— —2) =2
(x) +(5) (5.35)
l =1 failure, l < 1non — failure
where g; and t,,are longitudinal and shear stresses, respectively. Depending on the

sign of o, is the lamina, X is taken as the tensile or compressive strength in

longitudinal direction and S is shear strength of the lamina.
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5.3 Results and Discussions

For the validation of the proposed Extended Point Stress Method (EPSM),
experimental data available in literature is utilized. As a part of the open-hole
strength prediction methodology, unnotched laminate strength needs to be predicted
analytically. In the subsequent subsections, validation studies of the EPSM for the
unnotched laminate subjected to biaxial loading, open-hole laminate under uniaxial
tension, open-hole under uniaxial compression and open-hole laminate subjected to

biaxial loading cases are presented.

5.3.1 Open Hole Tension

In order to validate the proposed semi-analytical model, the predictions of the model
are compared with the experimental data available in literature for the uniaxial
tension loading case. For this purpose, IM7-8552 quasi-isotropic open-hole
laminates with different thicknesses and M21/800 CFRP open hole-laminate is
chosen([13],[26]). In Table 5.1, elastic and strength properties of the IM7/8552
lamina are listed. According to the ASTM D-5766 Standard [113] ,open-hole test
specimen used for the tension test have hole diameters, D=2, 4, 6, 8, 10, 12 mm and

their width-to-hole diameter ratio is constant % = 6 . Lamina thickness is reported

as 0.131 mm. Baseline specimen with a hole diameter of 6 mm is used to determine
the characteristic distance for the PS, AS, EPSM and the inherent flaw length needed
for the IFM. Unnotched laminate strength is 845.1 MPa. According to Camanho et
al. [13] characteristic distances for PS and AS are 0.83 and 2.08 mm, respectively.
In addition, the length of the inherent flaw is 1.28 mm. Including the correction
factor proposed by Tan [86], the characteristic distance needed for the EPSM is
calculated as 0.835 mm. From tests, the mean value of the fracture toughness is
determined as 48.0 MPa~/m [13]. The results in Table 5.2, indicate that FFM, EPSM
and AS are among the most accurate models. The variation of the OHT strength of

the [90/0/45/-45]3s lay-up with respect to different hole diameters is plotted in Figure
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5.5. From the figure we note that the prediction capabilities of the point stress and
inherent flaw model are good for the hole diameters larger than the ones used to
calculate the characteristic distance and the inherent flaw length. Yet, the accuracy
level of PS and IFM decrease for small hole diameters. Accuracy of the analytical
models which rely on characteristic distance can be improved by taking geometric
dependency into account ([17],[114],[115]). For this reason, in the EPSM
characteristic distance for different hole sizes is calculated based on the relation
proposed by Karlak [16].

Table 5.1 Mechanical Properties of the IM7/8552 lamina.

Material Data for IM7/8552 Lamina

Longitudinal Modulus, Es = 171420 (MPa) [9].[13]
Transverse Modulus, E = 9080 (MPa) [9].[13]
In-plane Shear Modulus, Gu = 5290 (MPa) [9].[13]
Major Poisson's Ratio, Uy = 0.32 (MPa) [91.[13]
Longitudinal Tensile Strength, X = 2326.2 (MPa) [9].[13]
Longitudinal Compressive Strength, Xc = 1200.1 (MpPa) [9].[13]
Transverse Tensile Strength, Y: = 62.3 (MPa) [9].[13]
Transverse Compressive Strength, Ye = 199.3 (MPa) [9].[13]
In-plane Shear Strength, S = 92.3  (MPa) [9],[13]

Table 5.2 Comparison between predictions and experiments for the [90/0/45/-45]3s
lay-up.

G~ g~ E % E a* E % E a° E
D (Exp.) (FFM) (%) (PS) (%) (As) (%) (IFM) (%) (EPSM) (%)
(mm) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
[91,[13] [13] [13] [13] [13]

2 555.7 560 0.8 639 15 588 5.8 627 13 523 -5.9
4 480.6 470 -2.2 506 53 491 22 505 5.1 462 4.0

6 438.7 420 -4.3 n/a na nfa nla n/a n/a 428 -25
8 375.7 390 3.8 401 6.3 406 8.1 398 5.9 406 8.0

10 373.7 370 -1.0 376 06 384 28 371 -0.7 391 45
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Figure 5.5. OHT strength vs. hole diameter plot for [90/0/45/-45]ss lay-up (PS, AS,
IFM and EPSM methods calibrate the characteristic distance at point a) ([9],[13])

As another validation study, open-hole tensile strength prediction of the IM7-8552
[45/90/-45/0]4s lay-up is compared with experimental results. In Table 5.3,
mechanical properties of the IM7/8552 lamina are listed. As reported by Green et al.
[116] unidirectional carbon-fibre/epoxy pre-preg system manufactured by Hexcel

has a nominal ply thickness of 0.125 mm. The open-hole specimens used for the tests

have a constant width-to-hole diameter ratio of% = 5 with hole diameters D=3.175,

6.35, 12.7 and 25.4 mm. Unnotched laminate strength used for the characteristic
distance calculation is taken as 929 MPa [117]. In Table 5.4, the strength predictions
using FFM, PS, AS, IFM and EPSM against experimental results are tabularized.
Using the baseline specimen with a hole diameter of 3.175 mm, characteristic
distances for the PS and AS are determined as 0.45 mm and 1.12 mm,
respectively [13]. In addition, the length of the inherent flaw needed for the IFM is
reported as 0.66 using the baseline specimen. Since the experimental fracture
toughness value required for FFM was not available, using notched strength of the
specimen with a hole diameter of 3.175 mm and unnotched laminate strength,
Equations (3.57) and (3.58) are solved simultaneously. From the solution of (3.57)
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and (3.58), crack extension at failure, [ ,as well as fracture toughness value
K, can be determined. K. is calculated as 42.3 MPay/m. Characteristic distance
required for the EPSM is determined from the specimen with a hole size of 12.7 mm
as 0.73 mm. It is observed from Table 5.4 that EPSM delivers the most accurate

results when compared to alternative analytical models including the FFM.

Table 5.3 Mechanical Properties of the IM7/8552 Lamina.

Material Data for IM7/8552 Lamina

Longitudinal Modulus, Es = 161000 (MPa) [25]
Transverse Modulus, E, = 11380 (MPa) [25]
In-plane Shear Modulus, G2 = 5170 (MPa) [25]
Major Poisson's Ratio, Uy = 0.32 (MPa) [25]
Longitudinal Tensile Strength, Xt = 2724  (MPa) [119]
Longitudinal Compressive Strength, Xe = 1690 (MPa) [119]
Transverse Tensile Strength, Y: = 64 (MPa) [119]
Transverse Compressive Strength, Ye = 199.8 (MPa) [9],[13]
In-plane Shear Strength, S = 923  (MPa) [9],[13]

Table 5.4 Comparison between predictions and experiments for the [45/90/-45/0]4s
lay-up.

—0o0 —00 el —00 —00 00

I o o a o g

(Exp.) (FFM) E (PS) E (AS) E (IFM) E (EPSM) E
D
(MPa) (MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%)
(mm)
Ref.[1 Ref.[1
Ref.[13] Ref.[13] Ref.[13]
3] 3]

3.175 478 n/a nfa nf/a n/a nfa n/a n/a n/a 460 -3.7
6.35 433 400 -7.6 392 95 401 -74 385 111 412 -4.8

12.7 374 351 -6.1 344 -80 353 -56 332 -11.2 377 0.8

254 331 324 -21 320 -33 325 -1.8 304 -82 351 6.1
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Figure 5.6. Open Hole Tension Strength vs. Hole Diameter (PS, AS and IFM
methods calibrate the characteristic distance at point a, whereas EPSM calibrates at
point b) [13].

As a further validation study, open-hole tensile strength prediction for the M21/T800
[90/45/0/-45]3s lay-up is done and compared with experimental data presented in
[25] and [26]. In Table 5.5, material properties for the M21/T800 lamina are listed.

The open hole tensile test specimens have a constant width-to-diameter ratio % =4

with hole diameters D = 3, 5and 7. Ply thickness is 0.132 mm as reported in [25].
Baseline specimen for the characteristic distance and inherent flaw length, the
specimen with a hole diameter of 5 mm is chosen. Characteristic distances required
for the PS and AS are reported as 0.7 mm and 2.5 mm, respectively. The inherent
flaw length is calculated as 1.0 mm. Using the unnotched laminate thickness of
1053.5 MPa, characteristic distance required for the EPSM is determined is 0.74 mm.
In Table 5.6, predictions of the FFM, PS, AS, CZM, IFM and EPSM are compared
with the experimental results. From the results, it is seen that FFM and EPSM are

among the most accurate models.
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Table 5.5 Mechanical Properties of the M21/T800 Lamina

Material Data for M21/T800 Lamina

Longitudinal Modulus,
Transverse Modulus,

In-plane Shear Modulus,

Major Poisson's Ratio,

Longitudinal Tensile Strength,
Longitudinal Compressive Strength,
Transverse Tensile Strength,
Transverse Compressive Strength,

In-plane Shear Strength,

E:

Ez =
G =

172000
8900
5000
0.32

3039
1231
75
250
95

(MPa)
(MPa)
(MPa)

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

(13]
(13]
[13]
[13]
[25]
[120]
(25]
[27]
(25]

Table 5.6 Comparison between predictions and OHT experiments for the [90/45/0/-

45]3s lay-up.

[l a° E g% E foiet E foded E foded E E

D (Exp.)  (FFM) (%) (PS) (%) (AS) (%)  (Czm) (%) (IFM) (%) (EPSM) (%)
(mm)  (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

[26] [26] [26] [26] [26] [26]
3 560 578 3.2 639 141 614 96 -2.0 13 637 13.8 75
5 534 507 -5.1 n/a n/a n/a n/a 477 -10.7 n/a n/a 2.2
7 500 466 -6.8 479 -42 487 -2.6 438 -12.4 478 -4.4 3.0
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Figure 5.7. Open Hole Tension Strength vs. Hole Diameter (PS, AS, IFM and EPSM
methods calibrate the characteristic distance at point a) (Ref. [13] [26]).

532 Open Hole Compression

In this subsection, the prediction capability of the proposed semi-analytical model is
judged against the open-hole compression tests for the M21/T800 [90/45/0/-45]3s
lay-up [26]. As in the open-hole tension tests, for the compressive tests open-hole

specimens have a constant width-to-hole diameter ratio % = 4 with hole diameters

D=3, 5 and 7 mm. The specimen with a hole diameter of 5 mm is selected as the
baseline specimen for the characteristic length and inherent flaw length calculation.
Using the unnotched compressive laminate strength 279.8 MPa, characteristic length
for the PS and EPSM are calculated as 0.8 mm. For the AS and IFM the characteristic
length and inherent flaw length are reported as 2.0 mm and 1.1 mm, respectively.
Comparison between the predictions obtained from analytical models and
experiments are summarized in Table 5.7. The results in Table 5.7 show that FFM,
PS, AS and IFM are among the most accurate models, whereas the predictions done
by CZM and EPSM are poor. The reason for the poor prediction of the EPSM might
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be due to the lamina longitudinal compressive strength value. This value is taken
from the Hexcel data sheet [120] and might be lower than the real value of the
specimens used in the tests. In order to investigate this issue, longitudinal
compressive strength value of the lamina is found by reverse engineering
calculations from the compressive strength of the [90/45/0/-45]3s OHC laminates
obtained from the experiments [26]. Longitudinal compressive strength value of the
lamina is calculated as 1400 MPa and using this value the open-hole strength
calculations are repeated with EPSM. The new results, which are tabularized in Table
5.8 show that when the longitudinal compressive strength value is increased the

absolute value of the prediction error in EPSM reduces from 16.0% to 5.2%.

Table 5.7. Comparison between predictions and OHC experiments for the [90/45/0/-
45]ss lay-up (Longitudinal compressive stress of the lamina is taken as 1231
MPa [120].

a” % E a” E % E a” E a” E % E
D (Exp.)  (FFMs) (%) (PS) (%) (AS) (%) (Czm) (%) (IFM) (%)  (EPSM) (%)
(mm)  (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

[26]  [26] [26] [26] [26] [26]

3 335 319 -4.8 337 06 322 -39 29 -11.6 335 0.0 281 -16.0
5 280 283 11 280 nfa 280 n/a 258 -7.9 280 n/a 255 -8.9
7 259 259 0.0 252 -2.7 255 -15 235 -9.3 250 -35 239 -1.5
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Figure 5.8. Open Hole Compressive Strength vs. Hole Diameter (PS, AS, IFM and
EPSM methods calibrate the characteristic distance at point a) [26].

Table 5.8. Comparison between predictions and OHC experiments for the [90/45/0/-

45]3s lay-up (Longitudinal compressive stress of the lamina is taken as 1400 MPa).

