
IMPACT MODELING OF POLYMER

COMPOSITES USING MACROSCALE

AND MULTISCALE TECHNIQUES

HARPREET SINGH

INDIAN INSTITUTE OF TECHNOLOGY DELHI

October, 2017



©Indian Institute of Technology Delhi (IITD), New Delhi 2017



IMPACT MODELING OF POLYMER

COMPOSITES USING MACROSCALE AND

MULTISCALE TECHNIQUES

by

Harpreet Singh

Department of Applied Mechanics

Submitted

In fulflllment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

October, 2017



Dedicated to my beloved parents and family



Certificate

This is to certify that the thesis entitled “Impact Modeling of Polymer Composites

Using Macroscale and Multiscale Techniques” being submitted by Mr. Harpreet

Singh is the report of bonafide research work carried by him under my supervision. This

thesis has bean prepared in conformity with the rules and regulations of INDIAN INSTI-

TUTE OF TECHNOLOGY DELHI. I further certify that the thesis has attained a standard

required for the award of doctor of philosophy degree of the Institute. The research reported

and the results presented in the thesis have not been submitted, in part or full to any other

institute or university for the award of any other degree or diploma.

Dr. Puneet Mahajan

Professor

Department of Applied Mechanics

Indian Institute of Technology Delhi

Huaz Khas, New Delhi-110016, INDIA

Date: October, 2017

Place: New Delhi

v



Acknowledgements

Before expressing my gratitude to those without whom it would not be possible for me to

be as I am, I would like to share my feelings for these wounderful and unforgetable past four

years of my life. I would like to say that Ph.D. is not an achievement it is a journey. After

going through this I felt lot of changes in me and came out as a commited, sincere and a

deep thinker.

For that, I would like to express my deepest gratitude to my research guru, my advisor

Prof. Puneet Mahajan for his guidance, support and encouragement without which the

work would have not been realized. The discussions those happened on each Saturday either

at his office or over coffee with him helped me to strengthen my computational mechanics

knowledge and accomplish my goals. I also admire him for being very patient, understanding

and providing me the guidance on all professional or personal fronts.

I am really thankful to my wife, Mandeep Kaur for supporting me in everything. Her

love, care and wisdom make me feel enriched and gives me a sense of completeness in my life.

I also acknowledge my daughters Guneet Kaur (Nonu) and Prabhnoor Kaur (Nooru)

for their love and for being part of my life although my appologies for not spending enough

time with them. These three always remind me what is important in my life.

Next, I thank all faulty members of Department of Applied Mechanics who played an

important role in my research experience at IIT Delhi. I am also thankful to all my colleagues

of Impact Mechanics lab specially Dr. Sangeeta Khare for her valueable support.

I am really blessed to have Mohit Gupta and Anurag Kumar Singh as friends during

this tenure. Their great support and technical discussions helped me to enrich my knowledge

regarding my research topic. No amount of words would suffice to thank them for their favor

and cooperation. I am especially grateful to Kiran Kumar Namala and Mohit Gupta

for conducting all the exeperiments related to my research.

vii



Acknowledgements

I would also like to thank all my colleagues and friends for their support and cooperation

during this period.

I am also grateful to my mother Smt. Harbir Kaur and my father S. Kulwant Singh

for their support and blessings. I also thank to my brother Damanpreet Singh and his

family for their motivation and support.

Above all, the Almighty.

Harpreet Singh

viii



Abstract

Composite materials, which are being used in aerospace industry, are susceptible to im-

pact during their service life. In the present work, numerical and analytical techniques for

modeling the impact response are discussed.

Based on the scale these techniques can be categorized as macroscale and multiscale.

In macroscale model, the heterogeneous material is replaced by an effective homogenized

material at lamina level. In the present research work both the macroscale and microscale

modeling techniques are investigated. Low velocity impact simulations for E-glass/epoxy

composite are performed using continuum damage mechanics (CDM) based macroscale ma-

terial model. These studies consider the elastic deformations and intralaminar/interlaminar

damage evolves exponentially or linearly with strain in these models. The choice of material

softening parameter, ‘m’ for a particular mesh size is discussed and determined from the

FE simulation of a single element model. The damage observed through the light projected

area on the laminate, contact forces and displacement plots with respect to time are studied

and compared with finite element analysis results to demonstrate the effectiveness of the

model.

