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Abstract 

The brittle nature of the most of fibre reinforced polymer (FRP) composites causes they show 
high capability in absorbing the impact energy in vehicular structures. This energy absorption 
is introduced by various fracture mechanisms. In this regard, the fracture study is one of the 

most important areas to be considered in investigating the energy absorption capability of 

composite box structures. 

Various fracture mechanisms such as fibre breakage and buckling, matrix cracking and 

crushing, debonding at the fibre-matrix interface and especially plies delamination play 

important roles in progressive failure mode and energy absorption of composite tubes. 

Delamination occurs as results of shear and tensile separation between fronds. The main 

objective of this research is to study the effects of interlaminar fracture toughness on the 

progressive energy absorption of composite structures under quasi-static loading. In this 

regard, Mode-I, Mode-II and mixed-Mode I/II interlaminar fracture toughness of various 

types of FRP composites with various laminate designs are studied experimentally to 

investigate the relationship between interlaminar crack propagation and the energy absorption 

capability and crushing modes of composite structural elements. 
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Plan view of crushed CFRP and GFRP composite box struts 

The combination of brittle fracture, lamina bending, local buckling and transverse shearing 

crushing modes was found from experimental studies. New analytical solutions based on 

friction, bending and fracture mechanisms were proposed to predict the mean crushing force 

for each of these failure modes. The crushing process of composite boxes was also simulated 

by finite element software LS-DYNA and the results were verified with the relevant 

experimental and analytical results. 

i 



Lovingly dedicated to my Parents 

il 



Acknowledgement 

I would like to express my deepest gratitude to Dr. Homayoun Hadavinia for his 

encouragement, valuable advice, and guidance through my research work. 

I would like to particularly thank Dr. Akbar Aboutorabi for his support and great friendship 

along these past three years. Great thanks also to Dr George Simpson for providing helpful 

suggestions. 

I express my special thanks to engineering officers, Mr Dean Wells, Mr Alex Vine & Mr 

Colin Bradsell for their availability and technical advice. 

I also wish best of luck to my friends Benjamin, James & Karl for their future career. 

Last but not least, I am deeply grateful to my parents for their continuous support and 

encouragement. 

Iii 



Table of contents 
ABSTRACT ------------------------------------------------------------------------------------------------------ -I 

ACKNOWLEDGEMENT ------------------------------------------------------------------------------------- III 

TABLE OF CONTENTS- ------------------------------------------------------------------------------------ -IV 

LIST OF FIGURES -------------------------------------------------------------------------------------------- VII 

LIST OF TABLES---------------------------------------------------------------------------------------------- XII 

CHAPTER 1: ------------------------------------------------------------------------------------------------------- I 

INTRODUCTION & OBJECTIVE---------------------------------------------------------------------------- 1 

1. INTRODUCTION ------------------------------------------------------------------------------------------ 4 

1.1. FRAME WORK OF RESEARCH ............................................................................................................... 
4 

1.2. RESEARCH OBJECTIVE ......................................................................................................................... 
5 

1.3. THESIS STRUCTURE .............................................................................................................................. 
5 

CHAPTER 2: ----------------------------------------------------------------------------------------------------- 
8 

LITERATURE REVIEW ---------------------------------------------------------------------------------------8 

1. INTRODUCTION .................................................................................................................................................. 
9 

2. RESEARCH OBJECTIVE ------------------------------------------------------------------------------ 9 

2.1. ENERGY ABSORPTION CAPABILITY OF COMPOSITE MATERIALS ...................................................... 
10 

2.2. IMPACT SPEED .................................................................................................................................... 
11 

2.3. VALUATION CRITERIA FOR CRUSHING BEHAVIOUR .......................................................................... 
13 

2.4. PROPERTIES AND APPLICATIONS OF FIBRE-REINFORCED PLASTICS (FRP) 
..................................... 

13 

2.4,1. Synthetic inorganic fibres --------------------------------------------------------------------------------14 
2.4.2. Polymer matrix --------------------------------------------------------------------------------------------15 

2.5. FACTORS AFFECTING THE ENERGY ABSORPTION CAPABILITY ......................................................... 
15 

2.5.1. Fibre and matrix materials-------------------------------------------------------------------------------16 
2.5.2. Laminate design -------------------------------------------------------------------------------------------16 
2.5.3. Structural geometry ---------------------------------------17 
2.5.4. Strain rate sensitivirv -------------------------------------------------------------------------------------- 

18 
2.5.5. Impact of composite materials---------------------------------------------------------------------------19 

2.6. WOVEN COMPOSITES ......................................................................................................................... 
20 

2.7. COLLAPSE MODES AND FAILURE MECHANISMS .............................................................................. 
22 

2.8. FAILURE MECHANISMS ...................................................................................................................... 
23 

2.9. THEORETICAL PREDICTION OF CRUSHING ENERGY ......................................................................... 
28 

2.10. OFF-AXIS CRASHWORTHY BEHAVIOUR OF FRP COMPOSITE BOX STRUCTURES .............................. 31 

2.11. INTERLAMINAR FRACTURE TOUGHNESS AND ENERGY ABSORBING OF COMPOSITE STRUCTURES.. 32 

2.12. FINITE ELEMENT ANALYSIS (FEA) 
................................................................................................... 

33 

2.13. CONCLUSION 
...................................................................................................................................... 

34 

REFERENCES 
................................................................................................................................................... 

35 

CHAPTER 3- -----------------------------------------------------------------------------------------------------39 

EFFECT OF MODE-I DELAMINATION FAILURE IN CRASHWORTHINESS ANALYSIS OF 

COMPOSITE BOX STRUCTURES-------------------------------------------------------------------------- 39 

IV 



3. INTRODUCTION----------------------------------------------------------------------------------------- 42 

3.1. EXPERIMENTAL STUDIES ................................................................................................................... 42 
3.2. MECHANICAL PROPERTIES ................................................................................................................ 42 
3.3. DETERMINATION OF MODE-I FRACTURE TOUGHNESS ..................................................................... 

44 
3.4. COMPOSITE CRUSH BOX ..................................................................................................................... 47 
3.5. RESULTS AND DISCUSSION ................................................................................................................. 50 

3.5.1. Mode-I interlaminar fracture toughness ---------------------------------------------------------------50 3.5.2. Progressive crushing process----------------------------------------------------------------------------54 
3.6. CONCLUSION ...................................................................................................................................... 62 

CHAPTER 4- ------------------------------------------------------------------------------------------------------66 

EFFECT OF MODE-II DELAMINATION FAILURE IN CRASHWORTHINESS ANALYSIS OF 
COMPOSITE BOX STRUCTURES--------------------------------------------------------------------------66 

4. INTRODUCTION- ---------------------------------------------------------------------------------------69 

4.1. EXPERIMENTAL STUDIES ................................................................................................................... 69 
4.1.1. Mechanical properties ------------------------------------------------------------------------------------69 

4.2. MODE-II INTERLAMINAR FRACTURE TOUGHNESS ............................................................................ 
70 

4.3. DETERMINATION OF MODE-II INTERLAMINAR FRACTURE TOUGHNESS ......................................... 72 
4.4. COMPOSITE CRUSH BOX ..................................................................................................................... 74 
4.5. COMPLIANCE OF THE 3-ENF SPECIMEN ........................................................................................... 74 

4.5.1. Un-cracked portion (a <x< 2L)------------------------------------------------------------------------76 
4.5.2. Cracked portion (0 <x< a) -----------------------------------------------------------------------------78 4.6. PROGRESSIVE CRUSHING PROCESS OF WOVEN CFRP COMPOSITE CRUSH BOX .............................. 

82 
4.7. PROGRESSIVE CRUSHING PROCESS OF WOVEN GFRP COMPOSITE CRUSH BOX .............................. 88 
4.8. CONCLUSION 

...................................................................................................................................... 
89 

REFERENCES 
................................................................................................................................................... 91 

CHAPTER 5: --------------------------------------------------------------------------------------------------- -93 

EFFECT OF MIXED-MODE-1/11 DELAMINATION FAILURE IN OFF-AXIS CRASHWORTHINESS 

ANALYSIS OF COMPOSITE BOX STRUCTURES-----------------------------------------------------93 

5. INTRODUCTION ----------------------------------------------------------------------------------------- 96 

5.1. EXPERIMENTAL STUDIES ................................................................................................................... 
96 

5.2. DETERMINATION OF MIXED-MODE-VII INTERLAMINAR FRACTURE TOUGHNESS .......................... 96 
5.3. MIXED-MODE UII INTERLAMINAR FRACTURE TOUGHNESS ............................................................. 

98 
5.4. COMPOSITE CRUSH BOX ................................................................................................................... 

102 
5.5. OFF-AXIS CRUSHING PROCESS OF CRUSH BOX ................................................................................ 

104 
5.6. CONCLUSION 

.................................................................................................................................... 
111 

REFERENCES 
................................................................................................................................................. 112 

CHAPTER 6: -------------------------------------------------------------------------------------------------- 115 

EFFECT OF DELAMINATION FAILURE IN CRASHWORTHINESS ANALYSIS OF HYBRID 
COMPOSITE BOX STRUCTURES------------------------------------------------------------------------ 115 

6. INTRODUCTION- ------------------------------------------------------------------------------------ 118 

6.1. EXPERIMENTAL STUDIES ................................................................................................................. 118 
6.1.1. Determination of Mode-I interlaminar fracture toughness ---------------------------------------- 118 
6.1.2. Determination of Mode-II interlaminar fracture toughness using ELS specimen--------------- 123 

6.2. MODE II INTERLAMINAR FRACTURE TOUGHNESS .......................................................................... 
124 

6.3. COMPOSITE CRUSH BOX ................................................................................................................... 
130 

6.4. PROGRESSIVE CRUSHING PROCESS OF HYBRID COMPOSITE CRUSH BOX ....................................... 131 

V 



6.5. CRUSHING BEHAVIOUR OF STIFFENED COMPOSITE BOX STRUCTURES .......................................... 137 
6.5.1. Experimental studies ------------------------------------------------------------------------------------ 137 
6.5.2. Crushing response of stiffened composite box structures ------------------------------------------ 139 

6.6. CONCLUSION 
.................................................................................................................................... 139 

REFERENCES 
................................................................................................................................................. 141 

CHAPTER 7: ---------------------------------------------------------------------------------------------------- 144 

ANALYTICAL PREDICTION OF MEAN CRUSHING FORCE IN PROGRESSIVE CRUSHING 
FAILURE -------------------------------------------------------------------------------------------------------- 144 

7. INTRODUCTION--------------------------------------------------------------------------------------- 147 

7.1. THEORETICAL PREDICTION ............................................................................................................. 
147 

7.2. LAMINA BENDING/BRITTLE FRACTURE CRUSHING MODE ............................................................... 
147 

7.3. LOCAL BUCKLING/TRANSVERSE SHEARING CRUSHING MODE ........................................................ 152 
7.4. BRITTLE FRACTURE CRUSHING MODE ............................................................................................. 

154 
7.5. CONCLUSION 

.................................................................................................................................... 158 
REFERENCES 

................................................................................................................................................. 
160 

CHAPTER 8: --------------------------------------------------------------------------------------------------- 161 

FINITE ELEMENT ANALYSIS OF PROGRESSIVE FAILURE OF COMPOSITE CRUSH BOX 

USING LSDYNA ----------------------------------------------------------------------------------------------- 161 

8. INTRODUCTION--------------------------------------------------------------------------------------- 163 

8.1. FINITE ELEMENT ANALYSIS (FEA) 
................................................................................................. 

163 
8.2. LOADING CONDITIONS ..................................................................................................................... 164 
8.3. FINITE ELEMENT MODELLING PROCESS .......................................................................................... 