Fe Fe E & E 5°  E & E & E i E
D (Exp.)  (FFMs) (%) (PS) (%) (AS) (%) (CZM) (%) (IFM) (%)  (EPSM) (%)
(mm) — (MPa)  (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

[26] [26] [26] [26] [26] [26]

3 335 319 -4.8 337 06 322 -39 29 -11.6 335 0.0 320 -4.5
5 280 283 11 280 nfa 280 n/a 258 -7.9 280 n/a 290 3.6

7 259 259 0.0 252 -2.7 255 -15 235 -9.3 250 -35 272 5.2

533 Open Hole under Multiaxial Loading

As a final validation study for the EPSM, biaxial failure envelope of the [0/45/90/-
45]s IM7/8552 open hole laminate is plotted and compared with the experimental
data in literature [121]. In Table 5.9, mechanical properties of the IM7/8552 lamina
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are listed. Unnotched tensile laminate strength of the [0/45/90/-45]s IM7/8552
laminate required for the characteristic distance calculation is taken as the unnotched
laminate strength of the IM7/8552 [45/90/-45/0]2s lay-up (ply thickness=0.125 mm)
which is obtained as 911 MPa from [122]. Notched strength of the smooth cruciform

specimen with a hole diameter of 10 mm is given as 702.6 MPa. Besides, width-to-

hole diameter of the cruciform specimen is given as %: 8. Using unnotched

strength, notched strength and width-to-hole diameter for the finite width correction
calculation proposed by Peterson [123], the characteristic distance is calculated as
2.05 mm for tension loading. According to Tan [19] when strength prediction for the
quasi-isotropic laminates is done based on minimum strength model, which
incorporates fiber failure criteria, characteristic distance is independent of loading
conditions. Hence, for the generation of the biaxial failure envelope of the cruciform
specimen, the characteristic length under compression is assumed to be equal to the
characteristic length under tension in the EPSM, as well. This assumption can be
justified by the fact that the characteristic lengths for the M21/T800 [90/45/0/-45]3s
lay-up under tension and compression were close and calculated as 0.74 and 0.79

mm, respectively [26].

Comparison of biaxial failure envelopes between tests and analytical predictions for
the [0/45/90/-45]s IM7/8552 open hole cruciform laminate is depicted in Figure 5.9.
Biaxial loadings are done in the {a,, 0, } stress space: {1, —1}, {1,0}, {1,1}. From
Figure 5.9, it is seen that there is a good agreement between biaxial tests and the
analytical predictions. In addition, failure pattern pictures of the [0/45/90/-45]s
IM7/8552 open hole cruciform specimen subjected to the aforementioned loading
conditions as well as the predictions from EPSM are shown. Using EPSM, it is
possible to predict the failure initiation angle (0), and first-ply-fiber failure initiation.
As displayed in Figure 5.10, when compared with the pictures from tests, EPSM is
able to make close predictions in terms of failure initiation angle. Since information
about the first-ply-fiber-failure is not provided, it is not possible to compare first-
ply-fiber-failure data obtained from EPSM with tests.
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Table 5.9 Mechanical Properties of the IM7/8552 lamina [121].

Material Data for IM7/8552 Lamina

Longitudinal Modulus,
Transverse Modulus,

In-plane Shear Modulus,

Major Poisson's Ratio,

Longitudinal Tensile Strength,

Longitudinal Compressive Strength,

Transverse Tensile Strength,

Transverse Compressive Strength,

In-plane Shear Strength,

E:
E>
G

Ul2

Xt
Xc
Yt
Ye

S

170000 (MPa)  [121]
12000 (MPa)  [121]
4600 (MPa)  [121]
028 (mpa) 12U
2400 (MPa)  [121]
1600 (MPa)  [121]

40  (MPa)  [121]
80  (MPa)  [121]
50 (MPa)  [121]

o, (MPa)

Figure 5.9. Comparison of biaxial failure envelopes for [0/45/90/-45]s IM7/8552

laminate [121].
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Figure 5.10. Failure pattern of the open hole cruciform specimen subjected to:
(@) {1,—1} (b) {1, 0} (c) {1, 1} loading ratios.

123



54  Summary and Conclusions

In this study, Extended Point Stress Method (EPSM) for the strength prediction of
open-hole quasi-isotropic laminates subjected to uniaxial tension/compression, in-
plane shear and combined loading conditions is introduced. EPSM is developed
based on Tan’s approach. In Tan’s approach, once the strength reduction ratio is
determined, notched laminate strength is found by the multiplication of the SR by
the unnotched laminate strength. In the proposed EPSM, the unnotched laminate
strength is calculated by the iterative Yamada-Sun plus Puck failure model. EPSM
is compared with other analytical methods and open hole tension and compression
tests with different materials, lay-ups, hole sizes and width-to-hole diameter ratios
from the literature. In addition, to the author’s knowledge bi-axial failure envelope
is compared with experiments for the first time in the literature.

The main conclusions are as follows:

e When compared with Point Stress Method (PSM), Average Stress Method
(ASM), Inherent Flaw Model (IFM), Cohesive Zone Model (CZM) and Finite
Fracture Mechanics Model (FFM), EPSM and FFM are among the most accurate

models.

e Good agreement of the failure envelope prediction of an OH composite laminate
subjected to bi-axial loading using an analytical approach and test data is
observed.

e EPSM provides advantages over FFM and other traditional analytical models as
it is applicable to combined loading conditions, where as other models are
currently applicable only to uniaxial loading. Moreover, since EPSM uses a ply-
by-ply failure analysis scheme, information concerning the first-ply-fiber failure
and fracture angle can be given, whereas this information cannot be provided by

other analytical models.
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CHAPTER 6

NUMERICAL APPROACH FOR THE PREDICTION OF SIZE EFFECTS
ON OPEN HOLE TENSION LAMINATES

6.1 Introduction

Damage mechanisms and tensile strength of the carbon fiber reinforced open hole
laminates differ based on the in-plane, sublaminate and ply scaling laminate
configurations. Within the scope of this thesis, a numerical study on the strength
prediction of quasi-isotropic sublaminate-scaled laminates with different hole sizes,
which fail in brittle failure mode are presented. The objective of this work is to
develop the most suitable progressive damage finite element modeling strategy for
the prediction of the damage evolution as well as the strength of quasi-isotropic
CFRP OHT laminates which fail in brittle failure mode. The results obtained from
the fe simulations are compared with the experiments conducted by Camanho et al.
[9]. As depicted in Figure 6.1 these experiments were conducted for IM7-8552
CFRP [90/0/+45]3s OHT specimen with five different hole diameters built using
sublaminate-level scaling technique. The OHT specimen were prepared following
the ASTM D-5766 [113] standard with a width-to-hole (w/d) ratio equal to 6. As
seen in Figure 6.1, the OHT specimen fail in brittle failure mode with minimal

delamination.

In the first stage of the study, two different Continuum Damage Models utilizing
Puck and Hashin failure initiation criteria are implemented into open hole composite
laminate finite element models composed of layered plane stress elements. In both
models fracture energy-based degradation scheme is used. The results obtained from
Puck and Hashin Continuum Damage Models are compared. In the second stage of
the study, incorporating Hashin Continuum Damage Model five different fe models

using layered plane stress elements, detached plies modeled using continuum shell
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elements, continuum shell elements per ply with frictionless contact at ply interfaces,
continuum shell elements per ply with perfect bonding at ply interfaces, continuum
shell elements per ply with Cohesive Zone Model (CZM) at ply interfaces are
prepared and their strength predictions are compared.

d=2mm d=4mm d=6mm =8mm

ol

0 l(hnm

d=10mm

Figure 6.1. Brittle failure modes of the IM7-8552 OHT specimen with
w/d=6 (Camanho et al. (2007) [9]).

6.2 Methodology

6.2.1 Intralaminar Damage Model

In this work, two different continuum damage models (CDMs), namely, Puck [84]
and Hashin ([77]-[78]) CDMs are utilized to predict the strength and size effects in
OHT carbon epoxy laminates. The continuum damage models differ in the failure
criteria used for the damage onset. A fracture energy based bi-linear strain-stress
softening degradation scheme for damage evolution is used in both models. An
ABAQUS User-Material (UMAT) subroutine is developed for the implementation
of Puck’s damage model into the OHT laminate fe models. The other CDM utilizes
the Hashin damage model implemented in ABAQUS [124]. In this work, quasi-
isotropic IM7/8552 CFRP OHT laminates with a stacking sequence of [90/0/+45]ss
and hole sizes 2, 4, 6, 8, and 10 mm reported in Camanho et al. (2007) [9] are used.
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Mechanical and interlaminar properties of the CFRP material IM7/8552 are listed in

Table 6.1 and Table 6.2, respectively.

In the Puck Continuum Damage Model, fiber failure is determined from the

relations below:

Fiber tension (o; = 0):

r %
fE(FF) = X,
Fiber compression (o; < 0):
o
I 1
fE(FF) - X_C

1

=1

(6.1)

(6.2)

where fET(FF) and fEC(FF) are stress exposures for fiber failure under tension and

compression loading. X and X, represent the tensile and compressive lamina

strengths in fiber direction, respectively.

Table 6.1 Mechanical Properties of the IM7/8552 lamina.

Material Data for IM7/8552 Lamina

Longitudinal Modulus,
Transverse Modulus,

In-plane Shear Modulus,

Major Poisson's Ratio,

Longitudinal Tensile Strength,
Longitudinal Compressive Strength,
Transverse Tensile Strength,
Transverse Compressive Strength,
In-plane Shear Strength,
Longitudinal tensile fracture energy
Longitudinal comp. fracture energy
Transvese tensile fracture energy
Transverse comp. fracture energy

Density

E:
E>
G

v,

Xt
Xc
Ye

171420
9080
5290

0.32
2326.2
1200.1

62.3

199.3

92.3

81.5

106.3

0.28

1.3

1590

(MPa)
(MPa)
(MPa)

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)
(MPa)
(ki/m?)
(ki/m?)
(ki/m?)
(kl/m?)

(kg/m?)

(9]
(9]
(9]
(9]

(9]
(9]
(9]
(9]
(9]
[9]
[9]
[9]
[23],[25]

[125]
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Table 6.2 Interlaminar Material Properties.

Material Data for IM7/8552

Interface stiffness, K = 10°
Normal Strength Ty 62.3
Shear Strength, Ts = 92.3
Normal Toughness, Gn = 0.28
Shear Toughness, Gs = 0.79
Mixed mode interaction parameter, Ns-k = 1.45

(N/mm?3)
(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

[126]

[9],[114]
[9],[114]
[9],[114]
[9],[114]

[127],[128]

Depending on the region of the failure envelope, three different inter-fiber-failure

expressions are written:

Matrix tension (Mode A) (o, = 0):

1/2

o =[(3) + (-2 G| 0%

A
R
< ).
T21C

Matrix compression (Mode B) (6, < 0 and

g2
o

=1

L _ 211/2 ~
fEB(IFF) = g{[(%)z + (PJ(_,I)Gz) ] + Pi,,)(fz} =1

A
o2| S Rii,.

T21C

Matrix compression (Mode C) (6, < 0 and

O6

fron = (i) + ()]
E(IFF) 2(1+p5__f)5 Ye/ | (=02)

(6.3)

(6.4)

(6.5)

The transition point from failure mode B to C is denoted by the point (R4}, 7,1¢)

and calculated from the expressions below:

Y
A _ (=) ¢
RLL_T 1+2pl|l§_1
Py
T21, = RJ.IIW/ 1+ ZPJ(_:.)

) _ (R4
and p; / =D <

128

(6.6)

(6.7)

(6.8)



In the expressions (6.3) - (6.8) pf,’,) pi;,) and pJ(_:_) are the inclination parameters that

control the shape of the failure envelope. Referring to [82] pf;,) = 0.35 and pi;,) =
0.3 are selected for the CFRP material. Y; and Y, are the tensile and compressive
lamina strengths in transverse fiber direction. a4 and S denote shear stress and shear
strength, respectively. If the value of stress exposure fz exceeds 1, failure onset takes

place.

Hashin CDM uses the same failure criteria as in the Puck CDM. However, different

failure criteria for matrix damage initiation are used as written below:

Matrix tension (6,, = 0):

Font = ("—) + ("—) _1 (6.9)

Matrix compression (65, < 0):

; _(@)Z (L)Z_l @+<@>2 R (6.10)
me —\28T 28T Y, \S./

In (6.9)-(6.10) S, and ST stand for the longitudinal and transverse lamina shear

strengths.

In both Puck and Hashin CDM before damage onset, the material behavior is linearly
elastic and the stiffness matrix of a 2D plane stress orthotropic material is used for
the computations. If the material is damaged then degradation occurs and the
material behavior is calculated from the relation below (ABAQUS, 2019) [124]:

o = Cqe (6.11)
where o is the stress tensor. C4 and € represent the damaged elasticity matrix and the
strain tensor, respectively. In this study, the damage model proposed by
Matzenmiller et al. (1994) [94] is utilized to compute the components of the stiffness
matrix due to degradation. The stiffness matrix including the damage variables are

obtained from:
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1 (1—dpE, (1—-dp)( = dm)vaEq 0
Ca = 5|1 —dD( — dm)vizE; (1 - dm)E; 0 (6.12)
0 0 D(1 — ds)Gy2
where D =1—(1—d;)(1—dp)vizvs. E;, E; and Gy, are the undamaged
elasticity moduli. d¢, d,, and dg represent damage variables for fiber, matrix and
shear failure modes. Shear damage variable dg is calculated from the relation in
(6.13) below. In relation (6.13), t and ¢ subscripts damage stand for fiber/matrix

damage variables under tension and compression, respectively.

ds =1~ (1~ dp)(1 — de) (1 = dpne) (1~ dimc) (6.13)
Damage variables for particular failure modes are calculated from the expression

(6.14) below. In the relation below, &2, is the initial equivalent displacement at

which the failure initiation for a particular failure mode begins (d; = 0) and 6£q 5
the displacement at which the material is completely damaged at this failure
mode (d; = 1). The graphical representation of this bi-linear damage evolution law

is given in Figure 6.2.