Further, an elasto plastic damage model for three dimensional fiber reinforced polymer

(FRP) composite is proposed to simulate the progressive damage and damaged induced

inelastic deformation in case of low velocity impact. Exponential softening model is im-

plemented for damage growth prediction and a three dimensional plastic potential is used

for plastic surface growth. A user subroutine, VUMAT is written and implemented in

ABAQUS/Explicit. Low velocity impact simulations are performed with graphite/epoxy

laminate. Delamination behavior is simulated using surface based cohesive interaction be-

tween the adjacent laminae. The results show that the predicted behavior matches well with

experimental observations. The model is successfully able to capture the central deflection
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Abstract

of the laminate plate and permanent indentation on the surface.

An improved analytical model to predict the response of composite laminate under low

velocity large mass impact is proposed. A spring–mass system is used to represent the

contact, bending, shear and membrane stiffnesses of the laminate system. The stiffness

of the springs is evaluated by dividing the laminate into a central damaged region with

degraded stiffness surrounded by an undamaged region. The stiffness of the springs changes

as the damage region grows with time. The predictions of the force between impactor and

laminate and size of the damaged region from the proposed model are compared with the FE

simulation results and available experimental results in the literature for CFRP laminates.

The comparison demonstrates a good prediction capability of the proposed formulation.

The structural analysis of a composite material undergoing degradation in the proper-

ties can also be done using the multiscale approach. A multiscale procedure based on

asymptotic expansion homogenization (AEH) technique is formulated to study the inelastic

deformations and damage of FRP composite materials. The complex implementation and

high computational cost of AEH can be alleviated by the reduced order techniques. In the

present work, the reduced order AEH formulation is extended to capture the plasticity and

damage in the matrix. The initial studies are performed for representative volume element

(RVE) in absence of debonding which show the expected behavior. This new formulation

is applied to study the low velocity impact of composites. The results (force-time curves

and extent of damage) are validated with experiments. The model is successfully able to

capture the deflection at various points on the laminate and permanent indentation on the

surface. The effect of debonding of fiber-matrix interface was included in past by using

eigen deformation based formulation. Here, an alternate method is proposed to include the

debonding effects by modeling it as an additional interphase in RVE. Finally the low veloc-

ity impact simulation of a composite plate is carried out for the validation of proposed two

scale formulation. The importance of including the debonding effects is also demonstrated

in terms of significant difference in the results calculated by ignoring these effects.
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सार 
 
 
 
क�पोिजट साम�ी, िजसका उपयोग एयरो�पेस उ�योग म� �कया जा रहा है, उनक� सेवा जीवन के दौरान                
�भा�वत होने क� संभावना है। वत�मान काय� म�, �भाव ��त��या के मॉड�लगं के �लए स�ंया�मक और                
�व�लेषणा�मक   तकनीक�   पर   चचा�   क�   है। 

पमैाने के आधार पर इन तकनीक� को म�ैो�केल और म�ट��केल के �प म� वग�कृत �कया जा सकता                  
है। म�ैो�केल मॉडल म�, �वषम पदाथ� को ले�मना �तर पर एक �भावी होमोजीनाइ�ड साम�ी �वारा               
��त�था�पत �कया जाता है। वत�मान शोध काय� म� म�ैो�केल और माइ�ो�कोल मॉड�लगं तकनीक दोन�              
क� जांच क� है। ई-�लास / इपॉ�सी क�पोिजट के �लए कम वेग �भाव �समलेुशन, सात�य ��त यां��क�                 
(सीडीएम) आधा�रत म�ैो�केल साम�ी मॉडल का उपयोग करके �कया है। इन अ�ययन� म� लोचदार              
�व�पताओं पर �वचार �कया है और इन मॉडल� म� इं�ा-ला�मना / अतंर-ला�मना ��त तनाव के साथ तजेी                 
से या रै�खक �वक�सत होते ह�। एक �वशषे आकार के जाल के �लए साम�ी नरम परैामीटर, ‘m’ के                  
चनुाव पर चचा� क� है और एक एकल त�व मॉडल के FE �समलेुशन से �नधा��रत �कया है। समय के                   
बदलते संपक� बल�, �व�थापन के भखूडं� और �काश ��े�पत �े� के मा�यम से �नकाले हुए नकुसान का                 
अ�ययन �कया है और मॉडल के �भावशीलता का �दश�न करने के �लए FE �व�लेषण प�रणाम� के साथ                 
तलुना   क�   है। 