167 
8.3.1. Geometry and element definition ----------------------------------------------------------------------167 
8.3.2. Material modelling and composite failure criteria-------------------------------------------------- 168 
8.3.3. Delamination modelling --------------------------------------------------------------------------------170 
8.3.4. Contact modelling---------------------------------------------------------------------------------------176 
8.3.5. Boundary conditions ------------------------------------------------------------------------------------177 

8.4. RESULTS AND DISCUSSION ............................................................................................................... 
178 

8.4.1. Axial crushing--------------------------------------------------------------------------------------------178 
8.4.2. Off-axis crushing -------------------------------------------------183 

8.5. CONCLUSION .................................................................................................................................... 187 
REFERENCES ................................................................................................................................................. 188 

CHAPTER 9: -------------------------------------------------------------------------------------------------- 190 

CONCLUSION & FUTURE WORKS --------------------------------------------------------------------- 190 

9.1. CONCLUSION ------------------------------------------- 191 

9.2. CRITICAL APPRAISAL------------------------------------------------------------------------------ 194 

9.3. FUTURE WORK---------------------------------------------------------------------------------------- 194 

PUBLICATIONS ----------------------------------------------------------------------------------------------- 196 

vi 



List of Figures 

Chanter I Page 

Chapter 2 

Figure 2.1. Crashworthiness of FRP composite airframe substructures 9 

Figure 2.2. Impact speeds for energy absorbers 12 

Figure 2.3. Classification of composite materials 14 

Figure 2.4. Various types of trigger mechanism 18 

Figure 2.5.2D-Weave composites 21 

Figure 2.6. Typical collapse modes for composite tubes 22 

Figure 2.7. Fracture mechanisms observed in laminates 24 

Figure 2.8. Crushing modes 27 

Figure 2.9. Configuration of the crush zone in the middle of the tube side 29 

Chapter 3 

Figure 3.1. Direction of crack propagation in CFRP specimen 45 

Figure 3.2. Double Cantilever Beam (DCB) specimen 45 

Figure 3.3. GFRP DCB test specimen in universal testing machine 46 

Figure 3.4. GFRP and CFRP composite crush box specimens 49 

Figure 3.5. Resistance curve (R-curve) in a DCB specimen with 0/90 fracture plane 
interface using MBT and MCC methods 51 

Figure 3.6. Optical micrograph from fracture surface of CFRP-DCB specimens showing 
fibre breakage combination of intralaminar 52 

Figure 3.7. Force-load line displacement from CFRP-DCB tests for various mid-plane 
interfaces 52 

Figure 3.8. Transverse cracking in DCB specimen 52 

Figure 3.9. Resistance curve (R-curve) in CFRP-DCB specimens 54 

vfi 



Figure 3.10. Plane view of crushed GFRP composite box 55 

Figure 3.11. Plane view of crushed CFRP composite box 56 

Figure 3.12. Crush zone of GFRP composite box 57 

Figure 3.13. Mode-I interlaminar crack propagation at the middle of box wall 57 

Figure 3.14. The comparison of force-crush distance in a square GFRP crush box for 
various lay-ups 58 

Figure 3.15. Variation of specific energy absorption (SEA) with interlaminar fracture 
toughness, Gig for various box lay-ups 59 

Figure 3.16. Comparison of force-crush distance of CFRP composite boxes with 
different layup 61 

Figure 3.17. Variation of crush force efficiency (CFE) versus summation of interlaminar 
fracture toughness in Mode-I 62 

Figure 3.18. Illustration of lamina bending crushing mode in CFRP composite box with 
laminate design of [0]4 and [0/45]2 63 

Chapter 4 

Figure 4.1. Geometries of 3-ENF specimens 71 

Figure 4.2. Force-load line displacement from 3ENF tests for various mid-plane 
interfaces 72 

Figure 4.3. GFRP composite crush box specimens 73 

Figure 4.4. The mode-II delamination specimens 74 

Figure 4.5. The beam theory model for 3-ENF specimen 75 

Figure 4.6. Upper half beam model of second sub-problem 76 

Figure 4.7. Beam internal forces 77 

Figure 4.8. Resistance curve (R-curve) in 3ENF woven CFRP specimens 81 

Figure 4.9. Resistance curve (R-curve) in woven GFRP 3ENF specimens with 0/0 
fracture plane interface 82 

Figure 4.10. Plane view of crushed CFRP composite box 83 

viii 



Figure 4.11. Mode-I & Mode-II interlaminar crack propagation at the central interwall 
in [0/45]2 and [0]4 CFRP composite boxes 85 

Figure 4.12. Comparison of force-crush distance of CFRP composite boxes with 
different layup 86 

Figure 4.13. (a) Variation of specific energy absorption (SEA) and (b) crush force 
efficiency (CFE) versus summation of interlaminar fracture toughness in Mode-I and 
Mode-II 87 

Figure 4.14. Various crushing stages of woven glass/epoxy composite box in axial 
crushing 88 

Figure 4.15. Fracture mechanisms of brittle fracture crushing mode at the central 
interwall in [0]1o GFRP composite box 89 

Chanter 5 

Figure 5.1. ADCB specimen for mixed-Mode UII delamination testing 97 

Figure 5.2. Force-load line displacement from (a) symmetric and asymmetric ADCB and 
(b) 3ENF tests 98 

Figure 5.3. GFRP ADCB test specimens under loading, a) ADCBB and b) ADCBUB and 
c) Transverse crack propagation 100 

Figure 5.4. Resistance curve (R-curve) in ADCB specimens with 0//0 fracture plane 
interface 102 

Figure 5.5. Wedge-shape base for off-axis crushing tests, at off-axis angles of 0= 5°, 10°, 
20° and 30° 103 

Figure 5.6. Crushing process of woven glasslepoxy composite boxes under off-axis 
loading of 0= 50,10°, 20° and 30° 104 

Figure 5.7. Various crushing stages of woven glass/epoxy composite box in axial crushing 
(0 =0) and off-axis loading at (0 =5°) 105 

Figure 5.8. Comparison of axial and off-axis crushing process, a) axial crushing and b) 

off-axis crushing 106 

Figure 5.9. Crushing process analysis of woven glass/epoxy composite box at off-axis 
loading of 10° 107 

Figure 5.10. Ideal crush zone, (a) Brittle fracture crushing mode in axial crushing and 
(b) Crack propagation in mixed-Mode VII in off-axis angle of 10° 108 

Figure 5.11. Variation of specific energy absorption (SEA) versus off-axis angle for 
GFRP composite box 109 

ix 



Figure 5.12. Crushing process analysis of woven glass/epoxy composite box at off-axis 
loading of 20 and 30° 110 

Figure C5.13. Delaminated laminates under bending 113 

Chapter 6 

Figure 6.1. Typical crack propagation in Mode-I delamination at fracture plane 
interface 119 

Figure 6.2. Resistance curve (R-curve) in DCB specimens with various fracture plane 
interfaces using MBT and MCC methods 121 

Figure 6.3. Force-load line displacement from ELS tests for various mid-plane 
interfaces. 123 

Figure 6.4. Force-load line displacement from ELS tests for various mid-plane 
interfaces 124 

Figure 6.5. ELS specimen for Mode II delamination testing 125 

Figure 6.6. Resistance curve (R-curve) in ELS specimens with various fracture plane 
interfaces using ECM and CBT methods 129 

Figure 6.7. bending crushing mode of various lay-ups of hybrid composite box 131 

Figure 6.8. The comparison of force-crush distance in a hybrid composite crush box for 
various lay-ups 133 

Figure 6.9. Mode-I and Mode-II interlaminar crack propagation at the central interwall 
in all composite boxes 135 

Figure 6.10. Variation of SEA versus (a) Gic +GIrc and (b) G; c +2G 2C 136 

Figure 6.11. Assembled crash boxes made from bonding (a) Two channels and b) Two 

channels stiffened with V-shape stiffener before and after crushing 138 

Figure 6.12. Comparison of force-crush distance of CFRP assembled and simple boxes. 
139 

Chapter 7 

Figure 7.1. Ideal crush zone 148 

Figure 7.2. Mode-I and Mode-II interlaminar crack propagation at the central interwall 
in [0/45]2 and [0]4 boxes 149 

X 



Figure 7.3. Plane view of crushed CFRP composite box of [4514 153 

Figure 7.4. Ideal crush zone, brittle fracture crushing mode in axial crushing, (a) 
Analytical model (b) Experimental 155 

Chapter 8 

Figure 8.1. Load rise time in category of various loading conditions 164 

Figure 8.2. Finite element model of GFRP and CFRP composite box 167 

Figure 8.3. Bi-linear Traction-Separation law in pure Mode I loading 171 

Figure 8.4. Mode-I delamination growth in finite element modelling of CFRP composite 
box structures 173 

Figure 8.5. The comparison of final element deformation 174 

Figure 8.6. Comparison of force-crush distance between single-layer-shell and double- 
layer-shell CFRP composite box 175 

Figure 8.7. Effect of mass scaling on the internal and kinetic energy in quasi-static 
simulation of off-axis loading of 5° 177 

Figure 8.8. Comparison of final deformed shape of the GFRP [O/90]1o lay-up box in 
plain view. a) FEA result, b) experiment 179 

Figure 8.9. Comparison of experimental and FE results for GFRP composite box with 
[0/90]10 lay-up 180 

Figure 8.10. Various stages of crushing process of CFRP composite box 181 

Figure 8.11. Comparison of experimental and FE force-crush distance results for 
twill/weave CFRP composite box 182 

Figure 8.12. Various stages of 5° off-axis angle at crushing process of GFRP composite 
box structures 183 

Figure 8.13. Comparison of experimental and FE force-crush distance results for woven 
GFRP composite box under various off-axis loading 185 

Figure 8.14. Comparison of plane view of experimental and FE final element 
deformation results 186 

xi 



List of Tables 
Chapter 1 

Chapter 2 

Chapter 3 

Table 3.1. Material properties of a) the GFRP and b) CFRP 

Table 3.2. Interlaminar fracture toughness obtained from DCB tests for various 
interface fibre orientations 

Table 3.3. Interlaminar fracture toughness obtained from DCB test for various 
interface fibre orientations 

Page 

44 

50 

54 

Table 3.4. Comparison of SEA and Mode-I interlaminar fracture toughness for GFRP 
crush boxes 60 

Table 3.5. Comparison of experimental SEA and summation of Mode-I interlaminar 
fracture toughness 61 

Chapter 4 

Table 4.1. Material properties of the woven a) GFRP and b) CFRP composite materials. 
70 

Table 4.2. Interlaminar fracture toughness obtained from 3ENF tests for various 
interface fibre orientations 80 

Table 4.3. Comparison of experimental SEA and summation of Mode-I and Mode-II 
interlaminar fracture toughness 86 

Chanter 5 

Table 5.1. Interlaminar fracture toughness obtained from ADCBB and ADCBUB tests 
101 

Table 5.2. Interlaminar fracture toughness obtained from 3ENF and DCB tests 101 

Chapter 6. 

Table 6.1. Material properties of the woven a) Unidirectional-CFRP and b) Woven- 
CFRP composite materials 118 

Table 6.2. Interlaminar fracture toughness obtained from DCB tests for various 
interface fibre orientations 122 

Al 



Table 6.3. Various lay-ups of hybrid composite box structures 122 

Table 6.4. Interlaminar fracture toughness obtained from ELS tests for various 
interface fibre orientations 130 

Chanter 7 

Table 7.1. Comparison of experimental and analytical mean force results of each 
laminate design 154 

Table 7.2. Comparison of experimental and analytical mean force (Fm) results of GFRP 
composite box in brittle fracture crushing mode 158 

Table 7.3. Contribution of dissipated energy for each failure mechanism of various 
crushing modes 159 

Chanter 8 

Table 8.1. Comparison of experimental, and FEA mean force results of each laminate 
design of CFRP composite box 180 

Table 8.2. Comparison of experimental and FEA mean force (Fn, ) results of each 
laminate design 184 

X111 



Chapter 1: Introduction & Objective 

Chapter 1: 

Introduction & Objective 

1 
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Nomenclature 

ADCB asymmetric double-cantilever beam 

a crack length 

ae effective crack length 

b side of box 

C compliance 

CFE crush force efficiency 

CFRP carbon fibre reinforced plastic 

DCB double-cantilever beam 

3ENF three-point-end-notched flexure 

E Young's modulus 

F load 

F,,.,, initial maximum load 

F. mean load 

G12 shear modulus 

G, c Mode-I interlaminar fracture toughness 

G�c Mode-II interlaminar fracture toughness 

GFRP glass fibre-reinforced polymer 

h ENF specimen half-thickness 

L half span of ENF specimen 

SEA specific energy absorption 

t crush box wall thickness 

Vf fibre volume fraction 

Ue external work 

Uf energy dissipated by friction 
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Chapter 1: Introduction & Objective 

Ub energy dissipated in bending 

Uhu energy dissipated in local buckling 

Uhf 
energy dissipated by bundle fracture 

U, energy dissipated in axial splitting 

Ua energy dissipated by delamination 

U,, energy dissipated in shear deformation 

ULBIBF energy dissipated for lamina bending/brittle fracture crushing modes 

UBUirs energy dissipated for local buckling/transverse shearing crushing modes 

x sliding distance on the platen 

Y geometry factor 

Z crushing distance 

v Poisson's ratio 

A crush length of a single stroke 

ß weight factor 

P coefficient of friction 

8 displacement 

Qu ultimate tensile stress 

ab flexural strength 

zs shear strength 

B fibre orientation 

V semi-angle of the wedge 

0 crack length correction factor in DCB test 
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Chapter 1: Introduction & Objective 

1. Introduction 

Crashworthiness of fibre-reinforced polymer (FRP) composite materials and structures is 

classified on how they deform, fail and absorb the crashing energy in a controllable 

behaviour. The high energy absorbing capabilities of fibre reinforced polymer composite 

(FRP) materials is one of the main factors in their application in high performance 

automotives and airframe substructures. They also provide other functional and economic 

benefits such as enhanced strength, durability, weight reduction and hence lower fuel 

consumption. For structural vehicle crashworthiness, FRP composites are able to collapse in a 

progressive, controlled manner which results in high specific energy absorption in the event 

of a crash. Unlike metals and polymers, the progressive energy absorption of composite 

structures is dominated by extensive micro-fracture instead of plastic deformation. In this 

Chapter the frame work of research and research objectives are explained in detail. 