— 6£eq(61.eq_628q)
51,eq(5£eq‘5?.eq)

I € {ft, fc,mc, mt}

) Oleq < O1eq < 51];(1’ (6.14)

I

The fracture energy dissipated during a particular damage mode is represented by
the area under the bi-linear curve. The total fracture energy dissipation for a

particular damage mode is calculated from the relation (6.15) below:

1
Ge = Eaeoqequc (6.15)

where a2, is the equivalent stress at damage onset, e;‘q is the equivalent strain at final

failure (d; = 0) and L. is the characteristic element length. The relation for

calculating the characteristic length of a square element is given in (3.99).
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Figure 6.2. Bi-linear damage evolution law.

In order to prevent snapback of the constitutive softening branch of each damage
mode, the maximum characteristic element length is calculated from the expression
(6.16) below [133]:

_ 2EyGy

L’;nax—X—z, M=1+,1-,24+,2—,6 (616)
M

In expression above E);, G, and X, are the elasticity modulus, fracture toughness

and lamina strength for different damage modes.

Accurate analysis of composite delamination requires the minimum number of
cohesive elements within the softening region, i.e. cohesive zone in front of the crack
tip ([129] - [131]). As stated in [12] and [117] in general the in-plane tension loading
in quasi-isotropic OHT laminates leads to delamination failure, which is mainly
driven by shear. For this reason, for the calculation of the cohesive zone length only

the characteristic cohesive zone length for Mode Il given in [131] is used:

lch = 0.5 X min(lch,llw lch,slender,ll) (617)

where,
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Grre (6.18)

Lenin = Eiy (011,max)?

G
lch,slender,ll = \/(Elll,slender L)h (619)

(Ull,max) 2

In expressions (6.17)-(6.19), l.p;; and lcp siengers; are the mode | and |l
characteristic lengths for infinite bodies and slender bodies, respectively. Ej; stands
for the mode Il equivalent elastic modulus for orthotropic materials. The procedure
for calculating Ej; is provided in ([131], [132]). 07;max iS the interfacial strength
under shear loading and Gy, is the mode Il critical fracture energy. h represents the
single ply thickness. According to [131] two or more elements are recommended in

the cohesive length for accurate delamination modeling.

6.2.2 Interlaminar Damage Model

The delamination failure simulation between ply interfaces is carried out by means
of the cohesive elements (COH3D8) available in ABAQUS ([102], [124]) and
accounting for geometric and material nonlinearity. To model the progressive
damage of adhesive interfaces, the predefined cohesive zone model in
ABAQUS (2019) ([102], [124]) is utilized. According to the bilinear traction-
separation law used in ABAQUS, traction-separation behavior is assumed as linear
elastic up to damage initiation followed by the damage evolution which is a linear
softening response. The damage is assumed to initiate when the quadratic nominal
stress criterion given in eq. (6.20) is met. In this equation t,, t; and t; are in-plane
normal, in-plane shear, and out-of-plane shear tractions, respectively. Also, t2, t?,

t? values are corresponding maximum allowable values for interface stresses.
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2 2 2
<t,> t t
- +(=) +(5) =1 (6.20)
tn ts L
Since the compressive stresses on the crack surfaces are assumed to have no
contribution to the damage mechanisms, Macaulay operator is utilized on the

opening mode tractions to differentiate tensile and compressive modes in the

initiation criterion.

At the instance when Mode I, Mode Il and Mode |11 are concurrently observed, the
combined effect of mixed modes should be calculated correspondingly. Considering
the nonlinearity and complexity of OHT laminate problem., the mode-mixity is taken
into account while modelling the cohesive zone. After the cohesive damage is
initiated, the propagation of damage in mixed modes are modelled by using the
Benzeggagh-Kenane [107] criterion given in eq. (6.21). When the calculated G4,
value exceeds the fracture toughness, the damage propagation will be observed. The
damage will be simulated via assigning linear softening response to damaged

elements.

(6.21)

Gy + Gy )77

Gequ = G + (G — Gie) (G TG 4G
1 11 111

6.2.3 Finite Element Model and Boundary Conditions

Boundary conditions of the fe models used for the IM7-8552 CFRP [90/0/4+45]3s
OHT laminates with different hole sizes are depicted in Figure 6.3. The OHT
laminates are meshed with ABAQUS four-node layered S4 plane stress elements. As
seen from the figure all the translational (Ux, Uy and U;) and rotational degrees (URy,
URy and UR;) of freedom of the OHT laminate are fixed at one end. Since the OHT
lay-ups are symmetric, plane symmetry conditions are applied with respect to the z-

axis. Load application is done by applying constant displacement at the other end
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incrementally. ABAQUS Implicit solver is used for the simulations and failure load

is determined by measuring the reaction force at the fixed end.

(U,=U,=UR,=UR =UR = 0)

>

>

v Clamped edge z-symmetry /
L ) (UZ=URX:URV=0) Ax

Figure 6.3. Boundary conditions of the OHT laminate fe model.

In order to investigate the influence of different mesh patterns on the OHT laminate
strength, OHT laminate FE Models with different mesh patterns are built. In Figure
6.4 OHT laminate finite element models with a hole diameter of 6 mm using
structured and nonstructured meshing techniques are depicted. When structured
mesh is used, mesh density is kept fine in the stress concentration regions in the
vicinity of the hole and a total number of 4032 nodes are needed to build up the fe
model. On the other hand, for the fe model with the non-structured mesh, fine mesh
density is kept fine over a much larger area and a total number of 14103 nodes are
needed in the current study. Observation of the damage propagation in the vicinity
of the hole is sufficient for predicting the OHT laminate strength. Hence in the
current study, utilizing structured mesh technique was advantageous in terms of

computation time compared to the non-structured mesh technique.
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(b)

Figure 6.4. OHT finite element models (hole diameter = 6 mm) with different mesh

patterns (a) structured mesh (total number of nodes=4032) (b) non-structured
mesh (total number of nodes=14103).

6.2.4 Mesh Convergence Study

Fracture energy-based degradation scheme alleviates mesh dependency, but does not
eliminate it completely (Lapcyzk and Hurtado, 2007) [93]. According to the
expression (6.16) the maximum characteristic element length is calculated as 0.6
mm. In order to determine the suitable mesh density, OHT laminate fe models with
different minimum element sizes of 0.2, 0.25, 0.3 and 0.5 mm in the neighborhood
of the hole are built. The results of the mesh convergence study and the FE Models
with different element size are shown in Figure 6.5 and Figure 6.6, respectively. As
seen in Figure 6.5, using element sizes 0.5, 0.3, 0.25 and 0.2 mm, failure stresses of
545, 547, 555 and 548 MPa are obtained correspondingly. As the element size is
changed from 0.25 mm to 0.2 mm, the change in stress level is 1% and mesh
convergence is considered to be achieved. It is of interest to observe the damage

progression in the hole neighborhood. Hence, element size should be small enough
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to capture the damage pattern correctly in the regions near the hole. To meet this
requirement and reasonable computation time an element length of 0.25 mm is
deemed appropriate for the OHT laminate with a hole diameter of 6 mm. Using a

similar, approach mesh densities for the remaining OHT laminates are determined.

700

600 |

500

o~ (MPa)

400

300 |

200 ! | ! | ! | !
0 0.2 0.4 0.6 0.8

Element size (mm)

Figure 6.5. Influence of the mesh density on the strength of the IM7-8552 CFRP
[90/0/+45]3s OHT specimen with a hole diameter of 6 mm.

From egs. (6.17) - (6.19) given in the methodology section, the characteristic
cohesive zone length is calculated as 0.405 mm for failure mode Il. Referring to
[131] a minimum of 2 elements are required in the cohesive zone, hence a maximum

cohesive element length of 0.2 mm is calculated for the delamination area.
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(b)

(d)

Figure 6.6. OHT finite element models (hole diameter = 6 mm) created using

different mesh densities: (a) total number of 1092 nodes (element size=0.5 mm in
the vicinity of the hole) (b) total number of 2366 nodes (element size=0.3 mm in the
vicinity of the hole) (c) total number of 4032 nodes (element size=0.25 mm in the
vicinity of the hole) (d) total number of 4580 nodes (element size=0.20 mm in the

vicinity of the hole).
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6.2.5 Validation Study of the ABAQUS User Subroutine (Puck

Continuum Damage Model)

Puck Continuum Damage Model is implemented into an ABAQUS User
Subroutine (UMAT). In this subsection, the validation study of the ABAQUS
UMAT utilizing ABAQUS built-in model is presented. In Figure 6.7 FE model of
the IM7-8552 UD 0-degree lamina is represented with a unit cell. From eq. (3.111)
critical finite element size is calculated as 5.16, 1.34 and 1.3 mm for fiber tension,
fiber compression and matrix tension fracture modes, respectively. Hence an element
edge length of the unit cell is chosen as 1 mm for these fracture modes. Regarding
the matrix compression fracture mode, the critical finite element length is calculated
as 0.6. Consequently, an element edge length of 0.3 mm is selected for the matrix

compression fracture mode.

In Figure 6.7, the unit cell and the boundary conditions under uniaxial tension
loading in fiber direction is shown. The unit cell is meshed with a single with four-
node reduced integration S4R plane stress element. As seen from the figure the
displacement degrees of freedom of the unit cell on one of its edges is fixed, while
loading is given as a displacement of 0.125 mm in fiber direction incrementally. On
the fixed edge all the translational degrees of freedom of the one node are fixed. For
the other node of the fixed edge only the translation degree of freedom in loading
direction is fixed, so that the displacement degree of freedom perpendicular to the
loading direction is kept free and contraction of the unit cell due to Poisson effect is
not restricted. The strain-stress response of the IM7-8552 UD (0-degree) lamina
under uniaxial tension loading is depicted in Figure 6.8. It is observed that there is a
good agreement between ABAQUS UMAT and ABAQUS built-in model.

Following the same approach for the validation of the IM7-8552 UD (0-degree)
lamina subjected to uniaxial tension loading, unit cell fe models of the 0-degree
lamina under compression, 90-degree lamina subjected to tension/compression are
are built (See Figure 6.9, Figure 6.11 and Figure 6.13). Stress-strain responses are
plotted and compared with the results obtained from the ABAQUS built-in CDM
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model (See Figure 6.10, Figure 6.12 and Figure 6.14). As seen from the figures, the
results obtained from the ABAQUS UMAT and ABAQUS built-in agree well. This
leads to the conclusion that ABAQUS UMAT is validated for the chosen load cases.

We further note that, a convergence problem is encountered when the stress-strain
response of the IM7-8552 UD (0-degree) lamina under uniaxial compression loading
is plotted. In case of certain static/quasi-static nonlinear problems involving
contact/material nonlinearities causing convergence problems, ABAQUS Explicit
solver has proven to be advantageous over the ABAQUS Implicit solver ([23], [39]).
In order to overcome the convergence difficulty encountered with the implicit solver,

explicit solver can be used for this load case.
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Figure 6.7. FE Model of unit cell indicating boundary conditions for uniaxial

tension in fiber direction.
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Figure 6.8. Stress-strain response for the IM7-8552 UD (0-degree) lamina under

uniaxial tension.
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Figure 6.9. FE Model of unit cell indicating loads and boundary conditions for

uniaxial compressions in fiber direction.
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Figure 6.10. Stress-strain response for the IM7-8552 UD (0-degree) lamina under

uniaxial compression.
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Figure 6.11. FE Model of unit cell indicating loads and boundary conditions for

uniaxial tension in matrix direction.
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Figure 6.12. Stress-strain response for the IM7-8552 UD (90-degree) lamina under

uniaxial tension.

142



Fixed node (U,= U,=U,=0)

ol

I Fiber direction

Y

Lx Ax

lo]
8D. ~— '3:
2 (U,= UR,=UR = 0)
Figure 6.13. FE Model of unit cell indicating loads and boundary conditions for

uniaxial compression in matrix direction.
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Figure 6.14. Stress-strain response for the IM7-8552 UD (90-degree) lamina under

uniaxial tension.
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6.3 Results

As explained in the methodology section, two different intralaminar damage models,
a Continuum Damage Model (CDM) which use Puck failure criteria for the damage
initiation with bilinear fracture energy based degradation scheme and a second CDM
which use Hashin failure criteria for damage initiation with bilinear fracture energy
based degradation scheme are utilized for predicting the OHT strength of composite
laminates. The results obtained from the fe simulations are compared with the
experiments conducted by Camanho et al. (2007) [9]. For sublaminate level scaled
laminates used in the experiments delamination is not the main damage mechanism
Green et al., 2007 [116]. In accordance with the observations in Green et al.,
2007 [116], the sublaminate level scaled OHT specimen used in this study fail in a
brittle failure mode with minimal delamination as seen in Figure 6.1. For this reason,
as the first fe modeling approach layered plane stress elements without interface
failure model were used for the OHT laminate strength predictions as in Camanho et
al. (2007) [9]. As the second approach, fe models using continuum shell elements
per ply and interface failure model based on cohesive elements is built. The results
of different OHT laminate fe modeling strategies are discussed in the coming

subsections.