इसके अलावा, तीन आयामी फाइबर �ब�लत पॉ�लमर (एफआरपी) स�ंम� के �लए �न�न वेग �भाव के                
मामले म� हुए �ग�तशील ��त और ��त��त �नबा�ध �व�पण का अनकुरण करने के �लए एक इ�ता�टो                
�लाि�टक ��त मॉडल ��ता�वत �कया है। घातीय नरम मॉडल ��त व�ृ�ध क� भ�व�यवाणी के �लए लागू                
�कया है और �लाि�टक क� सतह के �वकास के �लए एक तीन आयामी �लाि�टक सभंा�य का उपयोग                 
�कया है। एक यजूर सब-��टन, VUMAT को ABAQUS/Explicit म� �लखा और काया�ि�वत �कया गया              
है। कम वेग �भाव �समलेुशन का उपयोग �ेफाइट / इपो�कक स�ंम� �कया है। सटे-ल�ैमना के बीच क�                 
सतह पर दगु�म �यवहार का �व�पण सतह आधा�रत cohesive interaction का उपयोग करके �कया है।               
प�रणाम बताते ह� �क अनमुा�नत �यवहार �योगा�मक अवलोकन के साथ अ�छ� तरह से मेल खाता है।                
मॉडल सफलतापवू�क �लेट क� सतह पर �थायी खरोज और क� ��य नीचे को झकुाव को कै�चर करने म�                 
स�म   है। 

कम वेग बड़े वजन के तहत ​ल�ैमनेट क� ��त��या का अनमुान लगाने के �लए एक बेहतर                 
�व�लेषणा�मक मॉडल का ��ताव �कया है। ​ि��गं- वजन �णाल� का उपयोग ल�ैमनेट के सपंक� , झकुाव,              
कतरनी और �झ�ल� कठोरता का ��त�न�ध�व करने के �लए �कया है। ि���ंस क� कठोरता का म�ूयांकन                
ल�ैमनेट को एक �नबा�ध �े� से �घरे हुए एक क� ��य �यनू कठोर ��त��त �े� म� �वभािजत करके �कया                  
है। ि���ंस क� कठोरता म� प�रवत�न ��त �े� के �प म� समय के साथ बढ़ता है। ��तावक मॉडल से                   
CFRP ल�ैमनेट के �लए �नकाले हुए ��त��त �े� के ​आकार ​और ल�ैमनेट और इ�प�ैटर बल क� FE                 
�समलेुशन के प�रणाम और सा�ह�य म� उपल�ध �योगा�मक प�रणाम से तलुना क� ह�। तलुना ��ता�वत               
स�ूीकरण   क�   अ�छ�   भ�व�यवाणी   �मता   दशा�ता   है। 

​गुण ​म� �गरावट के दौर से गुजरने वाल� क�पोिजट साम�ी का सरंचना�मक �व�लेषण म�ट��केल               
�ि�टकोण का उपयोग करके भी �कया जा सकता है। अ�स��टोट�क �व�तार होमोजीनाइजेशन (AEH)             
तकनीक के आधार पर एक बहु��या ���या को FRP क�पोिजट साम�ी के असगंत �वकृ�त और               
नकुसान का अ�ययन करने के �लए तयैार �कया गया है। ज�टल ��या�वयन और AEH क� उ�च                
क��यटेूशनल लागत को कम ऑड�र तकनीक� �वारा कम �कया जा सकता है। वत�मान काय� म�, म�ै��स                
म� �लाि�ट�सट� और नकुसान को कै�चर करने के �लए AEH फॉमू�लेशन को �व�ततृ �कया है। श�ुआती                