I. I. Frame work of research 

Various fracture mechanisms such as fibre breakage and buckling, matrix cracking and 

crushing, debonding at the fibre-matrix interface and especially plies delamination play 

important roles in progressive failure mode and energy absorption of composite tubes. 

Delamination occurs as a result of shear and tensile separation between fronds. The main 

objective of this research is to study the effects of interlaminar fracture toughness on the 

progressive energy absorption of composite structures under quasi-static loading. In this 

regard, Mode-I, Mode-II and mixed-Mode I/II interlaminar fracture toughness of various 

types of FRP composites with various laminate designs are studied experimentally to 

investigate the relationship between interlaminar crack propagation and the energy absorption 

capability and crushing modes of composite structural elements. 

The combination of brittle fracture, lamina bending, local buckling and transverse shearing 

crushing modes was found from experimental studies. New analytical solutions based on 

friction, bending and fracture mechanisms were proposed to predict the mean crushing force 

for each of these failure crushing modes. The crushing process of composite boxes was also 

simulated by finite element software LS-DYNA and the results were verified with the 

relevant experimental and analytical results. 
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Chapter 1: Introduction & Objective 

1.2. Research objective 

The main objective of this research is to investigate the effect of interlaminar fracture 

toughness on the energy absorption of composite box structures in a crashing event. New 

analytical models were introduced to predict the mean crushing force in each progressive 
failure mode of composite box components. 
The main goals of this work can be summarised as follows, 

" Effect of Mode-I interlaminar fracture toughness on the progressive crushing of 

composite box, 

" Effect of Mode-II interlaminar fracture toughness on the progressive crushing of 

composite box, 

" Effect of mixed-Mode-1/11 interlaminar fracture toughness on the off-axis crushing of 

composite box, 

" Energy absorption and progressive crushing behaviour of hybrid composite box 

structures, 

" Theoretical prediction of mean crushing force in progressive failure of FRP composite 
box structures; 

" Finite Element analysis of progressive failure crushing of composite box structures in 

LSDYNA. 

1.3. Thesis structure 

This section presents a concise overview of the different chapters appearing in this thesis. 

Chapter 2: Literature Review 

The energy absorption capabilities of composite tubular structures are generally reviewed in 

this chapter. The influence of various parameters such as material selection, laminate design, 

impact speed, structural geometry, strain rate sensitivity and all failure collapse mechanisms 

are discussed in detail. 

Chanter 3: Mode-1 interlaminar fracture toughness and energy absorption of composite box 

structures 
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Chapter 1: Introduction & Objective 

This chapter mainly focuses on the effect of fibre orientation and stacking sequence on Gic 

and SEA. The manufacture and testing of DCB and crush box specimens is described with 
different lay-ups of composite material i. e. GFRP and CFRP but with the same geometry. 
The experimental results are compared together to find the relationship between G« and 
SEA. 

Chapter 4: Mode-Il interlaminar fracture toughness and energy absorption of composite box 

structures 
This chapter is in continuation of Chapter-3 to study the effect of fibre orientation and 

stacking sequence on Mode-II interlaminar fracture toughness, Gpc, and specific energy 

absorption, SEA. The manufacture and testing of 3-ENF and crush box specimens is 

described with different lay-ups of woven CFRP and GFRP composite material. The 

experimental results are compared together to find the relationship between G«c and SEA. 

Chapter 5: Mixed-Mode UII interlaminar fracture toughness and off-axis crashworthiness of 

composite box structures 
This chapter contains a description of work to investigate the energy absorption capability of 

woven GFRP composite box under various off-axis crushing loadings. 

In this regard, the effect of delamination cracks growth in Mode-II, G�C, and Mixed-Mode 

I/II, G1,11 , was investigated on the specific energy absorption, SEA. The manufacture and 

testing of 3-ENF and ADCB and crush box specimens is described with different lay-ups of 

woven GFRP composite material. The experimental results are compared together to find the 

relationship between delamination crack growth in Mode-II and mixed-Mode-1/11 and SEA. 

Chanter 6: Effects of delamination failure in crashworthiness analysis of hybrid composite 

box structures 

This chapter contains a description of work carried out to investigate the effects of 

delamination failure of hybrid composite box structures to examine their crashworthy 

behaviour compared to pure ones. In this work the combinations of twill-weave and 

unidirectional CFRP composite materials are used to laminate the composite boxes. 
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Chapter 1: Introduction & Objective 

Chapter 7: Theoretical prediction of mean crushing force in progressive failure of composite 
box structures 

In this chapter a theoretical prediction based on friction, bending and fracture mechanisms to 

predict the mean crushing force for the combination of failure crushing modes is proposed. 

Chapter 8: Finite Element analysis of progressive failure crushing of composite box 

structures. 
In this chapter an analysis and investigation of the crushing characteristics of thin-walled 

GFRP and CFRP composite crush components, by simulating the response of composite box 

subjected to quasi-static axial and off-axis compression loading, using LS-DYNA finite 

element code is described. 

Chapter 9: Conclusion and future work 

In this chapter the accomplishments and contribution to knowledge of the work described in 

this thesis are summarised. At the end suggestions for different ways of possible future 

research continuing from this work are proposed. 
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Chapter 2: Literature Review 

1. Introduction 

The present chapter is mainly focused on the literature review of principals of composite 

material structures and also previous researches related to crashworthiness of composite 

tubular structures. 

2. Research obiective 

Crashworthiness of fibre-reinforced polymer (FRP) composite materials and structures is 

classified on how they deform, fail and absorb the crashing energy in a controllable 

behaviour. The high energy absorbing capabilities of fibre reinforced polymer composite 

(FRP) materials is one of the main factors in their application in high performance 

automotives and airframe substructures (see Figure 2.1). This energy absorption is 

accompanied by various intralaminar and interlaminar fracture mechanisms. In this regard, 

the fracture based on delamination growth study is one of the most important areas to be 

considered in investigating the energy absorption capability of composite structures. Various 

fracture mechanisms such as fibre breakage and buckling, matrix cracking and crushing, 

debonding at the fibre-matrix interface and especially plies delamination play important roles 

on progressive failure mode and energy absorption of composite structures. Delamination 

occurs as results of shear and tensile separation between fronds. 
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Fig. 2.1. Crashworthiness of FRP composite airframe substructures [2]. 
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The main objective of this research is to study the effects of interlaminar fracture toughness 

on the progressive energy absorption of composite structures under quasi-static loading. In 

this regard, Mode-I, Mode-II and mixed-Mode I/II interlaminar fracture toughness of various 
FRP composites with different laminate designs are studied experimentally to investigate the 

relationship between interlaminar crack propagation and the energy absorption capability and 

crushing modes of composite box structures. 

The combination of brittle fracture, lamina bending, local buckling and transverse shearing 

crushing modes was found from experimental studies. New analytical solutions based on 
friction, bending and fracture mechanisms were proposed to predict the mean crushing force 

for each of these failure modes. The crushing process of composite boxes was also 
investigated by explicit finite element software LS-DYNA and the results were verified with 

the relevant experimental and analytical results. 

2.1. Energy absorption capability of composite materials 

Collapsible impact energy absorbers made of fibre reinforced composite materials are 

structural elements used in a broad range of automotive and aerospace applications, since 

they provide considerable functional and economic benefits such as enhanced strength and 

durability, weight reduction and lower fuel consumption. Moreover, they have been found to 

ensure an enhanced level of structural vehicle crashworthiness, being capable of collapsing 

progressively in a controlled manner that ensures high crash energy absorption in the event of 

a sudden collision. 

In contrast to the response of metals and polymers however, progressive crushing of 

composite collapsible energy absorbers is dominated by extensive fracture mechanisms 

instead of plastic deformation [1-3]. 

The main advantages of fibre reinforced composite materials over more conventional 

isotropic materials, however, are the very high specific strengths and vary the variety of fibre, 

matrix and fibre orientation to produce composites with improved material properties. 

There are several ways to absorb the impact energy. Deformation of solids is the most 

common; usually energy is absorbed in plastic flow, although appreciable amounts of energy 

can also be absorbed in controlled brittle fracture. Absorbers can be reusable like a hydraulic 

damper; rechargeable with the energy absorbing component being replaced in a permanent 
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container; or expandable, as in the collapse of a vehicle structure during a crash. Composite 

materials have significant potential for absorbing kinetic energy during a crash. The energy 

absorbers application depends on the type of impact force. This can be distributed over the 

whole of the impact body, as in explosion loading, or it can be localized, with a small or 

pointed body hitting a large one. The large body may deform in an overall manner in the 

same way as if the load were distributed, or the small body may penetrate it locally. 

The energy absorption capability of composite materials offers an exceptional combination of 

reduced structural weight and improved vehicle safety by higher or at least equivalent crash 

resistance compared with metal structures. Crash resistance covers the energy absorbing 

capability of crushing structural parts as well as the demand to supply a protective shell 

around vehicle occupants. The basic principle of occupant crash protection has been used in 

the automotive field since the early 1950s, and crash safety has meanwhile become a well- 

established car design requirement. In aeronautics, the first structural design requirements for 

better crash protection were studied for military helicopters and light fixed-wing aircraft in 

the form of the aircraft crash survival design guide [5]. In aerospace application the material 

structures considered are higher-performance types such as epoxy resins reinforced with glass 
fibres and, increasingly, aramid and carbon fibres on hybrids composites. In the automotive 

area reinforced polymers must satisfy a complex set of design requirements-among others the 

crash energy absorption management in the front-end and side structures of cars [6-7]. 

2.2. Impact speed 

The impact speeds can be divided generally to three main ranges, as can be seen in Figure 

2.2. These ranges are relevant to general interest for energy dissipation. At speeds between I 

to 15 m s-1, impact behaviour can be related to static or vibration behaviour. At speeds in this 

range large objects with weights measured in tonnes can possibly be stopped without 

departing from normal methods of construction. The survivable vehicle accident is an 

example for this range with the purpose to stop the crashing vehicle without damaging or 

releasing its components. 

At speeds from 150 to 1500 m s-', dynamic effects make impact manner significantly 

different from static manner. Thus, material properties can probably be related to their static 

properties. This range covers the conventional terminal ballistics with bullets, bombs and 
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shells. Regarding the density of rigid objects, weight can be varied from a few grams to a few 

hundred kilograms, which need to be stopped without excessive damage to the target. 

The last range is related to speeds from 3000 to 30000 m s-1. In this case the material 
behaviour is completely different from static behaviour. Materials are vaporized and solid 
flows as liquids. This range includes jets of liquid metal from shaped explosive charges 

penetrating heavy armour, and micrometeorites impacting lightly constructed spacecraft [4]. 