6.3.1 FE Modeling Approach Using Classical Lamination Theory

In Figure 6.15, a plot of the applied remote stress versus the longitudinal
displacement obtained from the progressive failure analysis of the IM7-8552 CFRP
[90/0/+45]3s OHT specimens with hole sizes, 2, 6 and 10 mm are shown. For the
progressive failure analysis Puck failure criteria are used for the failure initiation and
damage evolution is computed based on a bilinear fracture energy-based degradation
scheme. The remote stress is defined using the reaction force at the fixed edge
obtained from the fe simulation divided by the cross-sectional area of the specimen

without the hole. OHT laminate strength predictions are obtained from the remote
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stresses at the maximum stress where the stress suddenly drops in Figure 6.15. As
the OHT laminate hole size increases, the laminate strength decreases. Since the
width-to-hole diameter is kept constant at 6 mm for all OHT specimen, this result
shows size effect.

The strength predictions of the notched specimen as a function of different hole
diameters are plotted in Figure 6.16 and listed in Table 6.3. The results show the
comparison of the numerical predictions from Puck’s damage model (ABAQUS
UMAT) and Hashin’s damage model (ABAQUS built-in CDM) with the
experimental results reported in Camanho et al. (2007)[9]. Although the Finite
Element Models incorporating ABAQUS built-in CDM prepared using structured
and nonstructured meshes predict the decreasing trend in notched strengths with
increasing hole diameters, they overestimate OHT laminate strengths. The same
observation is done for the continuum damage model based on Puck’s failure
criteria (ABAQUS UMAT). It is noted that there is no significant difference of OHT
laminate strength predictions when ABAQUS CDM based on Hashin failure criteria
using structured and nonstructured discretization techniques. When the continuum
damage model utilizing Puck’s initiation criteria is compared with the continuum
damage model utilizing Hashin failure criteria, the strength predictions are close. For
the hole size of 2 mm the deviation between the models is less than 7.4 %, and for
hole sizes 6 and 10 mm the deviation is found to be less than 5.2%. The minimum
error compared to experiments is obtained for the ABAQUS CDM incorporating
Hashin failure criteria and it is computed for the OHT laminate with a hole diameter
of 2 mm as 16.8 %. The maximum error obtained using Hashin damage model is the
for the OHT laminare with a hole diameter of 10 mm as 38.4%. Puck’s damage
model implemented using ABAQUS UMAT subroutine is able to predict the OHT
strength of the OHT with a hole diameter of 2 mm within a minimum error of 24.5%
and a maximum error of 43.6% for the OHT laminate with a hole diameter of 10

mm.
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Figure 6.15. Relation between the applied stress and the longitudinal displacement
during the numerical simulation of the IM7-8552 CFRP [90/0/£45]3s OHT
specimens with different hole sizes using ABAQUS UMAT.
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Figure 6.16. Strength predictions of the IM7-8552 CFRP [90/0/+45]ss OHT

specimens with varying hole sizes.
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Table 6.3 Comparison between predictions and experiments for the IM7-8552
CFRP [90/0/45/-45]3s lay-up.

a” (Exp.) g (CDM) a*(CDM) a”(CDM)
MP MP MP MP
D ( a) ( a) Error ( a) Error ( a) Error
(ABAQUS
(mm) (ABAQUS (%) (ABAQUS (%) built-in, (%)
(Camanho,2007) UMAT, built-in, Hon-
structured mesh) structured structured
mesh) mesh)
2 555.7 692.0 +24.5 650.9 +17.1 649.0 +16.9
6 438.7 577.7 +31.7 554.8 +26.5 549.0 +25.2
10 373.7 536.6 +43.6 517.3 +38.4 509.4 +36.3

According to the experimental results in [9] IM7 8552 OHT laminates with
[90/0/+45]3s layup fail in a brittle manner with minimum delamination. Hence
delamination is not modeled in the Finite Element Models. Since fiber failure is the
main damage mode, fiber damage progressions for the OHT laminates are
investigated in more detail. At the peak load, where load drops are seen, fiber damage
extension plots obtained using Puck’s and Hashin’s damage models for the OHT
specimens with different hole diameters are depicted in Figure 6.18 and Figure 6.19,
respectively. In all OHT simulations fiber damage is located at the hole vicinity and
evolves perpendicular to the hole at the onset of failures. This damage evolution
pattern is consistent with the findings reported in [9]. The contour levels for the fiber
tension damage variable denoted by SDV6 (ABAQUS UMAT) and
DAMAGEFT (ABAQUS 2020)[124] is kept the same, so that fiber damage
propagations for the three different hole sizes can be compared easily. It is observed
that for the smaller hole sizes damage evolution is larger at maximum load. As
depicted in Figure 6.17, this damage development can be caused by the stress
concentrations, which are much more localized for smaller radius holes [15]. At this
point one would expect that the OHT laminate with the larger hole diameter to have
lower strength compared to the laminate with the smaller hole. Due to the damage

evolution in the vicinity of the hole subcritical damage region increases for the
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smaller hole diameter, which redistributes the stress concentration and leads to more
stress relief for smaller holes [116]. As a consequence, residual strength is found to
be higher for OHT laminates with smaller holes. When fiber damage extension plots
obtained from Puck’s and Hashin’s damage models are compared a very similar
damage extension for the OHT laminates with hole sizes, 2, 6, and 10 mm are
observed(See Figure 6.18 and Figure 6.19).

35 1 1 T 1

0 0.5 1 1.5 2 25 3
(x-a), [mm]

Figure 6.17. Average stress distribution for different hole sizes (D=2,6,10) in IM7-
8552 CFRP IM7-8552 CFRP [90/0/+45]3s OHT specimens in the elastic region
before load drop.
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Figure 6.18. Fiber tensile damage evolution at load drop of the IM7-8552 CFRP
[90/0/+45]3s OHT specimens with hole sizes (a) 2 mm (b) 6 mm (c) 10 mm using
Puck’s damage model (ABAQUS UMAT).
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Figure 6.19. Fiber tensile damage evolution at load drop of the IM7-8552 CFRP
[90/0/+45]3s OHT specimens with hole sizes (a) 2 mm (b) 4 mm (c) 6 mm (d) 10 mm

using Hashin damage model (ABAQUS built-in damage model).

Fiber tensile damage evolution after load drop for the CFRP laminate with a hole
diameter of 6 mm using structured and non-structured mesh is depicted in Figure
6.20. It is noted that fiber damage initiation perpendicular to the loading direction is
captured using both meshing techniques. As the fiber fracture plane propagates
towards the laminate edges, it follows the element edges. Therefore, the fracture
plane is inclined at a radial angle for the structured mesh, whereas it is perpendicular
to the loading direction for the non-structured, which is in accordance with the
experiments in [9]. However, as mentioned in the preceding paragraphs both
structured and non-structured meshes lead to an overestimation of OHT laminate

strength values. Since in the current study, less number of elements were used for
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the structured mesh, computation time needed for the structured mesh is considerably
less compared to the non-structured mesh. Consequently, as proposed in [134]
different fe modeling approaches implementing structured mesh are presented in the

next subsection.

DAMAGEFT
Envelope (msi sbs

(a) (b)

Figure 6.20. Fiber tensile damage evolution shortly after load drop for the IM7-8552
CFRP [90/0/+45]3s OHT specimen with a hole diameter of 6 mm (a) structured

mesh (b) non-structured mesh.

6.3.2 FE Modeling Approach Using Continuum Shell Elements and
Interface Model

In the preceding subsection it is shown that, when Puck/Hashin continuum damage
models are implemented into FE Models composed of layered plane stress elements,
OHT laminate strength predictions are overestimated by more than 17%. In this
subsection different FE Modeling strategies utilizing continuum shell in combination
with/without cohesive elements are investigated, so that better OHT strength

predictions as well as failure patterns of the OHT laminates can be achieved.

6.3.2.1  Continuum Shell with Perfect Bonding

In Figure 6.21, FE Modeling approach for the IM7-8552 laminate with a hole
diameter of 2 mm using continuum shell elements with reduced integration (SC8R)
are displayed. As seen in the figure, since the fe models composed of continuum
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shell elements are computationally expensive, continuum damage models are
implemented only in the regions where damage initiation and propagation occur.
Remaining region of the fe models are computed using an elastic model. As the first
modeling approach using continuum shell elements, perfect bonding is created by
using coincident nodes between the continuum shell elements which represent each
ply. The same boundary conditions which are applied to the OHT laminate fe models
built with plane stress are applied to the OHT laminates composed of continuum
shell elements (See Figure 6.3). The comparison of the continuum shell elements
using perfect bonding at ply interfaces with layered plane stress elements is
summarized in Figure 6.22 for OHT laminates with hole diameters 2 and 6. Using
continuum shell elements (SC8R) with perfect bonding at ply interfaces increases
the overestimation of the OHT laminate strength predictions compared to the plane
stress elements(S4R). For the OHT laminate with a hole diameter of 2, continuum
shell elements lead to a further increase in strength predictions from 17.1% to 27.3%.
Likewise, the OHT strength predictions for the OHT laminate with a hole diameter
of 6 increase from 26.5% to 35.8%, when continuum shell elements are used.

Linear elastic

Continuum Damage Model

Continuum shell elements
(SC8R)
One layer of elements per
lamina

Figure 6.21. FE modeling approach of the IM7-8552 CFRP OHT laminate with a
hole diameter of 2 mm using continuum shell elements with perfect bonding at ply

interfaces.
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Figure 6.22. Comparison between the experiments and numerical simulation of the
IM7-8552 CFRP [90/0/+45]3s OHT specimen using plane stress (S4R) and

continuum shell (SC8R) elements with perfect bonding at ply interfaces.

In order to understand the reason for the further OHT strength overpredictions caused
by continuum shell elements with perfect bonding, damage patterns of the OHT
laminate fe models built using plane stress and continuum shell elements are plotted.
In Figure 6.23, fiber damage extension shortly after the peak load in the 0° ply of the
IM7 8552 quasi isotropic laminate using plane stress and continuum shell elements
with perfect bonding are displayed. Referring to the experiments conducted by
Camanho et al. [9] fiber damage pattern is expected to be perpendicular to the
loading direction. From Figure 6.23 (), it is seen that this damage progression is
represented more correctly by the fe model composed of plane stress elements
compared to the continuum shell elements. The fiber damage progression of the
continuum shell elements is inclined at an angle of approximately 45. This damage
progression can be due to the fact that damage evolution in the 0° plies are affected
by the +45° plies as perfect bonding is present at the ply interfaces. Hence, this
behavior can be the reason for the higher strength overpredictions. We note that
stress fields in each ply in layered plane stress elements is computed based on

Classical Lamination Theory (CLT). Despite the fact that there is perfect bonding
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assumption in the CLT, the influence of the perfect bonding at ply interfaces is not
so significant as in the case where each ply is modeled with continuum shell
elements. Chen et al. [12] simulated the open hole tension test of the IM7 8552 OHT
laminate with [-45/90/45/0]s layup and a hole diameter d=3.175 mm, which fail in
pull-out mode. They have chosen smeared crack model [135] for the OHT laminate
strength predictions and worked on different fe modeling strategies, including
layered plane stress elements (S4R), continuum shell elements (SC8R) with perfect
bonding and continuum shell elements with cohesive zone elements (COH3D8) at
ply interfaces. According their study, OHT laminate strength overprediction is seen
when layered plane stress and continuum shell elements with perfect bonding are
used. However, unlike the findings in the current study overpredictions obtained with
continuum shell elements with perfect bonding were less than the layered plane stress

elements.

Influence of perfect bonding at ply interfaces when continuum shell elements are
used, is studied in more detail as displayed in Figure 6.24. In the figure the damage
pattern under peak load in the 90°, 0°, 45° and -45° plies are shown. ‘X’ shaped failure
pattern in the 90° and 0° plies implies the influence of the £45° plies on the damage
development. The fracture plane perpendicular to the loading direction seen in the
experiments is not represented correctly with the continuum shell elements with
perfect bonding. This damage evolution can be an explanation for the OHT laminate

strength overpredictions.
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Figure 6.23. Fiber damage evolution shortly after peak load in the 0°-ply of the IM7-
8552 CFRP [90/0/+45]3s OHT specimen with a hole diameter of 6 mm using (a)
plane stress (S4R) and (b) continuum shell (SC8R) elements with perfect bonding at

ply interfaces.
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Figure 6.24. Damage pattern at peak load in the IM7-8552 CFRP [90/0/+45]3s OHT

specimen with a hole diameter of 2 mm with perfect bonding at ply interfaces: (a)

matrix damage in the 90° ply, (b) fiber damage in the 0°ply, (c) fiber damage in the
45° ply, (d) fiber damage in the -45° ply.
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6.3.2.2 Continuum Shell with Interface

To eliminate the effect of perfect bonding at ply interfaces and observe its influence
on the OHT laminate strength predictions, three different fe models by removing
perfect bonding at ply interfaces are built. In the first model, named as detached plies,
z-symmetry boundary condition in the fe model (See Figure 6.3) is removed and
each ply of the IM7-8552 CFRP [90/0/+45]3s OHT specimen is modeled with
continuum shell elements. As shown in Figure 6.25 no interaction at the ply
interfaces is defined and the fe model is composed of a total number of 24 plies.

| Continuum shell elements
(SC8R) per lamina

Figure 6.25. FE modeling approaches for the open hole tension using detached plies

with SC8R elements per ply.