अ�ययन ��त�न�ध मा�ा त�व (REV) के �लए �कया है जो देब��डगं क� अनपुि�थ�त म� है जो अपे��त                 
�यवहार �दखाता है। कंपोिजट के कम वेग �भाव का अ�ययन करने के �लए यह नया �नधा�रण लागू                 
�कया गया है। प�रणाम (बल-समय व� और ��त क� सीमा) �योग� के साथ मा�य ह�। मॉडल                
सफलतापवू�क �लेट क� सतह पर �थायी खरोज और �व�भ�न �बदंओुं पर नीचे को झकुाव को कै�चर                
करने म� स�म है। Eigen �व�पण आधा�रत ढांचे का उपयोग करके पवू� म� फायर �बर-म�ै��स इंटरफ़ेस                
के देब��डगं का ​�भाव ​शा�मल �कया गया था। यहां, एक वकैि�पक �व�ध �वारा RVE म� अ�त�र�त                
इंटरफेस के �प म� मॉड�लगं �वारा देब��डगं ​�भाव शा�मल करने का ��ताव है। अतं म�, ��ता�वत दो                 
पमैाने क� स�ूीकरण क� पिु�ट के �लए एक क�पोिजट �लेट के कम वेग �भाव �समलेुशन �कया है।                 
देब��डगं के �भाव को शा�मल करने के मह�व को इन ​�भाव क� अनदेखी करके �नकाले प�रणाम� म�                 
मह�वपणू�   अतंर   के   संदभ�   म�   भी   �द�श�त   �कया   गया   है। 
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Fp Plastic potential function

Fij Strength parameter used for Tsai-Wu theory

Fth Threshold force for delamination

Fyield Yield function

Gij Shear Modulus in (i, j) plane, ij = 12, 23 and 13

Kij Stiffness coefficient for delamination representing ratio of force in i-direction to

displacement in j-direction

Lc Characterstic length of an element
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Lijkl(Y) Constant for simply supported-movable membrane

Lx Length of a brick element in x-direction

Ly Length of a brick element in y-direction

Qz Stiffness parameter for contact stiffness

R Radius of impactor

S12 Shear strength in (1, 2) plane

S13 Shear strength in (1, 3) plane

S23 Shear strength in (2, 3) plane

Sijkl Damage influence function

Vf Fiber volume fraction

Vo Initial velocity of impactor

WSE Strain energy per unit volume

X, Y , Z Strengths in x, y and z direction

XC Compressive strength in fiber direction

XT Tensile strength in fiber direction

YC Compressive strength in transverse direction

YT Tensile strength in transverse direction

Yc Compressive yield strength

Yt Tensile yield strength

Ē Effective modulus

L̄ijpq Homogenized constitive tensor

M̄ijpq Homogenized tensor relating eigen strain to normal strain
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C Stiffness tensor

Co Stiffness tensor for undamaged material

M Damage effect tensor or Integrity tensor

G Fracture energy release rate

GIII Mode-III fracture energy release rate

GII Mode-II fracture energy release rate

GI Mode-I fracture energy release rate

GS Fracture energy release rate due to shear tractions

Gc Critical fracture energy release rate

Gj
i Fracture energy release rate in phase i due to j type load

X Macroscope domain

Y Microscopic domain

C Stiffness coefficient

∆ Relative displacement between plies

σ̄ Effective stress

σ Stress tensor

Ω Damage tensor

ε Strain tensor

εe Elastic strain tensor

εp Plastic strain tensor

δij Kronecker delta

λ̇ Proportionality factor for plastic strains
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η Power exponent for Benzeggagh–Kenane (BK) law

x A vector in macroscale

y A vector in microscale

µ Coefficient of friction

ν Poission’s ratio

σ Stress

σeq Equivalent stress

σflow Flow stress

ε Strain

εe Elastic strain

εf Failure strain

εo Damage initiation strain

εp Plastic strain

(.)D Quantity for damaged material

(.)UD Quantity for undamaged material

(.)n nth load step value
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