Hyper velocity 
Static and Vibration Terminal region 
theory applicable ballistic 

Shaped explosive 
charges 

Vehicle impacts 

Bullets 
and shells 

14 

Meteorites 
on spacecraft 

Survivable 

Not 
survivable 

Bombs 

1 10 102 103 

Impact speed (m s-1) 

Fig. 2.2. Impact speeds for energy absorbers [4]. 
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2.3. Valuation criteria for crushing behaviour 

There are many important variables which must be considered in the study of energy 

absorption capabilities. These include material; manufacturing method; microstructure; 

geometry of specimen, including any crush initiator used; and rate of crush. One of the most 
important parameters is the specific energy absorption (SEA) performance of collapsing or 

crushing material specimens or structural parts. This value is related to the absorbed energy 

compared to the mass of the absorber or structure. Thus, it is an important criterion for 

lightweight designs. Another important factor in the study of energy absorption for energy 

management capabilities is the shape of the force-crush distance curve. One measure which is 

used to characterise the shape of the curve is called crush-force efficiency (CFE). This value 

relates the average crush force (Fm) to the maximum force (F., ) of the crush characteristic. 

The highest force occurs normally at the initiation phase. An absorber with a rectangular- 

shaped force-crush distance curve and theoretical maximum energy absorption has a crush 
force efficiency of 100%. One does not want the maximum force to be much greater than the 

average crush force, because the goal in energy management is to absorb all the energy 

without imparting large force to the passengers. 

Stroke efficiency (SE) is another parameter in energy absorption management which is 

defined as the ratio of the stroke at bottoming out to the initial length of the absorbers, and 

high ratio indicates efficient use of the material. 

2.4. Properties and applications of fibre-reinforced plastics (FRP) 

Density, stiffness and strength are the most important properties of fibre-reinforced plastic 

(FRP), and these would definitely be the design drivers for materials' selection for transport 

applications such as aircraft, motor vehicles and trains [8]. A fibrous reinforcement is 

characterised by its length being much greater than its cross section dimensions. Hence, the 

ratio of length to a cross-section dimension, known as the aspect ratio can vary significantly. 

In single-layer composites long fibres with high aspect ratios give what are called continuous 

fibre-reinforced composites, whereas discontinuous fibre composites are fabricated using 

short fibres of low aspect ratio [8). Figure 2.3 illustrates a generally employed classification 

scheme for composite materials which utilises this description for the reinforcement. 
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Composite material 

Fibre-reinforced composites Particle-reinforced composites 
(fibrous composites) (particulate composites) 

Single-layer composites 
(including composites having same 

orientation & properties in each layer) 

II 

Multilayer 
(angle ply composites) 

Laminates Hybrids 

Random Preferred 
orientation orientation 

Continuous fibre- Discontinuous fibre- 
reinforced composites reinforced composites 

I 

Unidirectional Bidirectional Random Preferred 
reinforcement reinforcement orientation orientation 

(woven reinforcement) 

Fig. 2.3. Classification of composite materials [8]. 

2.4.1. Synthetic inorganic fibres 

Glass and carbon are two of the most important synthetic inorganic fibres. Glass is a non- 

crystalline material with a short-range network structure. As such it has no unique 

microstructure and the properties, which are determined mainly by composition and surface 
finish, are isotropic. There are many groups of glasses, for example silica, oxynitride, 

phosphate and halide glasses, but currently in composite technology only the silica glasses 

are important. Carbon has two common crystalline forms (diamond and graphite), but it also 

exists in quasi-crystalline and glassy states. In fibre technology, graphite is the most 

important structural form of carbon. The graphitic structure consists of strongly bonded 

hexagonal layers, which are called the basal planes, with weak interlayer van der Waals 

bonds [8]. 
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2.4.2. Polymer matrix 

Polymer materials are the most common matrix material for composites. Polymers are 

categorised to three classes of thermosets, thermoplastics and rubbers. There are two main 

reasons for this category. Firstly, in general the mechanical properties of polymers are 
insufficient for many structural purposes. In particular their strength and stiffness are low 

compared with metals and ceramics. This means that there is a considerable benefit to be 

gained by reinforcing polymers, and the reinforcement does not have to have special 

properties. Secondly, and most essentially, the processing of polymer matrix composites 

(PMCs) need not involve high pressure and does not require high temperatures. It follows 

that problems based on the degradation of the reinforcement during manufacture are less 

significant for PMCs than for composites with other matrices [8]. 

Thermosets such as epoxy, polyester, polyamide and phenolic are brittle at room temperature 

and have low fracture toughness values. Because of the cross-links, thermosets cannot be 

reheated and reshaped, thermosets just degrade on reheating, and in some cases may burn, but 

do not soften sufficiently for reshaping and they have better creep properties than 

thermoplastics. Resistance to chemical attack of thermosets is also more than most 

thermoplastics. 

Thermoplastics such as acrylic, nylon (polyamide), polystyrene, polyethylene, polypropylene 

and polyetheretherketone (PEEK), flow under stress at elevated temperatures, which allows 

them to be fabricated into the required component, and become solid and keep their shape 

when cooled to room temperature [8]. 

2.5. Factors affecting the energy absorption capability 

In this section several variables related to the energy absorption of composite thin-walled 

structural components are described. For the analysis and design of different structures which 

are subjected to various loads, studying the material behaviour is essential. In the case of 

composite materials it would be attractive to start the design with constituent material 

properties and arrive at the composite macromechanical properties through micromechanics 

analysis [3]. Regarding different applications of composite materials, their suitability is 

determined not only by the usual design parameters, but by their impact and energy absorbing 

properties. 
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However, composite material constituents of fibres and matrix and the design of laminate 

layup have a major effect on the crashworthiness capability of composite structures. 

Temperature is another important factor which has considerable effects on material 

crashworthy response. 

2.5.1. Fibre and matrix materials 

The vast majority of literatures on crashworthiness of composites are focused on fibres of 

carbon, glass or aramid in thermosetting resin such as epoxy. Farley [9], Thornton [10], 

Schmueser and Wickliffe [11] and Farley and Jones [12] all studied and compared the energy 

absorbing capabilities of various specimens made of carbon-epoxy, glass-epoxy and aramid- 

epoxy. Hybrid composites were investigated to optimise the energy absorption characteristics 

of different fibres into a single laminate. Thornton and Edwards [13] reported that glass- 

aramid and carbon-aramid hybrids cause an unstable collapse by folding which would not 

have otherwise occurred had the samples been composed of glass or carbon fibres alone. New 

fibre and matrix materials such as Dyneema PE fibre/carbon fibre hybrid [14] have been 

introduced to obtain ever higher values for specific energy absorption. The majority of these 

investigations have been carried out with thermosetting matrix materials, usually an epoxy. 

Other thermoplastic matrix materials such as polyester and polyetheretherketone (PEEK) 

have been used as matrix material [ 15-16]. 

Hamada et al. [16] studied the use of a thermoplastic polyetheretherketone (PEEK) matrix 

with a carbon fibre which gave an exceptionally high specific energy absorption value of 180 

kJ/kg. This value of energy absorption is at least double the value of carbon-epoxy. This is 

attributed to the PEEK matrix offering a high resistance to crack growth between the fibres, 

preventing failure by this mode until the onset of stable progressive crushing. Nilson [17] 

reported in processing PEEK one can meet high pressures and temperatures and difficulty 

with fibre wet-out. 

2.5.2. Laminate design 

Various reports have been carried out to study the effect of laminate design on energy 

absorption of composite structures. Thornton and Edwards [13] showed in a stable collapse a 

[45/45]� lay-up developed consistently lower values of energy absorbing than [0/90],, lay-ups. 
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Farley [9] reported that in quasi-static tests on [0/± 0] carbon-epoxy circular tubes for 

0'(0 (45°, energy absorption decreasing as 0 increased. 

Furthermore, in [0/±0] aramid-epoxy and glass-epoxy circular tubes for 45 ° (0 (90° , the 

specific energy absorption generally increases with increasing 0. Schmueser and Wickliffe 
[26] showed variations in specific energy absorption of carbon-epoxy, glass-epoxy and 
aramid-epoxy [0, /± 0] specimens all generally increase with increasing 0. Mamalis et al. 
[18] worked on various thin-walled circular and square tubes made of two different materials, 
and reported that specimens made of a commercial glass fibre and vinyester composite 

material which consists of nine plies in the sequence [(90/0/2Rc)/(2Rc/0/90)/Rc, 75], showed 
better energy absorption behaviour than those made of a fibreglass composite material in 

which the glass fibres were in the form of chopped-strand mat with random fibre orientation 
in the plane of the mat. Hamada et al. [15] reported that the specific energy absorption for 

0° carbon / PEEK tubes was due to the high fracture toughness of PEEK. 

2.5.3. Structural geometry 

The effect of specimen geometry on the energy absorption capability was investigated by 

varying the various geometric parameters of the shells such as wall thickness, t, axial length, 

L, mean diameter, D, or circumference, C [3]. Farley [19] showed that the energy absorption 

capability is a non-linear function of diameter to thickness, D/t, ratio for carbon-epoxy and 

aramid-epoxy circular tubes. Furthermore, Farley [19] reported that carbon-epoxy tubes are 
dependent on D/t for tubes with various internal diameters. Mamalis et al. [1] indicated that 

the energy absorption of glass polyester circular tubes in static axial loading increases with 
increasing t/D. Thornton and Edwards [13] reported that the capability of square and 

rectangular cross-section tubes for energy absorption is less than circular ones. The main 

reason for reduction of energy absorption is generally attributed to corners response as stress 

concentration leading to the formation of splitting cracks. 

Static crushing tests were conducted by Farley [19] on graphite/epoxy and Kevlar/epoxy 

square cross section tubes to study the influence of specimen geometry on the energy 

absorption capability and scalability of composite materials. It was found that the energy 

absorption generally increased with decreasing w/t. Czaplicki et al. [20] reported that energy 

absorption of tulip-triggered specimens was significantly higher than for bevel-triggered 
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specimens of the same geometry and material. Trigger mechanism can affect the crushing 

process. The most common type of crush initiator is an external bevel or chamfer ground into 

one end of the specimen [21 ]. Various types of crush initiator are shown in Figure 2.4. 
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Fig. 2.4. Various types of trigger mechanism [21]. 

2.5.4. Strain rate sensitivity 

Plug Type 

Extensive works have been studied by many researchers to investigate the influence of strain- 

rate on energy absorption of composite thin-walled structures. Farley [22] showed that matrix 

stiffness and failure strain can be a function of strain-rate; therefore, the energy absorption 

related with interlaminar crack growth (delamination) may be considered as a function of 

crushing speed. He reported that the energy absorption in [0/± a 12 carbon-epoxy tubes was 

not found to be a function of crushing speed, and also that the energy absorption in [± 0 ]3 

carbon-epoxy specimen was found to be a weak function of crushing speed with an increase 

in energy absorption of as much as 35% over the speed range tested. Generally, the 

mechanical properties of brittle fibres are insensitive to strain-rate; therefore, interlaminar 

crack growth is not a function of crushing speed. Mamalis et al. [3] showed that the friction 

mechanisms which are developed between the composite material and the crushing surface 

and between the different new surfaces which are created after interlaminar crack growth are 

also affected by the strain-rate. 
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2.5.5. Impact of composite materials 

In engineering application generally the loading classification are static, fatigue, high 

speed/rapid loading and impact. These loads are categorised according to the rise time of the 
load. For static loading this time is 3 times greater than the fundamental period of the 

mechanical system. Fatigue loading occurs when the rise time from one magnitude to another 

magnitude is greater than 3 times of the fundamental period. The time for high speed loading 

is between 1.5 to 3 times the fundamental periods of the mechanical system. The rise time for 

impact loading is less than 0.5 times the fundamental period of the mechanical system. 
Impact is an important area of applied mechanics which is strongly related to engineering 

practice, such as structural engineering, manufacturing engineering, aerospace engineering 

and material engineering. The application of impact is endless and has resulted in significant 

achievements both technically and economically [23]. 

The impact process may involve relatively high contact forces acting over a small area for a 

period of short time. Local strains generated at the point of contact between the two solids 

result in the absorption of energy. If energy absorption exceeds a threshold, the impact event 

can result in damage. When the projectile strikes a laminated composite, fracture processes 

such as delaminating, matrix cracking and fibre fracture frequently take place. Impact is 

defined for studying of force acting locally as a resulting of the impact event. The 

development of impact analysis was started with the establishment of a contact law [24], 

initially developed for the simple case of the impact of a beam by a steel sphere [25]. The 

contact law provides a relationship between the contact force and the indentation, defined as 

the difference between the displacement of the projectile and that of the back face of the 

laminate. 

