Edited by Ramesh Talreja and Janis Varna




Woodhead Publishing Series in Composites
Science and Engineering: Number 65

Modeling Damage,
Fatigue and Failure
of Composite Materials

Edited by

Ramesh Talreja and Janis Varna

:ﬁ'}’!’)\ N

wpP

AMSTERDAM » BOSTON = CAMBRIDGE » HEIDELBERG b s
LONDON + NEW YORK + OXFORD » PARIS * SAN DIEGO
SAN FRANCISCO » SINGAPORE + SYDNEY + TOKYO
Woodhead Publishing is an imprint of Elsevier A X



Woodhead Publishing is an imprint of Elsevier

80 High Street, Sawston, Cambridge, CB22 3HJ, UK
225 Wyman Street, Waltham, MA 02451, USA
Langford Lane, Kidlington, OX5 1GB, UK

Copyright © 2016 Elsevier Ltd. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including photocopying, recording, or any information storage and
retrieval system, without permission in writing from the publisher. Details on how to seek
permission, further information about the Publisher’s permissions policies and our
arrangements with organizations such as the Copyright Clearance Center and the Copyright
Licensing Agency, can be found at our website: www elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by
the Publisher (other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and
experience broaden our understanding, changes in research methods, professional practices,
or medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in
evaluating and using any information, methods, compounds, or experiments described herein.
In using such information or methods they should be mindful of their own safety and the safety
of others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors,
assume any liability for any injury and/or damage to persons or property as a matter of products
liability, negligence or otherwise, or from any use or operation of any methods, products,
instructions, or ideas contained in the material herein.

ISBN: 978-1-78242-286-0 (print)
ISBN: 978-1-78242-298-3 (online)

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

For information on all Woodhead Publishing publications
visit our website at http://store.elsevier.com/

Working together
! — A8 1o grow libraries in
asvx | Pook® developing countries

www.elsevier.com ¢« www.bookaid.org

Transferred to Digital Printing, 2015
Printed in the United States of America



Modeling Damage, Fatigue and Failure
of Composite Materials



Related titles

Fatigue and fracture of adhesively-bonded composite joints: Behaviour, simulation
and modelling

(ISBN 978-0-85709-806-1)

Residual stresses in composite materials

(ISBN 978-0-85709-270-0)

Failure mechanisms in polymer matrix composites

(ISBN 978-1-84569-750-1)



List of contributors

A. Barroso University of Seville, Seville, Spain
A. Blazquez University of Seville, Seville, Spain

P. Brgndsted Composites and Material Mechanics, Department of Wind Energy,
Risg Campus, Technical University of Denmark, Roskilde, Denmark

P.A. Carraro University of Padova, Vicenza, Italy

E. Correa University of Seville, Seville, Spain

L. Gorbatikh Department of Materials Engineering, KU Leuven, Leuven, Belgium
E. Graciani University of Seville, Seville, Spain

S.V. Lomov Department of Materials Engineering, KU Leuven, Leuven, Belgium
V. Manti¢ University of Seville, Seville, Spain

L.N. McCartney Materials Division, National Physical Laboratory, Teddington,
Middlesex, UK

S.L. Ogin Department of Mechanical Engineering Sciences, Faculty of Engineering
and Physical Sciences, University of Surrey, Guildford, Surrey, UK

F. Paris University of Seville, Seville, Spain

A. Pupurs Luled University of Technology, Luled, Sweden

M. Quaresimin University of Padova, Vicenza, Italy

J. Reinoso University of Seville, Seville, Spain

C.V. Singh University of Toronto, Toronto, ON, Canada

B.F. Sgrensen Technical University of Denmark, Roskilde, Denmark

C. Soutis Acrospace Research Institute, The University of Manchester,
Manchester, UK

R. Talreja Texas A&M University, College Station, TX, USA; Lulea University of
Technology, Luled, Sweden

J. Varna Lulea University of Technology, Lulea, Sweden

J. Zangenberg LM Wind Power Blades, Materials and Processes, Composites
Engineering and Technology, Kolding, Denmark






Woodhead Publishing Series in
Composites Science and Engineering

10

11

12

13

14

15

16

17

18

19

Thermoplastic aromatic polymer composites

F. N. Cogswell

Design and manufacture of composite structures

G. C. Eckold

Handbook of polymer composites for engineers

Edited by L. C. Hollaway

Optimisation of composite structures design

A. Miravete

Short-fibre polymer composites

Edited by S. K. De and J. R. White

Flow-induced alignment in composite materials

Edited by T. D. Papthanasiou and D. C. Guell

Thermoset resins for composites

Compiled by Technolex

Microstructural characterisation of fibre-reinforced composites
Edited by J. Summerscales

Composite materials

F. L. Matthews and R. D. Rawlings

3-D textile reinforcements in composite materials

Edited by A. Miravete

Pultrusion for engineers

Edited by T. Starr

Impact behaviour of fibre-reinforced composite materials and structures
Edited by S. R. Reid and G. Zhou

Finite element modelling of composite materials and structures
F. L. Matthews, G. A. O. Davies, D. Hitchings and C. Soutis
Mechanical testing of advanced fibre composites