The interpenetration of the detached plies is prevented in the second fe model with
frictionless contact definition at ply interfaces. Plane symmetry boundary
condition (See Figure 6.3) is utilized to save computation time. ‘Frictionless’ contact
in tangential behavior and ‘Hard’ contact as normal behavior with General Contact
Algorithm of ABAQUS [124] is defined as the interaction properties of the plies.
Due to the convergence difficulties encountered with ABAQUS implicit solver,
ABAQUS explicit solver is used for the simulations. Load is applied as displacement
and a suitable smooth step amplitude is chosen in order to prevent dynamic effects
during loading. In the third fe model, cohesive zone elements are placed at each ply
interface as seen in Figure 6.26 to simulate the rich resin between the plies. Plane
symmetry boundary is used and the frictionless contact between the plies is defined
so that the interpenetration of the plies after cohesive damage is prohibited. As

explained in the methodology section, an element length of 0.2 mm with a ply
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thickness 0.131 mm is deemed reasonable in the damage propagation regions near
the hole for the OHT laminate with hole diameter of 2 mm. Using coincident nodes,
the same element length of 0.2 mm with a thickness of 0.01 mm is chosen as the
dimensions of the cohesive elements near the hole of the OHT laminate. However,
in the OHT laminate with a hole diameter 6, hour-glassing and highly distorted
elements are observed for the element length of 0.2 mm. Therefore, the element
length near the hole is increased to 0.3 mm with a ply thickness 0.131 mm and the
hourglassing problem is solved. Cohesive elements with an element length of 0.3
mm and thickness 0.01 mm are placed at the ply interfaces only in the region of the
fe model with the CDM. The region of the fe model continuum damage is connected
to the with tie constraints (See Figure 6.26). As in the fe model with continuum shell
elements and frictionless contact ABAQUS explicit solver is used for the

simulations.

Linear elastic

Continuum Damage Model Tlezcontraints

Continuum shell elements
(SC8R) per lamina

Tie contraints

Cohesive zone elements
(COH3D8) at interface

Figure 6.26. FE modeling approach for the open hole tension (hole diameter, d=6

mm) using SC8R elements per ply with COH3D8 elements at ply interfaces.

In Figure 6.27 relation between remote stress (o) versus longitudinal displacement
in the IM7-8552 quasi-isotropic laminate with a hole diameter of 2 mm using
different fe modeling strategies are plotted. OHT laminate strengths are determined

from the peak remote stress values, where the stress suddenly drops. As seen from
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the plots, the fe model with the detached plies has the lowest stiffness and strength.
This remote stress versus displacement can be explained by the interpenetration of
the plies as no constraint is defined at ply interfaces in the case of detached plies.
When frictionless contact between ply interfaces is defined the stiffness of the remote
stress versus longitudinal displacement curve as well as the OHT laminate strength
prediction increases. It is seen from the figure that the stiffness of the fe models with
interface perfect bonding, CLT and CZM at ply interfaces is almost the same. The
highest strength is computed with the fe model using continuum shell perfect
bonding, followed by the CLT model. As expected the OHT laminate strength
obtained from the continuum shell laminate with CZM at the ply interface lies
between the fe model with the frictionless interface and interface perfect bonding
and is lower the fe model with CLT.
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B —— Continuum Shell, SC8R (interface perfect bonding)
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Figure 6.27. Relation between remote stress o and longitudinal displacement in the
IM7-8552 CFRP [90/0/+45]3s OHT specimen with a hole diameter of 2 mm using

different fe modeling strategies.

In Figure 6.28 strength predictions of the IM7 8552 CFRP quasi-isotropic laminates
with hole sizes 2, 6 and 10 mm are plotted against experiments [9]. When OHT
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laminate with a hole diameter of 2 mm is considered, OHT laminate strengths are
underpredicted by both fe models with detached plies and frictionless contact. The
error in the strength prediction of the fe model with frictionless contact is -22.9%
and less than the error obtained with detached plies. The strength overpredictions
calculated by CLT and perfectly bonded plies are +17.1% and +27.3%, respectively.
The best strength prediction is done with the FE model using CZM at ply interfaces
within an error less 3.3% (See Figure 6.29). For the OHT laminate with a hole
diameter of 6 mm, FE model with perfectly bonded plies and CLT lead to strength
overpredictions by +26.5% and +35.8%, respectively. The FE model in which
continuum shell elements in combination with CZM is used leads to the best
prediction of the OHT laminate strength by +15.2% (See Figure 6.29). When
continuum shell elements with CZM instead of layered plane stress elements are
used, we note that the relative errors compared to experiments is reduced by 13.8%
and 11.3%, for hole diameters 2 mm and 6 mm, respectively. However, when it
comes to the 10 mm hole diameter, the decline seen in open-hole composite laminate
strengths, as shown by layered plane stress elements, is not replicated when using
continuum shell elements with CZM at the interfaces. This may be due to two
reasons. Firstly, the model does not account for the statistical strength decrease of
fibers as the specimen size increases [117]. Secondly, the damage extent at the ply
interfaces may not be adequate for the open-hole specimen with a 10 mm hole
diameter. For future research, solid elements per ply could be used instead of
continuum shell elements to model the open-hole specimen. This approach could
potentially improve the interface damage evolution at the ply interfaces, since solid
elements allow for through-thickness stresses to be considered, which may improve

the correlation with experimental data.

160



900

800
© R
% 700 | X

- o
< 600 t % o
b s (] o
c 500 F ® o ©
(] R + é
S
& 400 o o
8 300 B @ Experiments (Camanho et al.,2007)
-S R 0O CDM (Continuum Shell, SC8R, detached plies)
-'6 200 - o X CDM (Continuum Shell, SC8R, perfectly bonded)
= - OCDM (Plane Stress, S4R, Classical Lamination Theory)

100 | + CDM (Continuum Shell, SC8R, frictionless contact)
B © CDM (Continuum Shell, SC8R, CZM@interface)
0 1 1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14
D (mm)

Figure 6.28. Strength predictions of the IM7-8552 CFRP [90/0/+45]3s OHT

specimen with different hole sizes (w/D=6).
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Figure 6.29. Comparison between the experiments and numerical simulation of the
IM7-8552 CFRP [90/0/+45]3s OHT specimen using plane stress (S4R) and
continuum shell (SC8R) elements with perfect bonding and continuum shell (SC8R)

elements with CZM at ply interfaces.
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The reason for the OHT laminate strength underpredictions determined by the fe
models (hole diameter, D = 2 mm) with frictionless contact at ply interfaces is
investigated further by referring to the damage progression patterns on ply level. In
Figure 6.30, damage patterns in the top 90°, 0°, 45° and -45° plies of the IM7 8552
quasi-isotropic CFRP laminate under peak load, where load drop occurs are shown.
Unlike the damage pattern observed in the perfectly bonded plies, the matrix damage
extent in the 90° ply is perpendicular to the loading direction and consistent with the
experiments as seen in Figure 6.30 (a). Similarly, the fiber damage initiates at the
hole edge perpendicular to the loading direction and develops further perpendicular
to the loading direction. It is worth noting that under peak load, 90° ply fails
completely, but the damage extent in the 0° ply is much smaller (See Figure 6.30 (a)).
Moreover, in the +45 plies no fiber damage is observed at peak load as depicted in
Figure 6.30 (c) and (d). This may be attributed to the fact that 0° ply is stiffer

compared to the +45 plies and takes up most of the tension load.

In the IM7 8552 quasi-isotropic OHT laminate fe model composed of continuum
shell elements with cohesive elements in the ply interfaces plane symmetry boundary
condition is used. Therefore, the fe model is built using only three sublaminates with
the lay-up [90/0/+45]. Damage development patterns of the top, middle and
bottom (center) sublaminate with respect to the plane symmetry are displayed in
Figure 6.31-Figure 6.33 respectively. In the figures, matrix tension damage in 90°
ply, and fiber damages in the 0°,+45°,-45° plies are plotted. In addition to the matrix
and fiber damage plots, damage in the cohesive elements, which represent
delamination are plotted. Matrix damage as well as the fiber damage progression is
perpendicular to the loading direction, which is in good agreement with the
experiments. Moreover, the damage extent seen in the 90° ply is more than the
damage extent in the 0° ply. This is similar to the damage development of the OHT
laminate fe model with the frictionless contact. In accordance with the OHT laminate
fe model with frictionless contact, the fiber damage extent in the OHT laminate fe
model with CZM is significantly more than the fiber damage extent in +45° plies.

Although the OHT specimen fails in brittle mode with minimal delamination, in all
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ply interfaces considerable damage development is seen. This damage development
which indicates delamination enables the failure progression seen in the experiments.
As a consequence, in comparison to other fe modeling strategies, ultimate failure
values closer to the experiments can be predicted with continuum shell elements in

combination with cohesive zone elements.
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Figure 6.30. Damage pattern in the IM7-8552 CFRP [90/0/+45]3s OHT specimen

under ultimate load (hole diameter, D = 2 mm) with frictionless contact at ply

interfaces: (a) matrix damage in the 90° ply, (b) fiber damage in the 0° ply, (¢) no
fiber damage in the 45° ply (d) no damage in the -45° ply.
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Figure 6.31. Damage extent in the IM7-8552 CFRP [90/0/+45]3ss OHT top sublaminate under ultimate load (hole diameter, D = 2 mm) with
Cohesive Zone Model at ply interfaces.
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Figure 6.32. Damage extent in the IM7-8552 CFRP [90/0/+45]3s OHT middle sublaminate under ultimate load (hole diameter, D = 2 mm)

with Cohesive Zone Model at ply interfaces.
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2 mm) with Cohesive Zone Model at ply interfaces.



6.4 Conclusions

In this work, utilizing the Hashin continuum damage model (CDM)
ABAQUS (2019)[124] and the Puck CDM the influence of different hole sizes on
the strength of IM7-8552 OHT [90/0/+45]ss are studied. Although different failure
initiation criteria are implemented, in both CDM fracture energy based bi-linear
degradation schemes are used. To the author’s knowledge, for the first time in
literature different fe modeling strategies utilizing Hashin failure initiation criteria-
based Continuum Damage Model for the OHT laminate strength predictions are
presented in this study. The main conclusions of the study are as follows:

e Using layered stress elements based on CLT, Hashin and Puck CDM deliver
close strength predictions (deviation less than 7%) and very similar damage
patterns. Decreasing strength of the OHT laminates with increasing hole sizes
as well as the damage initiation region is captured correctly as observed in
experiments using both models. However, usage of plane stress elements in

the fe models lead to an overprediction of stress values by more than 17%.

e The influence of different discretization techniques, namely structured and
nonstructured meshed using reduced integration plane stress elements (S4R)
are studied. The results show that both discretization techniques lead to
almost the same OHT laminate strength predictions. Since a smaller number
of elements are used for the structured mesh, it is chosen as the discretization

technique in this work.

e When OHT laminates are modeled with continuum shell elements (SC8R)
per each ply and perfect bonding at ply interfaces, compared to the fe model
with plane stress elements the influence of the +£45 plies on the fiber damage
development of the 0° and 90° plies increases. This damage development
causes higher strength overpredictions compared to the case with plane stress

elements.
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To eliminate the effect of perfect bonding at ply interfaces, for the OHT laminate
with a diameter of 2 mm three FE models composed of continuum shell elements
with different interface modeling strategies are introduced. In the first model named
as detached plies, interpenetration of the plies is detected. This interpenetration
causes significant stiffness and strength underpredictions compared to other
modeling approaches. In the second fe model with frictionless contact defined at ply
interfaces, strength underpredictions are still present, however strength prediction
error is considerably less than the model with detached plies. In addition, better
representation of the stiffness of the OHT laminate is achieved. Best strength and
damage progression prediction is achieved using the FE model with CZM at ply
interfaces with a prediction error less than 3%, which is calculated as 17% with plane
stress elements. On top of this, the damage development perpendicular to the loading
direction in all plies and interfaces observed in experiments is captured as well. For
the OHT laminate with a hole diameter of 6 mm, the FE model with CZM delivers
strength prediction error less than 15%, which is calculated as 27% with the plane
stress elements. These results highlight the necessity of modeling interface failure
not only in OHT laminates in delamination or pull-out failure mode [12], but also in
brittle failure mode with minimal delamination. However, for the hole diameter 10
mm, the decreasing trend of open hole composite laminate strength, which was
satisfied by layered plane stress elements is not followed with continuum shell
element with CZM at interface. One reason for this result can be attributed to the fact
that statistical strength decreases of fibers with increasing specimen size [117] is not
considered in the damage model. Another reason can be due to the fact that the
interface damage at ply interfaces is not sufficient for the open hole specimen with a
hole diameter of 10 mm. As a future study the open hole specimen can be modeled
with solid elements instead of continuum shell elements. Since through the thickness
stresses can also be considered by solid elements, this modeling technique may help
improve the interface damage evolution at the ply interfaces and lead to better

correlation with experiments.
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CHAPTER 7

FE MODEL VALIDATION AND PROGRESSIVE DAMAGE
ANALYSIS OF A 5-M COMPOSITE WIND TURBINE BLADE UNDER
MONOTONIC LOADING

7.1 Introduction

In this Chapter, main failure mechanisms of an existing 5-meter glass-fiber-
reinforced-polymer (GFRP) RUZGEM wind turbine blade are investigated by
implementing Puck’s physically based phenomenological damage model. For this
purpose, Puck’s damage model is incorporated into a global finite element model
using ANSYS APDL [136] scripting language. ANSYS APDL Code for the
progressive failure analysis of composite laminates is validated againts the
experimental data available in literature. Moreover, the blade FE model is validated
based on modal tests for the free-free boundary condition. After validating the
model, the progressive damage analysis of the blade is conducted. Load is applied
as a single point load in order to simulate full-scale testing conditions of blade

subjected to flapwise (max) loading.