The first effect of impact loading is to produce some damage close to the surface of the 

laminate. However, the internal layers of the composite are damaged as well as the projectile 

penetrates into the laminate, the material stiffness changes locally [26]. The contact force 

cannot be assumed to be constant for all of the duration of the impact event [27]. From an 

observation of the indentation process on composite laminates, it was concluded that the 

loading and unloading phases exhibit different characteristics, and hence should be described 

by different laws [28]. Moreover, in an attempt to reproduce the real loading situation, 

19 



Chapter 2: Literature Review 

different projectile geometries were employed in order to measure the modifications of the 

reaction of the composite [29]. 

In a quasi-static model, the impact response is represented by a time-dependent force and the 

target composite is represented by an equivalent mass with equivalent stiffness [311. 

However, to achieve an acceptable agreement between a model and the impact loading is 

sometimes difficult. A common problem is that impact loading can result in the generation of 
different forms of damage in the composite. All of these forms of damages should be 

considered, because all of them are likely to influence the residual mechanical properties of 
the material. 

Future progress in understanding and predicting impact behaviour and in using composites in 

spite of their perceived impact properties will depend on one or more of the following [32]: 

9 Matching the design to the material and the proposed use. 

" Careful control of the materials and manufacturing process, to preclude fibre 

movement during resin flow for instance, to give optimised properties. 

" Numerical modelling of specific situations to extract any advantage from local fibre 

placement, modified resin properties, etc. 

" Greater use of protective or sacrificial coatings for structures though at a loss of some 

mass efficiency. 

" Incorporation of damage monitoring devices in critical structures. 

" Third direction reinforcement even at the cost of reducing planar properties. 

" Development of resins with an intrinsic strength and interfacial bond strength that 

match the transverse strength of the fibre, while remaining easily worked and not too 

expensive. 

2.6. Woven composites 

Woven composites introduce a different approach to the fabrication of thick sections for use 

in primary and secondary structural applications. Woven composites are shaped by 
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interlacing two mutually perpendicular sets of yarn. The lengthwise clothes are called warp 
and the crosswise clothes fill or weft (see Figure 2.5). 

a I 

b 

Warp 

Weft 

C 

d 

Fig. 2.5.2D-Weave composites: (a) plain, (b) twill, (c) 4-harness, and (d) 8-harness. 

The interlacing pattern of the warp and weft is known as the weave. Two-dimensional 

fundamental weaves are plain, twill and satin. These materials also provide more balanced 

properties in the fabric plane than a unidirectional laminate [32-35]. The interlacing of fibre 

bundles in woven composites can often increase out-of-plane strength as in the case of 3- 

dimentional woven fabrics. Woven fabrics are thicker than unidirectional lamina; therefore, 

fabrication of thick composites is less sensitive and less prone to assembly error. These 

properties are improved by introducing of in-plane stiffness and strength. The loss of in-plane 

stiffness and strength is dependent on the weave architecture. 

This architecture is complex and therefore several parameters control the mechanical and 

thermal properties of woven composites. The mechanical properties of a woven composite 

cannot be accurately predicted using classical laminate theory. This is because many specific 

21 



Chapter 2: Literature Review 

factors, such as the type of weaving and the curvature and density of fibre bundles, need to be 

considered [36]. In addition, irregularity in manufacturing of the composite structure is more 

common in a woven composite, while they can be ignored in a non-woven laminate. 

In brief, two approaches which are usually employed to study non-woven composite 
laminates are micromechanics, and macromechanics. The micromechanics study the 

mechanical properties of a laminate in details such as fibre, matrix and interface, while the 

macromechanics considers the material properties of laminate as a whole. Another approach 

which is an intermediate scale of study is called mesomechanics. This approach is provided to 

consider the mechanical properties of weave [37]. The major problem in studying 

mesomechanics is the large variety of textile performances that are employed (weaves, 

braids, knits, mats, the properties of weave stitched fabrics, two-dimensional or three 

dimensional). 

2.7. Collapse Modes and Failure Mechanisms 

Three main modes of brittle collapse, categorized as mode I, II and III, respectively, were 

studied in the series of static and dynamic axial compression tests of square tubes [38]. 

According to Hull classification [11 Euler overall column buckling or progressive folding 

with hinge formation were not found for fibre-reinforced plastic (FRP) composite tubes. Most 

of fibre-reinforced composites absorb energy through a combination of fracture and friction 

[39]. Catastrophic and progressive failures are the two main failure mechanisms of composite 

tube (see Figure 2.6). A stable progressive crush is established by localised failure that 

initiates at one end of the specimen and progresses through the specimen without significant 

damage past this crush front. To reach this failure mechanism, a crush initiator is used for 

FRP tubes. During catastrophic failure the initial maximum force is very high and drops 

rapidly, therefore the average force is low. 

Ä 77ýý 

ab 
Fig. 2.6. Typical collapse modes for composite tubes (a) catastrophic failure (b) progressive 

failure [39]. 
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2.8. Failure mechanisms 

a) Macroscopic collapse modes 
According to Mamalis et al. [38] the failure modes observed are, in general, greatly affected 
by the shell geometry, the arrangement of the fibres, the properties of the matrix and fibres of 

the composite material and the stacking sequences. Furthermore, the following macroscopic 

collapse modes were classified by Mamalis et al. [38-40] from a very extensive experimental 

treatment of axisymmetric tubes of various geometries made of fibre-reinforced polymer 

matrix composite materials. 

1. Progressive failure 

Progressive crushing with microfragmentation of the composite material, associated with 
large amounts of crush energy, is designated as the first crushing mode (mode-I). This mode 

is characterised by the progressive end-crushing with laminate splaying of the tube starting at 

one end of the tested specimen, and the formation of continuous fronds which spread 

outwards and inwards. 

2. Catastrophic failure 

Brittle fracture of the component resulting in catastrophic failure with little energy absorption 

is designated either as Mode-II or Mode-III depended on the crack form. Mode-II is 

characterised by the development of a spiral or longitudinal crack propagation along the shell 

circumference. Mode-III is described as mid-length collapse mode, and characterised by the 

formation of circumferential fracturing of the specimens approximately equal to the mid- 
height of the shell into irregular shapes. 

3. Progressive folding 

Progressive folding and hinging similar to the crushing behaviour of thin-walled metal and 

plastic tubes showing a very low energy absorbing capacity is introduced as Mode-IV. 

Mamalis et al. [6,7] also reported that the modes of collapse can be classified as stable and 

unstable collapse modes; and also, stable collapse modes show similar features to those 

obtained during the static loading of the same geometries. 
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b) Microfracturing 

According to Mamalis et al. [38] in some applications a very small deformation could be 

considered as a failure, whereas in others only total fracture or separation constitutes failure. 

In the case of composite materials, internal material failure generally initiates before any 

change in its macroscopic appearance or behaviour is observed. Various fracture modes can 
be defined for a laminate composite. 

These modes are divided into intralaminar and interlaminar fracture modes. The intralaminar 

mode consists of longitudinal matrix fracture, transverse matrix fracture, fibre-matrix 

debonding and fibre fracture, and the interlaminar mode which is called delamination, is 

described as separation of layers from one another (see Figure 2.7). The fracture mechanisms 
included depend upon the nature of the constituents, the architecture of the layers, and the 

mode of mechanical loading [41]. 

, 
1-ý 

-- -9- - 
ol- 

Longitudinal fracture Fibre compressive Matrix micro-cracking Fibre/matrix debonding 
of matrix failure -kink hand under transverse tension 

a 
*I 

-# - 

l 

1 
ýý 

ý 

under shearing 

Delamination in Mode-I Delamination in Mode-II Delamination in Mode-III 

b 

Fig. 2.7. Fracture mechanisms observed in laminates (a) Intralaminar, (b) Interlaminar 
Failures [411. 

Mamalis et al. [4,5] reported that the main features of this microfracture mechanism of 

composite tubes are similar to that obtained for circular tubes. These microfracture 

mechanisms are: 

An annular wedge of highly fragmented material, forced down axially through the 

shell wall; 
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" An intrawall microcrack which develops ahead of the crush-zone at the apex of the 

annular wedge and propagates at a rate approximating the compression rate; 

" Two continuous fronds, as a result of the plies delamination in the crush zone, mainly 

caused by the central bundle wedge which spreads radially inwards and outwards 
from the wall; 

"A severely strained zone which extends between the central crack and the shell wall 

edges showing a combined tensile-compressive type of deformation. 

Three main crushing modes in accordance with Farley and Jones [42] classification are 

categorised for progressive failure of composite box in crushing process as follows, 

" Transverse shearing 
The first one is transverse shearing (fragmentation) mode which is characterised by a wedge- 

shaped laminate cross section with one or multiple short interlaminar and longitudinal cracks. 
In this mechanism interlaminar crack propagation and bundle fracture control the energy 

absorption. 

" Lamina bending 

The second one is lamina bending mode which is shaped with long interlaminar, intralaminar, 

and parallel to fibre cracks. This mechanism causes the formation of continuous fronds which 

spread inwards and outwards. Friction and inter/intra laminar fracture controls the energy 

absorption of lamina bending mode. However, the combination of fragmentation and lamina 

bending modes is called brittle fracture mode. The highest energy absorption of composite 

tubes has been observed in combination of brittle fracture and lamina bending crushing mode. 

" Local buckling 

The local buckling crushing mode consists of the formation of local buckles by means of 

plastic deformation of the material. The post crushing integrity of ductile fibre-reinforced 

composites is a result of fibre and matrix plasticity without any fracture and fibre splitting. 

Brittle fibre-reinforced composites can exhibit the local buckling when the interlaminar 

stresses are small relative to the strength of the matrix, or the matrix has a higher failure 

strain than the fibre, and when the matrix exhibit plastic deformation under high stress. 

The transverse shearing and lamina bending crushing modes are exhibited completely by 

brittle fibre-reinforced composites, whilst ductile fibre-reinforced composite materials show 

the local buckling crushing mode similar to that showed by ductile metals (see Figure 2.8). 
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Fig. 2.8. (a) Transverse shearing crushing mode, (b) Lamina bending crushing mode, (c) 
Brittle fracture crushing mode, (d) Local buckling crushing mode [43]. 
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2.9. Theoretical prediction of crushing energy 

Various theoretical approaches have been proposed to study the energy absorption of static 

axial collapse of composite multi-layered shells. Farley and Jones [42] proposed the 
following simplified phenomena to model the crushing process: 

" Friction between the annular wedge and the fronds and between the fronds and the 

platen of the press, 

" Fronds bending, 

" Crack propagation and, 

" Axial splitting. 
Mamalis et al. [44] introduced another analysis of composite circular tubes subjected to static 

axial compression which has been modified and used to analyse the collapse mechanism. 
Using this model the related energy absorbed during the axial crushing of the square tubes 

was estimated. According to Mamalis et al. [45], during the elastic deformation of the shell 

the load rises at a steady rate to a peak value, Fina. At this stage, cracks of length, L, form at 

the four corners of the tube and propagate downwards along the tube axis, splitting the shell 

wall, and they are attended by the development of a circumferential central intrawall crack at 

the top end of the shell. It is assumed that the crack follows an ellipsis configuration. The 

maximum value of the crack length, Lc, is attained at the middle of each side of the square 

cross section and it is equal to the corresponding one observed in the case of the equivalent 

circular tube loaded under the same condition. The associated part of energy absorbed which 

equals the external work as can be achieved by measuring the area under the force-crush 

distance 

rcurve 

in the elastic regime is, 

U LC = 2. I r. Lc. 
(I bJ 

I. Rad + n. l 
t ). G. Lc =2F., . Si (2.1) 

where Rod is fracture energy required to fracture a unit area of the adhesive at the interface 

between two adjacent layers calculated by applying fracture theory and, 

b= Tube side width 

n= Number of layers 

t= Shell wall thickness 

G= Fracture toughness 

s, = Elastic crush distance 
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The energy required for the deformation mechanism regarding the history of the formation of 

the crush zone equals the external work absorbed by the deforming shell in this regime (see 

Figure 2.9), 

U� =2 
JoQo. L,. l 

L' 

Jd9 4b = ý= F. ds (2.2) 
02 

where 

6o = The normal stress applied by the wedge to frond, 

Ls = The side length of the wedge inscribed to the bent fronds, 

(0 = The semi-angle of the wedge, 

s2 = The related shell shortening corresponding to the completion of the wedge formation. 