Edited by G. M. Hodgkinson

Integrated design and manufacture using fibre-reinforced polymeric composites
Edited by M. J. Owen and 1. A. Jones

Fatigue in composites

Edited by B. Harris

Green composites

Edited by C. Baillie

Multi-scale modelling of composite material systems

Edited by C. Soutis and P. W. R. Beaumont

Lightweight ballistic composites

Edited by A. Bhamagar



Xiv Woodhead Publishing Series in Composites Science and Engineering
20  Polymer nanocomposites
Y-W. Mai and Z-Z. Yu
21  Properties and performance of natural-fibre composite
Edited by K. Pickering
22  Ageing of composites
Edited by R. Martin
23 Tribology of natural fiber polymer composites
N. Chand and M. Fahim
24  Wood-polymer composites
Edited by K. O. Niska and M. Sain
25 Delamination behaviour of composites
Edited by S. Sridharan
26  Science and engineering of short fibre reinforced polymer composites
S-Y. Fu, B. Lauke and Y-M. Mai
27  Failure analysis and fractography of polymer composites
E. S. Greenhalgh
28 Management, recycling and reuse of waste composites
Edited by V. Goodship
29  Materials, design and manufacturing for lightweight vehicles
Edited by P. K. Mallick
30 Fatigue life prediction of composites and composite structures
Edited by A. P. Vassilopoulos
31 Physical properties and applications of polymer nanocomposites
Edited by S. C. Tjong and Y-W. Mai
32 Creep and fatigue in polymer matrix composites
Edited by R. M. Guedes
33 Interface engineering of natural fibre composites for maximum performance
Edited by N. E. Zafeiropoulos
34  Polymer-carbon nanotube composites
Edited by T. McNally and P. Potschke
35 Non-crimp fabric composites: Manufacturing, properties and applications
Edited by S. V. Lomoy
36 Composite reinforcements for optimum performance
Edited by P. Boisse
37 Polymer matrix composites and technology
R. Wang, S. Zeng and Y. Zeng
38 Composite joints and connections
Edited by P. Camanho and L. Tong
39  Machining technology for composite materials
Edited by H. Hocheng
40  Failure mechanisms in polymer matrix composites
Edited by P. Robinson, E. S. Greenhalgh and S. Pinho
41  Advances in polymer nanocomposites: Types and applications
Edited by F. Gao
42 Manufacturing techniques for polymer matrix composites (PMCs)
Edited by S. Advani and K-T. Hsiao
43 Non-destructive evaluation (NDE) of polymer matrix composites: Techniques and
applications
Edited by V. M. Karbhari
44 Environmentally friendly polymer nanocomposites: Types, processing and properties

S. S. Ray



Woodhead Publishing Series in Composites Science and Engineering Xv

45

46

47

48

49

50

51

52

53

55

56

57

58

59

61

62

63

65

Advances in ceramic matrix composites

Edited by 1. M. Low

Ceramic nanocomposites

Edited by R. Banerjee and I. Manna

Natural fibre composites: Materials, processes and properties

Edited by A. Hodzic and R. Shanks

Residual stresses in composite materials

Edited by M. Shokrieh

Health and environmental safety of nanomaterials: Polymer nanocomposites
and other materials containing nanoparticles

Edited by J. Njuguna, K. Pielichowski and H. Zhu

Polymer composites in the aerospace industry

Edited by P. E. Irving and C. Soutis

Biofiber reinforcement in composite materials

Edited by O. Faruk and M. Sain

Fatigue and fracture of adhesively-bonded composite joints: Behaviour, simulation
and modelling

Edited by A. P. Vassilopoulos

Fatigue of textile composites

Edited by V. Carvelli and S. V. Lomov

Wood composites

Edited by M. P. Ansell

Toughening mechanisms in composite materials

Edited by Q. Qin and J. Ye

Advances in composites manufacturing and process design

Edited by P. Boisse

Structural Integrity and Durability of Advanced Composites: Innovative modelling
methods and intelligent design

Edited by P. W. R. Beaumont, C. Soutis and A. Hodzic

Recent Advances in Smart Self-healing Polymers and Composites

Edited by G. Li and H. Meng

Manufacturing of Nanocomposites with Engineering Plastics

Edited by V. Mittal

Fillers and Reinforcements for Advanced Nanocomposites

Edited by Y. Dong, R. Umer and A. Kin-Tak Lau

Biocomposites: Design and Mechanical Performance

Edited by M. Misra, J. K. Pandey and A. K. Mohanty

Numerical Modelling of Failure in Advanced Composite Materials

Edited by P. P. Camanho and S. R. Hallett

Marine Applications of Advanced Fibre-reinforced Composites

Edited by J. Graham-Jones and J. Summerscales

Smart Composite Coatings and Membranes: Transport, Structural, Environmental
and Energy Applications

Edited by M. F. Montemor

Modeling Damage, Fatigue and Failure of Composite Materials

Edited by R. Talreja and J. Varna

Dynamic Deformation, Damage and Fracture in Composite Materials and Structures
Edited by V. V. Silberschmidt



Mo BE, 75 E e #EPDETE Vi A : www. ertongbook. com



Preface

In spite of their widespread applications in aerospace, automotive, wind turbine, and
other industries where lightweight structures are advantageous, composite materials
remain far from reaching their full potential. A main roadblock is lack of reliable
models for damage, fatigue, and failure of composite materials. The subject of this
book is exactly this, and with a collection of chapters from recognized experts, our
aim is to help remove this roadblock.