The existing blade investigated in this work was designed as part of a joint-project
between Core Team of the University of Patras and METUWIND (RUZGEM). The
blade was designed for a wind turbine that has 30 kW nominal power capacity at 10
m/s wind speed. According to the wind turbine characteristics, optimized
aerodynamic blade design was finalized by the blade manufacturer. The existing
blade consists of five main parts: suction side, pressure side, internal flange, “hat-

shaped” chassis(spar), and flange, as seen in Figure 7.1.

The short length of the RUZGEM blade is attributed to the fact that the blade is
constructed mainly for research purposes. Within the scope of this thesis, the primary

goal is to investigate strength characteristics and failure mechanisms of the 5- meter
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blade using in-house developed software tools. Furthermore, building of affordable
testing facilities are planned so that full-scale blade tests can be conducted and
compared with simulations. It is worth noting that the research wind turbine blades
used by Paquette and Veers [63] and Chen et al. [64] were also short and only 9-
meters and 10.3-meters respectively. Once the simulation results are compared with
tests to be conducted in the future and the degree of agreement is assessed, the study

can be readily extended to the progressive failure analysis of large blades.
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Figure 7.1. Blade assembly for the 5-meter RUZGEM wind turbine blade [137].

7.2 Methodology

7.2.1 FE Model of the 5-m RUZGEM Wind Turbine Blade

In Table 7.1 below the material properties and design allowables of the blade
materials for static analysis is listed [137]. Referring to the Germanischer Lloyd
(2010) [138] design allowables are obtained from the knockdown of the

experimental strength values by a safety factor of 2.406.
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RUZGEM blade is meshed with ANSYS [136] SHELL181 plane stress elements. In
Figure 7.2 mesh convergence study based on total blade displacement and maximum
von Mises stress level in the blade is depicted. At this point, it is worth noting that
the maximum stress is always measured from the same location on the blade. From
the results, a shell element size of 15x15 mm (32985 elements) is deemed reasonable
for a good compromise between accuracy and computation time. This mesh density
achieved a converged solution within 1% and 8% in terms of total displacement in
flap-wise direction and maximum von Mises stresses, respectively. In Figure 7.3,
discretized 5-meter RUZGEM wind blade components are displayed. Geometric
nonlinearity is included in the FE analysis. Flapwise (max) bending moment
distribution, which will be used for the full-scale test of the RUZGEM blade is
depicted in Figure 7.4 (a). In order to simulate testing condition, the load which
resembles the bending moment over the blade segment 0-3.25 m range is applied
using a displacement-controlled approach at station 3.25-m as a single load shown
Figure 7.4 (b). According to the recommendations of IEC 61400-23 [139] standard
a partial safety factor 1.35 is included in the flapwise (max) loading. The single load
is applied at the aeroelastic center of the at the station of 3.25 m from the root.
Continuum distributing coupling constraints are used to connect this node to the shell
nodes of the upper and lower spar caps. As can be seen Figure 7.4 (b), all the degrees
of freedom are fixed at blade root region.

The adhesive interfaces between the blade components, i.e. pressure side, internal
flange, spar and suction side of the blade are modeled using Multi-Point-
Constraints [68]. At this point, it is worth noting using the default bonded contact
augmented Lagrange algorithm in ANSYS for the modeling of adhesive interfaces
leads to incorrect results regarding the structural behavior of the blade. This issue
was addressed using two different adhesive modeling techniques using Multi-Point-
Constraints and augmented Lagrange algorithm. Then modal analysis of the 5-m
RUZGEM blade was carried out. Afterwards, simulations results were compared
with modal analysis results from experiments, which were conducted at RUZGEM

facilities [140]. It was found out that Multi-Point-Constraints modeling approach at
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the adhesive interfaces was able to deliver a good correlation between simulation
and test results, whereas augmented Lagrange contact algortihm leads to misleading
results.

Table 7.1. Material properties and design allowables of RUZGEM blade for static
analysis [137].

Material Property ubD Steel | Gel CSM | Divinycell
Laminate Coat 300 H45

Density, p (kg/mm?) 1896 7850 1200 1896 200
Thickness, h | (mm) 0.716 5.3 0.9 0.358 5or 10
E: (GPa) 24.84 210 398 | 914 | 55x103
E2 (GPa) 9.14 55x107
V12 0.29 0.3 0.34 0.29 0.4
G2 (GPa) 2.83 15 x10°3
X1 (MPa) 191.73 581.8 | 35.29 | 16.86 1.4
Xc (MPa) 101.16 0.6
YT (MPa) 16.86 14
Yc (MPa) 50.41 0.6
S (MPa) 11.29 0.56
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Figure 7.2. Mesh independence study of the 5-meter RUZGEM wind turbine blade,
where maximum tip displacement and maximum von Mises stress is used as the

convergence criterion.
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Figure 7.3. FE models of the 5-meter RUZGEM turbine blade components: (a)

pressure side (b) internal flange (c) chassis (d) suction side.
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Figure 7.4. (a) Flapwise (max) bending moment distribution on the RUZGEM blade
(b) loads and boundary conditions of the RUZGEM blade FE model.
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The mass of the RUZGEM blade from the FE Model must be equal to the actual
mass of the RUZGEM blade in order to conduct a vibration analysis comparable to
modal tests. Although the mass of the actual blade is 81.5 kg, the mass obtained from
the RUZGEM blade FE model is 71.4 kg. This mass difference is caused mostly by
the adhesive interfaces, which are not modelled in the FE model. To account for this
mass difference ANSYS MASS21, lumped mass elements, are placed in the adhesive

interface regions.

7.2.2 Experimental Modal Analysis of the 5-m RUZGEM Wind Turbine
Blade

In order to validate the RUZGEM blade FE model, utilizing a modal shaker,
experimental modal analyses are conducted. Using different signals created by a
signal generator, different types of excitations can be generated by modal shakers.
During modal shaker tests, a random signal is created by the signal generator and the
stringer, which is attached to the force transducer is used to excite the structure with
this signal. The FFT (Fast-Fourier-Transform) vibration analysis setup is ready for
the experiment after defining the geometry and measurement points in the software
program [140]. For the vibration measurements, type 4805 accelerometers are rowed
to 87 different positions. Since five accelerometers are used, a total of 18
measurements are conducted. The positioning of the accelerometers on the
RUZGEM blade and the mounting of the shaker to the RUZGEM blade are shown
in Figure 7.6 (a) and Figure 7.6 (b), respectively.
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MASS21

(b)

Figure 7.5. (a) Distribution of the MASS21 elements in the spanwise direction (b)
distribution of the MASS21 elements in the cross-section of the RUZGEM blade fe
model.

(a) (b)
Figure 7.6. Experimental modal analysis test set-up of the RUZGEM blade (a)
positioning of the accelerometers on the RUZGEM blade (b) mounting of the shaker
to the RUZGEM blade [140].
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7.2.3 Intralaminar Damage Model

For the progressive failure analysis of the blade, Puck’s physically based
phenomenological model is used [84]. Puck’s failure criteria are widely used for the
composite failure initiation, which distinguish between two main failure
mechanisms: (i) fiber failure and (ii) inter-fiber failure (matrix-dominated
cracking) ([84],[141]). Inter-fiber failure model of Puck and Schiirmann [84]is based
on Mohr-Coulomb criterion.

For fiber failure, Puck’s criteria are as follows:

fE(FF) =—=1if0; <0 (7.2)

where fET(FF) and fg ey are stress exposures for fiber failure under tension and

compression loading cases. o, is the stress value in fiber direction, X, and X, are
tensile and compressive strengths in fiber direction, respectively. Puck’s inter-fiber
failure uses different equations depending on the failure mode, which is detected.
The transition point from failure mode B to failure mode C is denoted by the point
(R4, 1,1.) and is calculated by the ratio R{,/t,,.. Their values are calculated by
the expressions below:

S
A _ =) Y
RJ_J_—Z (_) 1+2 J_|| S _1“ (7.3)
Py
T21c = RJ_" ’1 + sz(_l) (74)
R4
_ (=L
and pll S (7.5)

Depending on the region of the failure envelope, the following inter-fiber failure

expressions are written:
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3 T21C

In the equations above pﬂl),pi}} and pil) represent inclination parameters that

control the shape of the failure envelope. According to Puck and

Schuermann (1998)[84], pf;,) = 0.3 and pSI) = 0.25 are chosen for the GFRP
material. o, is the stress value in the transverse fiber direction, Y;- and Y, are tensile
and compressive strengths in the transverse fiber direction. Shear stress and shear
strength are represented by g, and S, respectively. If the value of stress exposure (fg)
exceeds 1, failure initiation occurs. Mode A is caused by tensile and shear stresses.
Modes B occurs under compressive and shear stresses. Mode C is a dangerous failure
mode in compressive shearing, which may lead to delamination. ANSYS Parametric
Design Language (APDL) is utilized to implement Puck’s 2-D damage progressive
model into the RUZGEM blade FE model. According to the Puck’s progressive

damage model, the degradation rules are applied to the plane stress elements.

Degradation rules are applied to the elements which fail according to the specific
Puck’s failure criteria, which are inter-fiber failure (IFF) mode A, B, or C (Egs.(7.6),
(7.7) and (7.8), respectively). As suggested by Passipoularidis et al [142], based on
the degradation rules in Table 7.2, transverse elasticity and shear moduli of the
damaged elements are reduced accordingly. Recommended parameters c, n,-and &
for the degradation function of the GFRP material in Eq. (7.9) are taken from Knops

and Bogle [143]. firry, feqrr) and fier are the stress exposure values that are

considered for determining the failure mode during the analysis.
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Table 7.2. Degradation rules according to the failure mode.

Failure Mode Degradation Rule
FF (Tension / Compression) or
IFF(C) in at least 1/3 plies of a Failure of the laminate
laminate
E, = nkE,
IFF (A) G2 =16y
Viz2 = NV12
E, =nkE,
IFF (B) G2 =16y
Vi2 = NV12
E2 = 0.1E2
IFF (C) GlZ = 0.1612

Vlz = 0.1V12

In Eq. (7.9) n is known as the degradation factor and can be expressed according to
the equation below:

_ 1-n, +7
1+ c(fearr) — ns

n (7.9)

The complete progressive failure analysis algorithm is implemented using ANSYS
Parametric Design Language (APDL). First, using ANSYS APDL script, different
material numbers are given to each element in of a lamina which constitute the
composite laminate. This step is necessary, because during the execution of the
progressive damage propagation, each element in a lamina is subjected to different
degradation rules. Then, an extreme load case is applied incrementally to the model,
and static analysis is run. Afterwards, in the post-processing module, stresses are
read. From Puck failure criteria for FF (Eq. (7.1) and Eq. (7.2)) and IFF (Egs. (7.6),
(7.7) and (7.8)), stress exposures are calculated. Depending on the rules presented in
Table 7.2 whether ply failure happens is checked. If ply failure occurs due to First-
Fiber-Failure (FFF) or if IFF(C) is observed in at least one third of the plies of a
laminate, laminate failure is assumed to take place. If IFF A or B or IFF C in any ply
is seen, gradual degradation rules are applied, and after the assembly of the new
constitutive material model, the load is increased, and the analysis is re-run. This

calculation procedure is run until the solution does not converge. If the solution does
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not converge, the analysis aborted. As long as no FF or IFF failure occurs, without
updating the constitutive material model, load is incremented, and the analysis is

executed.

Validation of the APDL Code against experimental data provided by Hinton et al,
[111]is done for the [0/90]s GFRP laminate/MY750 and [0/+45/90]s CFRP
laminate/AS4 3501-6 under uniaxial tension loading. As seen from Figure 7.7 ad
Figure 7.8, there is a good agreement between ANSYS APDL Code and
experimental data for the progressive failure analysis of [0/90]s GFRP/MY750 and
[0/£45/90]s CFRP/AS4 3501-6 laminates.
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Figure 7.7. Validation of the ANSYS APDL Code for the progressive failure analysis
of a [0/90]s GFRP MY 750 laminate under o, uniaxial tension load based on Puck’s

damage model against experimental data [111].
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Figure 7.8. Validation of the ANSYS APDL Code for the progressive failure analysis
of a [0/+45/90]s CFRP AS4 3501-6 laminate under o, uniaxial tension load based on

Puck’s damage model [111].
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7.3 Results

73.1 Validation of the 5-m RUZGEM Wind Turbine Blade FE Model

based on the Experimental Modal Analysis

In Table 7.3, the comparison of the first five eigenfrequencies of the RUZGEM
blade between experiments reported in Amer [140] and numerical simulations is
summarized. According to the table, the deviation of the eigenfrequencies for the
first four eigenfrequencies between experiments and FE simulations is less than 7%.
For the fifth eigenmode which is torsion, the deviation between the experiment and
the FE simulation is less than 11%. The reason for the higher deviation for the torsion
eigenmode is attributed to the fact that shell elements used for building RUZGEM
blade FE Model cannot predict torsion mode accurately as reported in Pardo and
Branner [144], Laird et al. [145] and Noever-Castelos et al. [65] In their recent study,
Noever-Castelos et al [65] conducted an experimental modal analysis of a 20-m wind
turbine blade and compared with FE simulations. For the 1st flap-wise, 1st edge-
wise and 1st torsion eigenmodes, they were able to get an agreement of less than 6%
and 12% for the free-free and fixed-free boundary conditions, respectively. Further,
in the current validation study, the first five eigenmodes obtained from the fe
simulations are compared with the tests and are found to be the same as in tests. In
this report for demonstration reasons, only the 1st and 5th vibration eigenmodes from
tests and FE simulations are displayed in Figure 7.9. Hence validation study of the
5-m RUZGEM blade FE Model based on experimental modal analysis results is

completed.
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Table 7.3 Comparison of the 5-m RUZGEM blade modal analysis results between
tests and FE simulations (adhesive mass included).