I` A B 
Fi 

Mode-Il Frond 
splitting 

. ...................................................... W...................... 

Fig. 2.9. Configuration of the crush zone in the middle of the tube side [45]. 
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The total dissipated energy for a crush distance due to friction between the annular wedge 

and fronds and between fronds and platen can be written as: 

U, =2. (F, 
" , u,. +F2 " /'S2) " (4 

" b) " 
(s 

- s, ) (2.3) 

where F, is the normal force per unit length applied by the platen to the internal and external 
frond, F2 is the normal force per unit length applied to the sides of the wedge, s is the total 

crush distance, u,. is the coefficient of friction between frond and platen andu,., is the 

coefficient of friction between the wedge and the fronds. F2 and Qo are equal to, 

F2 = 6o Js 

and 

vo = k. au 

(2.4) 

(2.5) 

where k is a constant and a,, is the ultimate tensile stress of the composite material. 

Other energies dissipated due to fronds bending, crack propagation, and axial 

U2 =2" 
I 

2) 
f: (F2 

(L' 
d9+ fs (Fzý. 9. ds . 4"b 

z 

U3 =G, c "[4"b"(s-s, ) +)r. L, b] 

U4=4"(ý)"G, "s 

splitting are; 

(2.6) 

(2.7) 

(2.8) 

2 

Gf =E (2.9) 

From Eqs. (3), (6), (7) and (8), the total energy dissipated for the deformation of the shell is 

obtained as, 

Utotal = U] + U2 + Ui + U4 (2.10) 

Therefore, the total force applied by the platen to the shell can be calculated as, 

F_Ü total 
m= 

S 
(2.11) 
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2.10. Off-axis crashworthy behaviour of FRP composite box structures 

Most of previous work has studied crushing under axial loading. In a real crash event the 
more likely scenario is a non-axial collision rather than an axial one. A few researchers have 
investigated the energy absorbing capabilities of elements such as box under two types of 
non-axial loadings. These non-axial loadings are known as off-axis loading and angled 
loading. Off-axis loading occurs when a spinning vehicle impacts an object from a direction 

not along its longitudinal axis. Angled loading occurs when a vehicle moving forward along 
its longitudinal axis impacts an object tilted away from being perpendicular to the vehicle's 
longitudinal axis. In this regards, it is essential to study the effect of collision angle on the 

energy absorbing capability of crashworthy composite structures. 

In off-axis crushing, different form of fracture mechanisms are observed from those seen in 

axial crushing. During non-axial progressive collapse, non-symmetrical crack propagation at 

the interwall box and between the fronds plays an important role in dissipation of crushing 
energy. 

The effects of off-axis crushing on the energy absorption of composite materials and 
structures have been investigated by few other researchers [45-47]. Czaplicki et al. [45] 

studied the crushing process of E-glass/polyester pultruded tubes under off-axis loading and 

angled loading. They found that these two loading conditions dissipated energy in different 
friction mechanisms but they observed similar energy absorption tendency by increasing the 
inclination angle. They also concluded that the mean crushing force increased at 10° off-axis 

angle in comparison with mean crushing force of axial crushing and then continuously 
decreased as the angle of inclination increases. Song and Du [46] investigated the effect of 
off-axis loading on the energy absorbing capability of glass/epoxy and glass/polyester 

composite tube laminated from various lay-ups. According to their results three characteristic 

crushing stages were identified as the triggering stage jr), the sustained crushing stage and 
the toppling stage. In general, they found that the energy absorption decreased as the off-axis 
inclination angle increased, due to changing two factors of toppling tendency and fracture 

pattern. They also concluded that 0° ply could prevent the circumferential cracks and 

therefore longitudinal resistance to delay the toppling stage. 
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Ochelski and Gotowicki [47] experimentally studied the effect of fibre reinforcement type, 
type of structure, orientation of fibres in a layer and stacking sequence of layers on the energy 
absorption capabilities of tubes and truncated cones. They also analysed the effect of 
specimen's thickness and the direction of the applied loading on the specific energy 
absorption (SEA). 

2.11. Interlaminar fracture toughness and energy absorbing of composite structures 

The brittle nature of most fibre reinforced polymer (FRP) composites causes they show high 

capability in absorbing the impact energy in vehicular structures. This energy absorption is 
introduced by various fracture mechanisms. 

In this regard, the fracture study is one of the most important areas to be considered in 

investigating the energy absorption capability of composite structures. Various fracture 

mechanisms such as fibre breakage and buckling, matrix cracking and crushing, debonding at 
the fibre-matrix interface and especially plies delamination play important roles in 

progressive failure mode and energy absorption of composite tubes. Delamination occurs as 

results of shear and tensile separation between fronds. During progressive collapse, formation 

of frond bending and delamination among fronds layers causes a significant amount of 

energy absorption. Frond bending is caused by shaping a main central interwall crack. The 

propagation of this main crack is respectively similar to Mode-I interlaminar crack 

propagation. Frond layer sliding which occurs between lamina bundles during frond bending, 

dissipates the energy in Mode-II crack propagation. 

Various works have been published on the effects of fractures on the energy absorption of 

composite materials and structures. Cauchi Savona et al. [48] studied the relation between 

specific sustained crushing stress (SSCS) of glass fibre reinforced plastic composite plates 

with their Mode-I and Mode-II fracture toughness properties. According to their results, 

materials which show low Mode-I and Mode-II fracture toughness, yield low crushing 

energies. They also concluded that the Gic and Gruc of initiation are more influential than the 

Gic and Guc of propagation in the energy absorption mechanism. Solaimurugan et al. [49-51 ] 

studied the effect of stitching, fibre orientation and stacking sequence on Gic, SEA, and of 

progressively crushing of glass/polyester composite cylindrical shells under axial 

compression. 
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They reported that axial fibres placed close to the outer surface of the tube led to more petal 
formation and to a stable crushing process, while axial fibres close to the inner surface of the 

tube caused higher energy absorption. Furthermore, they found that the energy absorption in 

the form of circumferential delamination increased for higher values of Mode-I fracture 

toughness. 

They also reported that stitching increased the Mode-I interlaminar fracture toughness which 

caused higher energy absorption cylindrical tube. Warrior et al. [52) studied the influence of 

toughened resins, thermoplastic resin additives, through-thickness stitching and thermoplastic 

interleaving on the interlaminar fracture toughness (Gic) and the SEA for continuous filament 

random mat (CoFRM) and 0/90 non-crimp fabric (NCF) E-glass reinforced polyester 

composite tubes. They reported that all the above-mentioned factors increased G1c, but only 

toughened resin and through-thickness stitching increased SEA. In general a tougher matrix 

was found to give a higher Gic for the composite and this is a benefit in crashworthiness 

design. 

Farley [53] concluded that the matrix stiffness had only a small effect on energy absorption 

of materials which crushed by a brittle fracture and transverse shearing mechanism, and 

matrix stiffness has more effect on materials which crushed by lamina bending mechanism. 

2.12. Finite Element Analysis (FEA) 

In crashworthiness evaluations of composite box structures nonlinear material and geometric 

properties must be simulated and must be designed to simulate short-time large deformations 

in crash conditions. FEA involving short-time large deformation dynamics such as 

crashworthiness evaluation requires the solution of transient dynamic problems over a short 

time length. Explicit computational algorithms typically use the central differences method 

for integration, wherein the internal and external forces are assumed at each node point, and a 

nodal acceleration is computed by dividing by the nodal mass. The solution is continued by 

integrating this acceleration in time. The advantage of this method is that the time-step size 

may be selected by the user. The disadvantage is the large numerical effort required to form, 

store, and factorise the stiffness matrix. 

The explicit solution technique is stable only if the time-step At is smaller than Atc1 which is 

the critical time step. Otcr for shell element, is obtained from Atc, = LS / C, where LS is the 
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characteristic length and C is the speed of sound, C= E/p 1-v2 . The implicit method is 

not solved by the time-step size and then is unconditionally stable for larger time steps. This 

situation results in the implicit method typically engages a large number of expensive time 

steps. For an explicit solution the number of time-steps can be larger than that of implicit 

methods, the small time-step size requirement causes the explicit method suitable for short 
transient solutions. The most important advantage of the explicit method is that there is no 

requirement for solving simultaneous equations. Thus, no global matrix inversion is needed 

and a reduction of computational time is obtained [54). 

2.13. Conclusion 

In the present research the effects of delamination failure of composite box structures on their 

crashworthy behaviour will be studied. Various types of composite materials with different 

fibre orientations will be used to optimise the energy absorption capabilities of composite box 

structures. Delamination study in Mode-I, Mode-II and Mixed-Mode I/II with the same lay- 

ups will be carried out to investigate the effect of delamination crack growth on energy 

absorption of hybrid composite box structures. Regarding the delamination study of the 

variation of the specific energy absorption (SEA) versus GIc, Gjic and Guns will be plotted to 

combine the effect of Mode-I, Mode-Il and Mixed-Mode I/II interlaminar fracture toughness 

on the SEA. The new theoretical model based on friction, bending and fracture mechanisms 

to predict the mean crushing force for the combination of failure crushing modes will be 

proposed. The crushing process of composite boxes will also be simulated by finite element 

software LS-DYNA and the results were verified with the relevant experimental result. 
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Nomenclature 

a crack length 

b side of box 

C compliance 

CFE crush force efficiency 

CFRP carbon fibre reinforced plastic 

DCB double cantilever beam 

E Young's modulus 

F force 

F initial maximum force 

Fm mean force 

G12 shear modulus 

G, c mode-I interlaminar fracture toughness 

GFRP glass fibre reinforced plastic 

SEA specific energy absorption 

S shear strength 

t thickness 

Vf volume fraction 

u Poisson's ratio 

61 longitudinal stress 

62 transverse stress 

612 transverse shear stress 

displacement 

6u ultimate tensile stress 
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9 fibre orientation 

A extension correction factor for DCB sample 

a trigger angle 
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3. Introduction 

The present chapter is mainly focused on the effect of fibre orientation and stacking sequence 

on G« and SEA. The manufacture and testing of DCB and crush box specimens is described 

with different lay-ups of composite material i. e. GFRP and CFRP but with the same 

geometry. The experimental results are compared together to find the relationship between 

G1c and SEA. 

3.1. Experimental studies 

Five different types of test were conducted to characterize the mechanical characteristics of 

unidirectional GFRP and twill/weave CFRP materials. These were tensile, shear, double- 

cantilever beam (DCB), fibre volume fraction determination and quasi-static crush box tests. 

All tensile, shear, DCB and fibre volume fraction tests were carried out in accordance with 

the relevant standards [1-4]. The GFRP and CFRP specimens were manufactured from glass 

and carbon fibre material of densities 2.1 g/cm3 and 1.8 g/cm3 with epoxy resin. 

3.2. Mechanical properties 

A separate laminate was made for each type of test and specimens were cut from the laminate 

for testing. The dimensions of each panel were determined by the size and quantity of 

specimen required for each test. As all three types of test specimen had the same dimensions, 

they could all be prepared in the same way, using the same templates and equipment. Five 

specimens were made for each test which meant the panels from which they were to be cut 

would need to be 125mm wide by the required length, 250 mm. With allowances for 

machining and possible defects around the edge these numbers were rounded up to 300mm x 

200mm. The thickness of each specimen was 2 mm with 250 mm length and 25 mm width. 

All specimens were cured first in a curing cycle of 30 minutes at 60° C with a heating rate of 

3-5°C per minute and the temperature was held at 125° C for 60 minutes. Tensile tests were 

carried out on specimens with [0] and [90] layup with the aim of finding Young's modulus, 

El and E2, Poisson's ratio V12 and V21, and the ultimate tensile strengths according to BS ISO 

2747 standard [1]. There are several test methods for measuring the shear modulus of 

composite materials. The [±45]s tensile shear test was chosen for the shear testing as this type 

of test can be carried out using a conventional tensile testing machine. The state of stress in 
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each laminate was not pure shear but a combination of normal stresses, in addition to the 
desired shear stress. 