The current state of designing composite structures in the aircraft industry is typi-
fied by the guidelines in the Composite Materials Handbook (MIL-17, 1999), which
recommends the so-called “building-block approach,” which requires extensive
testing, beginning with fibers and matrix materials, and increasing in complexity as
the size of test articles approach subcomponent and component levels. The number
of tests conducted often reaches the thousands, with prohibitive cost and time needed
to complete them. As one aircraft designer recently lamented, “engineers are forced to
conduct tests at multiple scales because they do not really have a theory to connect the
behavior across multiple scales.” Multiscale analysis of damage and failure in compos-
ite materials is a central thrust of this book.

We have organized the book in four parts. Part One deals with damage development
and has four chapters. Chapter 1 gives an overview of the constituent properties in a
polymer matrix composite (PMC), and describes observations made over many years
to reveal certain generic mechanisms of damage. Chapter 2 focuses on basic mecha-
nisms of fatigue damage and discusses fatigue life diagrams as a means of conceptual
interpretation of the roles of fibers, matrix, and laminate configuration in damage initi-
ation and progression. Chapter 3 is devoted to damage in textile composites, and it
highlights the specifics of damage mechanisms due to the woven fiber architecture.
Chapter 4 focuses on systematic observations of damage mechanisms operating under
combined loading and describes recent work conducted on tubular specimens under
axial tension normal to fibers combined with torsion.

Part Two of the book has seven chapters devoted to modeling of the failure mecha-
nisms at different levels in a composite laminate. Chapter 5 considers matrix and fiber—
matrix interface failure, and reviews criteria for initiation of these mechanisms.
Chapters 6 and 7 are focused on fiber-matrix debonding under loading in transverse
and axial directions of the fibers, respectively. These chapters describe stress and fracture
analyses of debond cracks in the two loading cases. Chapter 8 is on multiple cracking
that occurs within plies of a laminate. While this subject is treated in several chapters
of the book, this chapter is focused on evolution of multiple cracking. Chapter 9
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considers fiber-matrix debonding initiating from a fiber break, and analyzes its growth
along the fiber surface under quasi-static and cyclic tension. Failure in composites under
compression is considered in Chapter 10. This chapter considers compressive strength of
composite laminates with open holes or notches, and describes application of a cohesive
zone model for predicting this property. Chapter 11 treats delamination as an interface
crack between plies of a laminate. It reviews fracture mechanics approaches to testing,
analysis, and design against failure from delamination. A particular feature of this
chapter is J-integral-based bridging laws for interface cracks.

While Part Two of the book treats analyses of different failure mechanisms, Part
Three shifts focus to relating these mechanisms to the materials response. Chapters
12 and 13 discuss microlevel approaches for describing the effective thermomechan-
ical properties of laminates with multiple ply cracks. In Chapter 12, the approach con-
sists of utilizing the surface displacements (opening and sliding) of ply cracks in
analytical expressions for effective properties in terms of crack densities. Chapter
13, on the other hand, presents analytical approaches to effective properties of
cross-ply laminates based on generalized plain strain and derives general interrelation-
ships between damaged laminate elastic constants. Chapter 14 describes elastic
response changes in multidirectional laminates with cracks in multiple orientations.
The approach, called synergistic damage mechanics, utilizes ply level analysis of
cracks into a continuum damage formulation.

Finally, Part Four of the book is concerned with failure analysis of laminates and
joints. Chapter 15 here deals with a multiscale approach to predicting the load-car-
rying capacity of laminates. The focus in this chapter is on the stage of damage devel-
opment, where localized failure events such as ply cracks interconnected by
interlaminar cracks govern strength degradation. Next, Chapter 16 discusses devel-
oping failure criteria for fatigue damage in unidirectional composites under combined
transverse and shear stresses. Manufacturing defects are an inherent feature of real
composites. Chapter 17 treats approaches for incorporating such defects in composite
failure analysis. Other practical aspects of failure in composite materials are treated in
the last two chapters. Chapter 18 deals with failure initiating from sites where local
stresses have gradients and are concentrated. Stress and failure analysis of bonded
joints between composites is treated in Chapter 19.

From the synopsis of the book content just given, it is clear that the 19 chapters
collectively present diverse treatments of various aspects of damage, fatigue, and fail-
ure in composite materials. Our intention is to give the reader an overview of the land-
scape of a vigorously developing field. Composite materials offer tremendous
opportunities for innovative, high-performance structures, if the models to describe
and predict their behavior under service environments are physically based and are
firmly rooted in mechanics. This book will hopefully contribute toward advancing
that purpose.

Ramesh Talreja
Janis Varna
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