ANSYS Deviation in % w.r.t. modal

Mode Shape Modal shaker tests
FE Model shaker tests
1 8.25 8.03 -3%
2 23.75 22.02 -1%
3 41.75 41.17 -1%
4 46.75 45.96 -2%
5 58.75 52.09 -11%

B3 st Eigenfrequency: 8.03 Hz

0.0 :
7

(b)

o: 5t Eigenfrequency: 52.09 Hz '7
.

(c) (d)
Figure 7.9. Comparison of the 5-m RUZGEM blade 1% eigenmode between (a)

experiment and (b) FE simulation, 5" eigenmode between (c) experiment and (d) fe
simulation.
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7.3.2 Progressive damage analysis of the 5-m RUZGEM Wind Turbine

Blade using Puck’s damage model

The load-displacement curve of the blade under extreme flapwise (max) loading for
the linear elastic model and progressive damage model (Puck) is displayed in Figure
7.10. Load application and displacement measurement is done in flapwise (max)
direction. According to the analysis results, after 99% loading, sudden drop is
observed in the load-displacement curve. The total deformation of the nonlinear
blade model under 99% flapwise (max) loading is displayed in Figure 7.11. As seen

from the figure, the maximum deflection at the blade tip is 569 mm.
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Figure 7.10. Load-displacement curves of the 5-m RUZGEM blade using linear

elastic model and progressive damage model (Puck) under flapwise (max) loading.
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Figure 7.11. Total deformation of the 5-m RUZGEM blade at 99% flapwise (max)

loading (scale factor: x 2).

In Figure 7.12 interfiber failure mode A (IFF (A)) and interfiber failure mode B (IFF
(B)) distribution in the suction side, internal flange, spar and pressure side of the
blade at 93% flapwise (max) loading are shown. If both stress exposures are present
in an element, the higher-stress-exposure IFF (A) or IFF (B) is shown. IFF (A) and
IFF (B) do not lead to the element failure. When IFF (A) or IFF (B) occurs, only the
transverse elasticity moduli, shear moduli, and Poisson’s ratio are reduced according
to the degradation rules [67]. Hence when IFF (A) or IFF (B) is detected sudden load
drop in the load-displacement curve is not observed. From Figure 7.12, it is seen that
in the root transition at the spar-pressure side and spar-suction intersection IFF (A)
and IFF (B) failure exposures are higher in comparison to the other regions of the
blade.

Damage evolution for fiber failure (FF) and interfiber failure mode (IFF (C)) in the
pressure side, internal flange, spar and suction side at 93% flapwise (max) loading is
depicted in Figure 7.13. From the figure it is observed that in the root transition at
the spar-pressure side and spar-suction intersection FF and IFF (C) are higher in
comparison to the other regions of the blade. According to the implemented
methodology, element failure is done by setting its stiffness value to zero if FF or
IFF (C) in at least one-third of the plies of a laminate is detected [67]. At 93% load
level, the number of failed elements is not sufficient to cause a sudden drop in the
load-displacement curve [67].
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From Figure 7.12 and Figure 7.13, it is further noted that FF and IFF (C) initiate in
the same location as IFF (A) and IFF (B), which can be considered as subcritical
cracks. Similar to our findings, Montesano et al. [61] state that subcritical cracks can
act as a precursor to more critical damage modes such as delamination or adhesive
debonding. In the current study, IFF (C), which is a dangerous failure mode
indicating risk of delamination, and FF are the critical failure modes which lead to
element failure. Recently, Chen et al. [146]reported that matrix-dominant failure and
delamination occurs before fiber-dominant failure at the trailing edge. Likewise, we
observe IFF (A) or IFF (B) before FF or IFF(C) in the root transition region.

In Figure 7.14, element failure pattern in the pressure side, internal flange, spar and
suction side of the RUZGEM Blade (from top to bottom in a panel) under 99% of
flapwise (max) loading is displayed. After 100% loading a sudden drop in the load-
displacement curve is seen in Figure 7.10. As seen from Figure 7.15, failure initiation
region is the spar-suction side intersection in the root transition region. This failure
initiation region shows similarity with the findings in Chen et al. [53], where the
collapse of a 52.3 wind turbine blade subjected to flapwise bending moment is
investigated. In addition to this, Marin et al. estimated the fatigue life of a 300 kW
wind turbine blade. Marin et al. [147] report that when there is an abrupt thickness,
i.e. stiffness change in an aeroshell, bending stresses occur due to the thickness
change in the airfoil. This situation causes an amplification of the stress level in this
region. When this stress increase is combined with superficial cracks laminate failure
occurs in this region. Similar to the findings in Marin et al. [147], RUZGEM blade
fails at the spar-suction intersection, where we observe an abrupt change in the

thickness, i.e. stiffness of the blade.

Element failure pattern in the pressure side, internal flange, spar and suction side of
the RUZGEM Blade (from top to bottom in a panel) before blade collapse under
flapwise (max) loading is shown in Figure 7.15. Just before blade collapse, element
failure region covers a larger area in the suction side and pressure side of the blade.
Moreover, element failures are detected in the internal flange and spar at the root

transition region.
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Figure 7.12. Damage evolution — IFF (A) or IFF (B) — in the pressure side, internal
flange, spar and suction side of the blade (from top to bottom in a panel) at 93% of

flapwise (max) loading.

Puck(FF or IFF(C))
1.125

1
.0.875

0.75

0.625
B
0.375
0.25
.0.125
0

Figure 7.13. Damage evolution — FF or IFF (C) — in the pressure side, internal flange,
spar and suction side of the blade (from top to bottom in a panel) at 93% of
flapwise (max) loading.
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Figure 7.14. Element failure pattern in the pressure side, internal flange, spar and
suction side of the blade (from top to bottom in a panel) at 99% of flapwise (max)

loading.
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Figure 7.15. Element failure pattern in the pressure side, internal flange, spar and
suction side of the blade (from top to bottom in a panel) before blade collapse under

flapwise (max) loading.
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7.4 Conclusions

In this work, the main failure mechanisms of the existing GFRP RUZGEM wind
turbine blade subjected to flapwise (max) loading are investigated by implementing
Puck’s physically based phenomenological model into the blade FE model. The
implementation of Puck’s damage model is done in ANSYS environment utilizing

ANSYS APDL scripting language. The main conclusions are as follows:

e 5-m RUZGEM Blade is validated based on modal analysis results. The deviation
of the eigenfrequencies for the first four eigenfrequencies between experiments
and ANSYS simulations is less than 7%. For the fifth eigenmode which is
torsion, the deviation between experiment and FE simulation is less than 11%.
The reason for the higher deviation of the torsion eigenmode is attributed to the
fact that shell elements used for building 5-m RUZGEM blade FE Model cannot

predict torsion mode accurately.

e Simulations are conducted for flapwise (max) loading using Puck’s physically
based phenomenological model as the intra-laminar damage model. Puck’s
model shows that laminate cracks initiate at the root transition region. Decrease
in the load-displacement curve is observed after 99% loading under
flapwise (max) loading due to the combined effect of delamination and fiber

failure.

e According to the simulations using Puck’s damage model, FF and IFF(C) initiate
in the same location as IFF(A) and IFF(B). IFF(A) and IFF(B) denote subcritical
ply cracks which precede more critical damage modes such as IFF(C) (which is

an indicator of possible delamination), and FF.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

Within the scope of this thesis, three novel studies are presented:

(a) an analytical approach for the open hole strength prediction of composite
laminates subjected uniaxial as well as bi-axial loading conditions,

(b) finite element model incorporating continuum damage and cohesive zone
model for the prediction of size effects on sublaminate-scaled quasi-isotropic
CFRP open hole tension laminates and

(c) finite element model using progressive damage analysis to predict failure and

damage mechanisms of a 5-meter composite wind turbine blade.

These three independent studies all cover the same topic regarding the progressive
failure models and their application to composite structures used in aircraft and wind
energy industries. The specific conclusions regarding each study was given in their
respective chapters. In this section, the overall conclusions and future work are

presented.

8.1 Overall Conclusions

The overall conclusions drawn from this thesis can be summarized as following:

e Primary failure mechanism is the intralaminar failure in sublaminate-level
scaled quasi-isotropic CFRP OHT laminates, however interface failure which
is considered as a secondary failure mechanism is found to contribute
significantly to the failure mechanism and must be included in the FE model
for the experimentally observed damage pattern. Secondary failure

mechanisms are crucial in modeling of composite structures, as they are
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needed not only for the correct damage development and but also have a

significant impact on the strength prediction of composite structures.

Not only the nonlinear material damage model, but also the FE modeling
technique using appropriate element types and boundary conditions is
essential for simulating the realistic behavior of composite structures.
Referring to the study on the numerical modeling of sublaminate-scaled
quasi-isotropic CFRP open hole tension laminates, it was shown that layered
shell elements and continuum shell elements with perfect bonding at
interfaces lead to strength overpredictions of the OHT laminates. FE
modeling technique with continuum shell elements per ply with interface
failure is more successful in capturing the damage development and strength
predictions observed in the experiments.

Likewise, FE modeling wind turbine blades with shell elements
underpredicted the torsion eigenmode when the simulations were compared
with the modal shaker vibration test results. This result shows that the
behavior of the blade modeled with shell elements may not be represented
correctly under shear/torsion loading. To overcome this problem, wind
turbine blades should be modeled using solid elements in combination with

shell elements.

In order to simulate the damage evolution in composite structure correctly,
the first step is the analytical/numerical model building which represents the
correct elastic material model. In this thesis, the significance of the validation
study for the elastic as well as the damage model for a realistic
analytical/numerical representation of the composite structure is highlighted.
As an example, stress fields generated by the proposed analytical open hole
strength calculation Extended Point Stress Method, is validated against the
stress fields obtained using an FE model before implementing the material
damage model. As another example of the validation study, the vibration
analysis of 5-meter RUZGEM wind turbine blade was conducted using the
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8.2

blade FE model. The FE model was validated based on the test results
obtained from the modal shaker. After the fe model validation, progressive

damage analysis of the blade is carried out.

For the preliminary design of composite structures fast and accurate
analytical approaches are needed. However analytical approaches have
limitations. Numerical models deliver more information regarding the failure
characteristic of composite structures under complex loading scenarios. Yet,
they are computationally expensive. Depending on the industrial application
and research interest, the suitable analytical/numerical model must be

selected.

Future Work

Future work proposals for the extension of the studies conducted within this thesis

are as follows:

In the proposed Extended Point Stress Method for the analytical strength
prediction of composite laminates with open holes subjected to in-plane
combined loading, instead of point stress criterion, average stress criterion
can be implemented.

As a further FE modeling strategy of open hole composite laminates, instead
of continuum shell elements, solid elements can be used for modeling each
ply individually. More advanced failure criteria, such as Puck, LarC04,
Larc05 [148] can be used in the FE models built with solid elements.
Regarding damage evolution, before and after the initiation of different

failure modes, stress-strain responses proposed in [23] can be used.

Severe convergence difficulties were encountered during the numerical
solution of open hole laminates using an implicit solver and hence explicit
solver was used for the simulations. In order to overcome convergence

problems due to material softening, a zigzagging approach ([48],[49]) can be
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implemented to approximate the linear material softening behavior in the

stress-strain relationship.

Size effect of the fiber strength can be considered in the open hole tension

composite laminate FE simulations by a statistical strength distribution [117].

The root cause of the damage initiation in the root transition region of the 5-
meter RUZGEM blade can further be investigated by a submodel of the blade
root region using 3-D elements. Instead of the gradual degradation algorithm
used in Puck’s physically based phenomenological model, fracture energy-
based degradation algorithm incorporating the crack band model [93], which
alleviates mesh dependency can be implemented. Finally, when the 5-m
RUZGEM blade test rig is built, numerical results can be compared with the

experimental results.
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APPENDICES

A. Material Database

Table A.1 Mechanical Properties for IMA/M21E Lamina

Material Data for IMA/M21E Lamina

Longitudinal Modulus, E, = 154000 (MPa)
Transverse Modulus, E, = 8500 (MPa)
In-plane Shear Modulus, Gy, = 4200 (MPa)
Major Poisson's Ratio, U, = 0.35 (MPa)
Longitudinal Tensile Strength, Xt = 2610 (MPa)
LongitudinalCompressive Strength, Xc = 1450 (MPa)
Transverse Tensile Strength, Yt = 55 (MPa)
Transverse Compressive Strength, Yc = 285 (MPa)
In-plane Shear Strength, S = 105 (MPa)

Table A.2 Mechanical Properties for Carbon / Epoxy (AS4/3501-6) Lamina [69]

Material Data for Carbon/Epoxy (AS4/3501-6) Lamina

Longitudinal Modulus, E, = 147000 (MPa)
Transverse Modulus, E, = 10300 (MPa)
In-plane Shear Modulus, Gy, = 7000 (MPa)
Major Poisson's Ratio, Ui, = 0.27 (MPa)
Longitudinal Tensile Strength, Xt = 2280 (MPa)
LongitudinalCompressive Strength, Xc = 1725 (MPa)
Transverse Tensile Strength, Yt = 57 (MPa)
Transverse Compressive Strength, Yc = 228 (MPa)
In-plane Shear Strength, S = 76 (MPa)
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B. Validation Study for the Stress Field Generated by the Extended Point
Stress Method MATLAB Code

In this appendix, results from the sample runs are presented to show the validation
study of the developed Extended Point Stress Method (EPSM) MATLAB Code with
the Finite Element Method (FEM) results. For this purpose, stress field distributions
obtained from the EPSM MATLAB Code for a quasi-isotropic IMA/M21E laminate
with an open hole subjected to uniaxial and combined loading conditions are

compared with Finite Element Analysis results.