Firstly, the shear stress-strain responses of many composite materials are non-linear, and may 
exhibit strain softening characteristics, due to rearrangement of dislocations. So, although the 
biaxial stress in the specimen is likely to cause the measured value of shear strength to be 
lower than the true value, the reduction may be small because of the nonlinear softening 
response. Secondly, the magnitudes of the interlaminar stresses for laminates containing 
lamina with high orthotropic ratios are a maximum at ply angles of 15° to 25°, and the 
interlaminar stresses for 45° ply angles are considerably smaller. 

These tests were conducted in accordance with BS ISO 14129 standard [2]. The tests were 
carried out on a Denison-Mayes 100 kN universal testing machine with crosshead speed of 2 

mm/min. For measuring Young's modulus in the axial and transverse direction a biaxial 

rosette strain gauge Showa N22-FA-8 with a resistance of 120 Ohms and gauge length of 8 

mm was placed at the central part of the specimen and for measuring the shear modulus a 
0/45/90 rosette strain gauge was used. 

The fibre volume fraction of the GFRP and the CFRP was determined by the resin burn-off 

method. It is particularly suitable for FRP composite because they are resistant to oxidation at 

elevated temperatures. This test followed ASTM D 3171 standard [31. Three small specimens 

of composite, approximately 15x 15x2mm, were cut from a larger panel. The width, thickness 

and length were measured in three places using a micrometer, a mean average taken and the 

volume of the specimen calculated. Three ceramic crucibles were weighed on scales accurate 
to one hundredth of a gram. The composite specimens were then placed one on each crucible 

and the crucible and specimen weighed together. The mass of the composite was obtained 
from subtracting this value from the weight of the crucible. The mass of the composite was 
divided by its volume to calculate the specimen's density. The three crucibles containing the 

specimens were then placed in a preheated oven at 500°C for five hours. This high 

temperature burned-off the epoxy matrix leaving just the fibres behind. After five hours the 

specimens are removed and reweighed. This mass was subtracted from the crucible mass to 

obtain the weight of the fibres in the specimen. The results showed excellent correlation with 

each other. The fibre volume fraction for this material was found to be 40.3% for the GFRP 

and 45% for the CFRP. The manufacturers reported values of fibre volume fracture for these 
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composites were found to closely match the experimental results. A summary of the findings 

for these tests is reported in Table 3.1. 

Table 3.1. Material properties of a) the GFRP and b) CFRP. 

E, 
(GPa) 

Ez 
(GPa) 

G12 

(GPa) 
M2 

ßu 0° Qu 90° iS Vf 
MPa MPa MPa ý%) 

35.1±5 9.6±1.5 4±0.2 0.32 807±35 21.3±1.5 97.9±3 40.3 

(a) 

EI E2 G12 Qu 0° Qu 90° is Vf 
GPa GPa GPa V12 MPa MPa MPa % 

61±3.5 58±3 3.4±0.2 0.1 634±22 560±14 94±5 

(b) 

3.3. Determination of Mode-I fracture toughness 

45 

The fabrication of GFRP and CFRP DCB specimens were laid-up according to the laminate 

design of each GFRP and CFRP composite crush box which will be discussed later. The mid- 

plane interface of GFRP was 0/90,90/90,0/45 and +60/-60 to determine the Mode-I 

interlaminar fracture toughness for three fracture locations. The mid-plane interfaces of 

CFRP DCB specimens were respectively 0/0,0/45 and 45/45 with respect to weft direction. 

The crack propagation was set along the weft direction which was defined as 0 direction (see 

Figure 3.1). 
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Fig. 3.1. Direction of crack propagation in CFRP specimen (a) 0° and (b) 45° ply. 

For determining the Mode-I interlaminar fracture toughness Glc, BS ISO 15024 standard [4] 

was followed together with the corrections developed elsewhere to take into account for the 

end-block, DCB arm bending and root rotation [5-8]. The recommended specimen size is at 

least 125mm long and 20-25mm wide with an initial crack length (i. e. length of the insert 

from the load line) of 50mm (see Figure 3.2). 
End-Blocks 

f-- 
1ý1 
1; 1 

.4 

Adhesive 

50 

15 

00 25 

F (b) 
Fig. 3.2. Double Cantilever Beam (DCB) specimen, (a) plane view (h) side view (All 

dimensions in mm). 
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For curing the specimens the temperature was initially raised to 60°C and held for 30 minutes 

and then the temperature was increased to 125°C and held for 60 minutes. This stepped heat- 

up meant the temperature was raised gradually to 125°C, allowing the epoxy matrix to fully 

infuse the reinforcement before hardening. After curing, the specimen was left in the oven to 

cool to room temperature. Each specimen was labelled prior to testing with the specimen lay- 

up and specimen number. 

White paint was applied to both longitudinal edges of each specimen and allowed to dry. The 

painted sides were then marked with a fine pen at the edge of the polymer insert to indicate 

the edge of the pre-crack. To aid in recording crack growth, the first 5mm from the insert 

were marked every 1 mm with a thin pen line and the next 55mm were marked at 5mm 

intervals. Hence crack growth was recorded for 60mm along the specimens. The load end- 

blocks were bonded to the DCB specimens using Betamate 1493 adhesive at the end 

containing the insert. Load was applied to the specimens through end-blocks to propagate the 

crack (see Figure 3.3). 

Fig. 3.3. a) GFRP DCB test specimen in universal testing machine, b) Fiber bridging across 
the interface layers. 

A travelling optical microscope with lOX magnification was used to accurately measure the 

length of the initial crack by sliding it along a horizontal scale similar to that used on 

callipers. A cross-hair is lined up with the path of the load through the hinges (load line). 
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The position of the microscope was noted to the nearest tenth of a millimetre. The travelling 

microscope was then moved, by turning a knob, to the end of the polymer insert, sighted 

using the pre-mentioned pen line. The position of the microscope was again noted, and the 

difference of these two measurements gave the initial crack length. Loading was carried out 

at a constant crosshead displacement rate of 2 mm/min. The position of the crack tip was 

monitored through the microscope as the crack advanced. When the crack first visibly 

propagated, the displacement of the crosshead was recorded. As the crack propagation past 

the subsequent marked lines, the crack length and crosshead displacement were recorded. The 

force at each crack length was retrospectively obtained from the force-displacement diagram 

to calculate Gic. 

3.4. Composite crush box 

The crush box specimens were made of glass fibre/epoxy and carbon fibre/epoxy by hand 

lay-up with various fibre orientations which followed the same lay ups as described in DCB 

tests in the previous section. A cardboard template was made for marking out the panel plies 

on the prepreg roll. The 0° and 90° angle plies were marked using a set square and the 45 and 

±60 angle plies were marked using a protractor to orientate the template on the roll and 

achieve the required fibre direction. 

The pieces were then labelled with fibre direction and angle to avoid later confusion. Once 

marked out, the panel plies were cut from the roll using a sharp Stanley knife and steel ruler. 

The two protective layers covering each ply of prepreg were removed and the first layer was 

placed around a rigid wooden mould covered with a non-stick polymer sheet. The layer then 

covered with another sheet of non-stick polymer to prevent contamination and a roller was 

used to roll and shape the material around the mould as flat as possible, and removing any air 

pockets. The polymer sheet was then removed and the second ply was laid-up on top of the 

first ply according to desired lay-up. Four laminate with fibre orientations of [±6011o, 

[02/±45]5, [0/90]io and [0/90]55 were chosen for GFRP composite boxes. The 0 direction was 

aligned with the axial axis of the crush box. The lay-ups of CFRP composite boxes were 

chosen with fibre orientations of [0]4, [0/45]2 and [45]4. Once the boxes had been successfully 

laid-up, they were placed between four pre-cut aluminium plates to keep them flat during the 

curing process. 
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The plates were pre-treated with a mould cleaner to remove grease and debris and a 

monocoat wax was applied to prevent escaped epoxy from the prepreg bonding to the metal 

plates. The plates were then covered in non-stick polymer sheets to further decrease the 

chance of epoxy bonding to the plates. 

The plates were placed on either side of the uncured composite, then covered top and bottom 

with three sheets of `breather cloth' and placed inside a heat resistant polymer bag. The 

breather cloth has the appearance of cotton wool and allows air to circulate around the bag 

preventing the formation of air pockets. The bagging material was cut from a roll and was 

open at either end. A high temperature, double-sided epoxy tape was used to seal the ends. 
Once sealed, an air suction valve was inserted through the bag and a pipe connected the valve 

to a vacuum pump. 

The vacuum pump was used to evacuate the bag, with the aid of the breather cloth. This had 

the effect of pressing the aluminium plates tightly together and forcing the plies of prepreg 

together, allowing good adhesion between the plies and eliminating air that could cause voids 
in the composite. The pressure gauge was inserted via a second valve to monitor the pressure 
in the bag. This was used to ensure the correct pressure was applied to the bag (following the 

manufacture's guidelines). The pressure gauge was also used to measure any pressure drop in 

the vacuum bag once the pump had been switched off and hence to check if the bag was 

properly sealed. All GFRP composite boxes were cured for 30 minutes at 65°C and then for 

120 minutes at 130°C while CFRP composite boxes were cured for 30 minutes at 90°C and 

then for 120 minutes at 180°C. Then they were cut to the required lengths. The dimensions of 

all boxes were the same and chosen according to the previous reported works which have 

shown progressive failure [10]. 

The bit ratio was 26.7 with thickness of about 3 mm and the total length was 100 mm. To 

avoid stress concentration at the box corners, an internal fillet with a radius of 6 mm was 

inserted at the internal corners of the box. Also one end of each specimen was bevelled to 

make a trigger for progressive crushing with an angle of 60° (Figure 3.4). Each specimen was 

crushed between two parallel plates for 50 mm stroke using a universal testing machine with 

500 kN load cell. 
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The crush speed was set at 2 mm/min, the same speed as used for the DCB tests. For each test 

configuration three specimens were tested. The force-crush distance diagrams were recorded 

automatically for each test. 

tal 

1: 11 

(c) 

(h) 

(b) 

i 

Fig. 3.4. GFRP and CFRP composite crush box specimens, (a) front view (b) top view and (c) 

trigger mechanism. Internal fillets of 6mm were introduced at the internal box corners. The 
box wall thickness is t=3mm. 
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3.5. Results and discussion 

3.5.1. Mode-I interlaminar fracture toughness 

The Mode-I interlaminar fracture toughness Gic, for each fibre orientation was calculated 

using the Modified Beam Theory (MBT) method and the Modified Compliance Calibration 

(MCC) method [4-9). For MBT method, the cube root of compliance, C""3, was plotted as a 
function of crack length, a. The intercept with the x-axis was considered as the crack length 

correction, A. The G1c value was calculated from: 

_ 
3FS G'c 

2b a+IOI 
(3.1) 

In the MCC method a least squares plot of alt as a function of the cube root of the 

compliance, C"3, is generated using the visually observed delamination onset values and all 

the propagation values. The slope of this line is A [9]. The Gig value was then obtained from: 

2 

ý 3F2C3 
V/C = 

2A bt 
(3.2) 

The experimental G1c results of GFRP obtained from MBT and MCC for different fibre 

orientation are shown in Table 3.2. Transverse cracking of 6-oriented lamina at interface of 

GFRP specimens caused some fibre bridging for most of GFRP-DCB tests as shown in 

Figures 3.2b. The development of fibre bridging caused the force to continuously increase as 

the crack advanced resulting in a rising R-curve. A sample experimental resistance curve (i. e. 

G, c versus crack length) for GFRP specimen is shown in Figure 3.5. 

Table 3.2. Interlaminar fracture toughness obtained from DCB tests for various interface fibre 

orientations. 

Fracture 
Laminate lay-up plane 

interface 
[0/90]10 0/90 

[02t±45]s 0/45 
[0/90]ss 90/90 
[±601lo +60/-60 

Gic (J/m2) Gic (J/m2) 
MCC MBT 

923±22 1243±53 
884±32 1060±36 
778±25 1168±46 
450±21 540±12 
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Fig. 3.5. Resistance curve (R-curve) in a DCB specimen with 0/90 fracture plane interface 
using MBT and MCC methods. 

Mode-I interlaminar fracture toughness of the interface layers of (0/90)-GFRP showed the 

highest values of GIC for all tested specimens, and the interlaminar fracture toughness of 
interface layers of (+60/-60)-GFRP showed the lowest value. The combination of 0/0 and 

0/0 at interface layers of GFRP caused the maximum interlaminar fracture toughness. 