B.1 FE Model of the Laminate with an Open Hole (width-to-hole diameter: 40)

under Uniaxial Loading

Finite Element Model of a [45°/90°/-45°/0°]s CFRP (IMA/M21E) 200 mm x 200
mm square laminate with a 5 mm diameter circular hole under uniaxial loading is
modeled in ANSYS environment. The dimensions of the CFRP OHT laminate are
chosen so that the finite width effect is neglected and the stress field of an infinite
plate with a hole is simulated. Since the model is symmetric with respect to its
midplane in the thickness direction, only half of the layers are modeled. For this
reason, rotational degrees of freedom in x and y directions as well as displacement
degree of freedom in z direction are fixed on the symmetry plane. FEM model uses
orthotropic material properties and classical lamination theory. Mechanical
properties for carbon/epoxy (IMA/M21E) are summarized in Table A.1l. The
necessary boundary conditions for this modeling technique are shown in Figure B.1,
where a uniform flux of 200 N/mm is applied to the right and left edges. Plane stress
elements (SHELL 181) are used for generating the mesh of the open hole composite

laminate.
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(U,= Rot,=Rot = 0)

———

Fx = 100 N/mm |oog

——

Figure B.1. Loads and boundary conditions of the [45°/90°-45°/0°]s CFRP
laminate (IMA/M21E) with an open hole (width-to-hole diameter=40) under
uniaxial loading.

B.2 Comparison of Stress Fields Generated by the Semi-Analytical EPSM
Method and FEM for the Laminate with an Open Hole under Uniaxial Loading

In this part of the PhD thesis, FEM of the open hole laminated composite developed
in the previous section is utilized to validate the stress fields for the [45°/90°/-
45°/0°]s IMA/M21E CFRP laminate generated using the analytical method are
summarized in section 3.1.2 and chapter 5. Figure B.2 shows the total deformation
of the laminate versus undeformed model plotted with multiplication factor of 35.
Location of the detail region for stress plots on the quasi-isotropic laminate is
depicted in Figure B.3. On the detail region normal stress distributions ox for each
ply under uniaxial tension loading are displayed in Figure B.4. Figures show that
depending on the fiber orientation, stress distribution in the vicinity of the hole
changes. As we move away from the hole, homogenous stress distribution is
observed. Figure B.5-Figure B.15 show contour plots of stress distributions for
components ox, oy and Txy. We note that EPSM uses Lekhnitskii’s[90] analytical
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equations for determining the stress field in the CFRP OHT laminate. As seen from

the figures, there is a good agreement between the analytical model and FEM.

B: Static Structural
Total Deformation
Type: Total Deformation
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Time: 1
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..

Figure B.2. Total deformation for the [45°/90°/-45°/0°]s IMA/M21E CFRP

laminate vs. undeformed model.

Detail A

- |

Figure B.3. Location of the detail region for stress plots on ply level of the
IMA/M21E CFRP laminate under uniaxial tension loading.
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Figure B.4. ox distribution for 45°, 90°, -45°, 0° plies in the IMA/M21E CFRP
laminate under uniaxial tension loading (Detail A).
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Figure B.5. Comparison of stress distributions along Path 1 in between analytical
solution (Lekhnitskii) and FEM (orthotropic) for the 0° ply of the IMA/M21E
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Figure B.6. Comparison of stress distributions along Path 2 in between analytical
solution (Lekhnitskii) and FEM (orthotropic) for the 0° ply of the IMA/M21E

laminate.
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Figure B.7. Comparison of stress distributions along Path 3 in between analytical

solution (Lekhnitskii) and FEM (orthotropic) for the 0° ply of the IMA/M21E

laminate.
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Figure B.8. Comparison of stress distributions along Path 1 in between analytical
solution (Lekhnitskii) and FEM (orthotropic) for the 90° ply of the IMA/M21E

laminate.
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Figure B.9. Comparison of stress distributions along Path 2 in between analytical

solution (Lekhnitskii) and FEM (orthotropic) for the 90° ply of the IMA/M21E
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Figure B.10. Comparison of stress distributions along Path 3 in between analytical

solution (Lekhnitskii) and FEM (orthotropic) for the 90° ply of the IMA/M21E
laminate.
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Figure B.11. Comparison of stress distributions along Path 1 in between analytical
solution (Lekhnitskii) and FEM (orthotropic) for the 45° ply of the IMA/M21E

laminate.
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Figure B.12. Comparison of stress distributions along Path 2 in between analytical
solution (Lekhnitskii) and FEM (orthotropic) for the 45° ply of the IMA/M21E

laminate.

217



60 I 1 ) I L I I I

40 ....................................

20

—Sigma_(Lekhnitskii)| |
—Sigmay (Lekhnitskii)| |
— -Tau i (Lekhnitskii)
° Sigmax (FEM) =
° Sigmay (FEM)
° Tauxy (FEM)

Stress [MPa]
o

25 3 3.5 4 45 5 55 6 6.5 7 7.5 8
Distance from hole center [mm]

&
S

Figure B.13. Comparison of stress distributions along Path 3 in between analytical

solution (Lekhnitskii) and FEM (orthotropic) for the 45° ply of the IMA/M21E

laminate.
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Figure B.14. Comparison of stress distributions along Path 1 in between analytical
solution (Lekhnitskii) and FEM (orthotropic) for the -45° ply of the IMA/M21E

laminate.
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Figure B.15. Comparison of stress distributions along Path 2 in between analytical

solution (Lekhnitskii) and FEM (orthotropic) for the -45° ply of the IMA/M21E

laminate.
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Figure B.16. Comparison of stress distributions along Path 3 in between analytical
solution (Lekhnitskii) and FEM (orthotropic) for the -45° ply of the IMA/M21E

laminate.
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B.3 FE Model of the Laminate with an Open Hole (width-to-hole diameter: 40)

under Biaxial Loading (shear plus uniaxial tension)

In this subsection FE Model of the laminate with an open hole under combined
loading is explained. The same material properties, element types and boundary
conditions applied to the FE Model in subsection B.1 is applied. In addition to the
axial loading of Nx of 100 N/mm, shear loading of 100 N/mm is applied to the FE
Model depicted in Figure B.17.

(U= Rot,=Rot,= 0)
P Nxy = 100 N/mm

—

Nx = 100 N/mm Nx = 100 N/mm

——

—

Nxy = 100 N/mm

Figure B.17. Loads and boundary conditions of the [45°90°/-45°/0°]s CFRP
laminate (IMA/M21E) with an open hole (width-to-hole diameter=40) under biaxial
loading.

B.4 Comparison of Stress Fields Generated by the Semi-Analytical EPSM
Method and FEM for the Laminate with an Open Hole under Biaxial
Loading (shear plus uniaxial tension)

In this subsection, FEM of the open hole laminated composite developed in the
previous section is utilized to validate the stress fields for the [45°/90°/-45°/0°]s

IMA/M21E CFRP laminate, which are generated using the semi-analytical method
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summarized in section 3.1.2 and chapter 5. Under biaxial loading total deformation
of the open hole laminate with a magnification factor 19 is displayed in Figure B.18.
Figure B.19-Figure B.21 show contour plots of the stress distributions for the stress
components oy, g, and t,,. As seen from the figures, the correlation of the results

from the semi-analytical model and FEM is good.
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Figure B.18. Total deformation for the [45°/90°/-45°/0°]s IMA/M21E CFRP

laminate vs. undeformed model.
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Figure B.19. Comparison of stress distributions along Path 1 between analytical
solution (Lekhnitskii) and FEM (orthotropic) for the 90° ply of the IMA/M21E
laminate.
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Figure B.20. Comparison of stress distributions along Path 2 between analytical
solution (Lekhnitskii) and FEM (orthotropic) for the 90° ply of the IMA/M21E

laminate.
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Figure B.21. Comparison of stress distributions along Path 3 between analytical
solution (Lekhnitskii) and FEM (orthotropic) for the 90° ply of the IMA/M21E

laminate.
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B.5 FEM of the Laminate with an Open Hole (width-to-hole diameter=4) under

Biaxial Loading (tension-tension)

FE Model of a 20 mm x 20 mm square [45/90/-45/0]s CFRP laminate (IMA/M21E)
with an open hole under biaxial loading is depicted in Figure B.22. The same material
properties and element types as in subsection B.1 are used in the FE Model. Since
the model is symmetric with respect to its midplane in the thickness direction, only
half of the layers are modeled. For this reason, rotational degrees of freedom in x
and y directions as well as displacement degree of freedom in z direction are fixed
on the symmetry plane. The necessary boundary conditions for this modeling
technique are shown in Figure B.22. Regarding the loading condition, uniform
displacements of 0.027 mm are applied to the right and upper edges of the laminate
and the displacement degrees of freedom in the x-direction and y-directions are fixed
on the left and lower laminate edges, respectively. This displacement loading
produce reaction forces, which are membrane fluxes of Nx=100 N/mm on the left
edge and Ny=100 N/mm on the lower side of the laminate. Since width to hole ratio
is much lower compared to the model in B.1, displacement loading is implemented
in the FEM in order to assure the desired uniform load distribution throughout the

laminate.

B.6 Comparison of Stress Fields Generated by the Semi-Analytical EPSM
Method and FEM for the Laminate with an Open Hole under Biaxial

Loading (tension-tension)

In this subsection, FEM of the open hole laminated composite developed in the
previous section is utilized to validate the stress fields for the [45°/90°/-45°/0°]s
IMA/M21E CFRP laminate generated using the EPSM semi-analytical method
summarized in section 3.1.2 and chapter 5. Since width to hole ratio is low in this
case, finite width correction factor is included in the analytical method. Under biaxial
loading, total deformation of the open hole laminate with a magnification factor of

52 is displayed in Figure B.23. Figure B.24-Figure B.26 show contour plots of stress
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distributions for components ox, oy and Txy. AS seen from the figures, the correlation

of the results from the analytical model and FEM is good.
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Figure B.22. Loads and boundary conditions of the [45°/90°/-45°/0°]s CFRP
laminate (IMA/M21E) with an open hole (width/hole diameter=4).
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Figure B.23. Total deformation for the [45°/90°/-45°/0°]s IMA/M21E CFRP

laminate vs. undeformed model.
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Figure B.24. Comparison of stress distributions along Path 1 between analytical
solution (Lekhnitskii) and FEM (orthotropic) for the 90° ply of the IMA/M21E
laminate.
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Figure B.25. Comparison of stress distributions along Path 2 between analytical
solution (Lekhnitskii) and FEM (orthotropic) for the 90° ply of the IMA/M21E
laminate.
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Figure B.26. Comparison of stress distributions along Path 3 between analytical

solution (Lekhnitskii) and FEM (orthotropic) for the 90° ply of the IMA/M21E
laminate.
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C. Test Matrix of UD Tape Materials for Determining the Characteristic

Distance

In this section test matrix for determining the characteristic distance and strength of
the unidirectional composite material with different hole sizes and lay-up
configurations is introduced. As a representative example for UD tape materials
IMA/M21E (134 gr/m?) is given. The variation of characteristic distance with lay-

up influence and hole size is given by Karlak [16] by the following relation:
Ey
bo = f(zVR (C.1)
xy

where,

b,: characteristic distance
E, :e ffective elasticity modu lus

Gyy € ffective shear mod ulus

R: hole radius

Rearranging (C.1), the following relation is obtained:

P — p(xy c2)
vR Gy '
In equation (C.2) f(GE—") is obtained by plotting f—" Versus 3—% as seen in Figure C.1
Xy Xy

and has the form in (C.3). After curve fitting (C.3) the coefficients ao, a1, and a; are

determined.

E, E, E.\
f(G_) =ay+ay (G_> +a, <G_> (C3)

xy xy xy
Open hole tensile/compressive strength of the open laminate is needed for
calculating the characteristic distance. Tensile and compressive strengths are
determined according to ASTM D5766 and ASTM D6484, respectively. Schematic
representation of open hole test specimen is depicted in Figure C.2.
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Figure C.2. Schematic representation of open hole test specimen according to
ASTM D5766 and ASTM D6484.
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Dimensions of the test specimen are chosen as:
Length=300, ply thickness = 0.127

Note that, results are affected by the ratio of specimen width to hole diameter (w/D).
According to the above-mentioned ASTM standards, this ratio should be maintained

at 6, unless the experiment is investigating the influence of this ratio.

The following test matrix with 30 points (stacking sequence with 5 different
variations versus 5 different hole diameters) is proposed to be used for plotting the

curve in Figure C.2.

Table C.3. Test matrix for open hole IMA/M21E laminate for determining

characteristic distance and strength.

Hole Radius (mm)
2 4 6 8 10

Stacking Sequence Ex/Gxy

[45/-45], 0.39 X X X X X
[45/90/-45/90],, 1.07 X X X X X
[45/0/-45/90],, 2.64 X X X X X
[45/90/-45/0],, 3.92 X X X X X
[45/0/90/0],, 7.74 X X X X X
[90/0]5, 19.45 X X X X X

Test matrix above will be used for determining characteristic distance under tensile

and compressive loading conditions.
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