Various reasons such as intralaminar delamination, mixed mode fracture, fibre-bridging, 

micro-cracking, residual stresses, or a combination of these effects of B-oriented lamina at 

interface caused the development of transverse intralaminar and unstable crack propagation 

in DCB tests. In all CFRP-DCB tests intralaminar delamination, fibre-matrix debonding 

and/or fibre breakage were observed in fracture surface areas as shown in Figure 3.6. The 

development of transverse cracking also caused the force to show several continuous 

increases after initial crack propagation resulting in a rising R-curve (see Figures 3.7 and 

3.8). Regarding the results and recommendations of other works on DCB-tests on 

multidirectional laminates [11-13], G, c values of initiation are reported as interlaminar 

fracture toughness. 
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Fig. 3.6. Optical micrograph from fracture surface of CFRP-DCB specimens showing fibre 
breakage combination of intralaminar (a) 0/45 interface and (b) 0/0 interface. 
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Fig. 3.7. Force-load line displacement from CFRP-DCB tests for various mid-plane 

Fig. 3.8. Transverse cracking in DCB specimen. (a) at crack tip and (b) typical pattern of 
crack propagation. 
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Three different methods to determine crack length for the initiation values from the precrack 

as the distance between the force-displacement and the precrack are considered. The first 

non-linearity (NL) method determines the point of deviation from linearity, by sketching a 

straight line from the origin. The second uses the visual observation (VIS) which is the first 

point at which the crack is observed to move from the tip of the Teflon insert. The last is the 
MAX/5 %, a point on the force-displacement curve at which the compliance has increased by 

5% of its initial value. In this work the visual observation (VIS) was chosen to determine the 

initiation crack length. It was observed that fibre orientation in the layers adjacent to crack 

plane affects the Gjc. Mode-I interlaminar fracture toughness of the interface layers of (0/45)- 

CFRP showed the highest values of G«, and interface layers of (45/45)-CFRP showed the 

lowest value (see Figure 3.9). 
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Fig. 3.9. Resistance curve (R-curve) in CFRP-DCB specimens with (a) 45/45, (b) 0/0 and (c) 
0/45 fracture plane interfaces using MBT and MCC methods. 

The experimental Gic results of CFRP obtained from MBT and MCC for different fibre 

orientation are shown in Table 3.3. 

Table 3.3. Interlaminar fracture toughness obtained from DCB test for various interface fibre 

orientations of woven CFRP. 

Laminate 
lay-up 

Fracture 
plane 

interface 

Gic (MCC) Gl(, (MBT) 
J/m' J/m'` 

[0]4 0/0 900±20 1000±30 

[0/45]2 0/45 1200±50 1300±40 

[45]4 45/45 700±20 700±20 
MCC: Modified Compliance Calibration, MBT: Modified Beam Theory 

3.5.2. Progressive crushing process 

Three main crushing modes in accordance with Farley and Jones [10] classification are 

categorised for progressive failure of composite box in crushing process. The first one is the 

fragmentation mode which is characterised by a wedge-shaped laminate cross section with 

one or multiple short interlaminar and longitudinal cracks. The second one is the lamina 

bending mode which is shaped with long interlaminar, intralaminar, and parallel to fibre 

cracks. This mechanism causes the formation of continuous fronds which spread inwards and 
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outwards. The third one is the combination of fragmentation and lamina bending modes and 
it is called brittle fracture mode. 

Different modes of crush were observed during quasi-static crush test. As can be seen in 

Figure 3.10, the combination of two distinct crush modes, brittle fracture (fragmentation) and 
lamina bending, observed for all the GFRP specimens. This was combined mode is an ideal 

crushing mechanism to dissipate the energy during crushing in composites [14]. For fibre 

orientation of [0/90]55 and [±60]1o, the fronds were broken into short pieces. The other two 
fibre orientations [0, /±45]5 and [0/90]10 showed more interlaminar separation during the 

crushing process. 
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Fig. 3.10. Plane view of crushed GFRP composite box. a) [0/90]io, b) [0/90]ss, c) [02/±45]5, 
d) [+60]io. 

The combinations of three distinct crushing modes were observed for CFRP crush box during 

quasi-static crush tests. As can be seen in Figure 3.11, the combination of lamina bending and 

brittle fracture modes were observed for fibre orientations of [0]4 and [0/4512 and also the 
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combination of transverse shearing and local buckling was found for laminate design of [45]4. 
The combination of lamina bending and brittle fracture crushing modes showed the highest 

energy absorption in comparison with the other observed modes. 

This high energy absorption is caused by a larger crush area and therefore a higher potential 
to absorb energy by frictional effects at the platen/specimen interface. The force-crush 

distance of lamina bending crushing mode showed that the majority of serrations with small 

amplitude. This situation causes the required stresses to initiate crack propagation to increase 

and consequently causes high energy absorption. In brittle fracture and lamina bending many 
interlaminar and intralaminar cracks were formed in the crush zone. 

Debris tiwed,,, c 

a b 

Fig. 3.11. Plane view of crushed CFRP composite box. a) [0]4 and b) [45]4. 

For combination of the brittle fracture/ lamina bending crushing mode, at the initial stages of 

the crushing, four axial cracks were formed at corners of each box which caused bending of 

the internal and external fronds. It was observed that the external fronds were longer than 

internal fronds. No axial tear was observed during the crush process. The deformation of all 

boxes was elastic at the beginning of crushing process while the load increased rapidly to its 

maximum. Because of the friction between crushing plate and deformed fronds, the debris 

wedge was shaped. After this many interlaminar and intralaminar cracks were formed in the 

crush zone (Figure 3.12). The crack continued to propagate along the main central interwall 

(Figure 3.13), and lamina bundles were formed. The load dropped from its peak and 
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stabilised around a mean force, F,,,. The magnitude of the mean force was found to depend on 

the propagation of the interlaminar and intralaminar cracks. 

ýý ' ': 

ý: 
'_. 

Fig. 3.12. Crush zone of GFRP composite box (Plain view). 

a b 

Fig. 3.13. Mode-I interlaminar crack propagation at the middle of box wall, a) GFRP and b) 
CFRP. 
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In this stage which is called post-crushing regime, the internal and external fronds were 
buckled when the applied force reached a critical value. The energy absorption and the force 

stability of composite boxes are related to fracture behaviour of the main central interwall 

crack (Figure 3.13). The main central crack which causes to shape lamina bundles has an 
important role on resistance against crushing energy. 

The propagation of this crack is similar to crack propagation in Mode-I delamination in 

composite laminates discussed earlier in section 3.1 that the fibre orientation at the interface 

planes has significant effect on Mode-I interlaminar fracture toughness. Also the SEA varied 

with fibre orientation and fracture behaviour of the main interlaminar cracks. These 

evidences show that the fracture behaviour of a central interlaminar opening crack is 

correlated to Mode-I interlaminar fracture toughness. 

As discussed previously, the fibre orientation and consequently interlaminar fracture 

toughness affect the progressive crushing modes. For those fibre orientations which show 

higher fracture energy from DCB test, higher mean force and absorbed energy were observed 

during crushing. Obviously the resistance crack propagation contributes to greater energy 

absorption. As the material and geometry are the same for all specimens; the effect of friction 

on the dissipation of energy can be assumed to be approximately the same in all crushing 

processes. The experimental results of force-crush distance for all lay ups are shown and 

compared in Figure 3.14. 
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Fig. 3.14. The comparison of force-crush distance in a square GFRP crush box for various 
lay-ups. 
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The results show that the [02/±45]5 has the highest mean force and consequently highest 

energy absorption in comparison with other lay-ups. This high energy absorption is related to 
high Mode-I interlaminar fracture toughness. The lowest interlaminar fracture toughness 
from DCB tests was observed for [±60]1o lay-up. 
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Fig. 3.15. Variation of specific energy absorption (SEA) with interlaminar fracture toughness, 
G1c for various box lay-ups. 

This was reflected on the lowest values of mean force and energy absorption in the crash box 

with the same lay-ups. Variation of specific energy absorption (SEA) from crush test versus 
Mode-I interlaminar fracture toughness, Gic, from DCB tests for various lay-ups is plotted in 

Figure 3.15. It can be seen that the interlaminar fracture toughness for interface fracture 

planes of 0/90,90/90 and 0/45 are clustered close to each other while the equivalent value for 

+60/-60 interface plane is much lower. This shows that the specific energy absorptions 

(SEA) of fibre orientations which are laminated with 0/0 angles are close together. 

Choosing a suitable fibre orientation in the interface plane is one of the main factors for 

improving the energy absorption of composite crush boxes in progressive failure. The ratio 

between initial maximum collapse force and mean force is known as the crush force 

efficiency (CFE). The higher value of CFE parameter shows a better energy absorption 

capability. The crush force efficiency (CFE) of all composite crush boxes was also obtained 

and the results are shown in Table 3.4. 
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Table 3.4. Comparison of SEA and Mode-I interlaminar fracture toughness for GFRP crush 
boxes. 

Lay up 
Finar Fm CFE SEA Gic (J/m2) 
(kN) (kN) % (kJ/kg) MCC 

[0/90]10 78 52 67 15.8 923±20 

10/9015S 110 60 55 17.5 884±30 
[02/±4515 105 61 58 17.7 778±25 
[±601jo 87 38 43 10.8 450±20 

The [0/9011 o lay-up has the highest CFE. The reason comes from its lower initial maximum 

collapse force compared with other fibre orientations. This situation is more suitable for 

crashworthiness design cases which need to absorb the energy with a lower initial collapse 
force but not necessarily with the highest energy absorption capability. 

In the lamina bending crushing mode of CFRP composite crush box, due to through the 

thickness transverse stress, Mode-I interlaminar fracture will occur. However, this fracture 

mode was not observed in laminate design of [45]4. The combination of local buckling and 

transverse shearing crushing modes was more likely to shape than other crushing modes. In 

combination of lamina bending and brittle fracture modes, the high friction and the high 

fracture toughness values far outweigh other crushing mechanisms in absorbing the crushing 

energy. 

The experimental results of force-crush distance for all lay ups are compared in Figure 3.16. 

The results show that [0/45]2 has the highest mean force and consequently the highest energy 

absorption capability in comparison with other lay-ups. The lowest value of mean force and 

energy absorption was observed in the crash box of [45]4 lay-ups in which the frictional effect 

was low and no frond bending occurred. 
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Fig. 3.16. Comparison of force-crush distance of CFRP composite boxes with different layup. 

Comparison of specific energy absorption (SEA) from crush test versus G1c for various lay- 

ups is plotted in Table 3.5. It can be seen that the total interlaminar fracture toughness in 

Mode-I of 0/0 is higher than the equivalent values of 0/45 and 45/45 interface planes, but 

0/45 box has the highest SEA. This shows that the effect of other mechanisms such as friction 

and bending will increase as the total fracture energy increase beyond a certain limit. It 

should be mentioned that due to absence of Mode I crack in 45/45 laminated crushed box 

during quasi-static crushing tests, G1c for this lay-up was not considered. 

Table 3.5. Comparison of experimental SEA and summation of Mode-I interlaminar fracture 
toughness. 

Laminate F,,,... F,,, CFE SEA 
Lay-up kN kN % kJ/kg 

G, c G, (" 
(MCC) (MBT) 

J/m2 J/m' 
[0]4 67 65 97 25 900±20 1000±30 

[0/4512 87 67 77 26 1200±50 1300±40 

[4514 85 52 61 20 700±30 700±20 

The ratio between initial maximum collapse force and mean force is known as the crush force 

efficiency (CFE) and the higher the value of this parameter, the better energy absorption 

capability. 
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The experimental crush force efficiency (CFE) of all composite crush boxes was obtained 

and the results of CFE versus interlaminar fracture toughness for various lay-ups are shown 
in Figure 3.17. It can be seen the CFE increases as the total interlaminar fracture toughness in 

Mode-I increases. The [0)4 lay-up has the highest CFE. This is due to its lower initial 

maximum collapse force compared with other fibre orientations. This situation is more 

suitable for crashworthiness design cases which need to absorb the energy with a lower initial 

collapse force but not necessarily with the highest energy absorption capability. 
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Fig. 3.17. Variation of crush force efficiency (CFE) versus interlaminar fracture toughness in 
Mode-I. 

3.6. Conclusion 

It was found that the interlaminar fracture toughness for GFRP interface fracture planes of 

0/90,90/90 and 0/45 are clustered close to each other while the equivalent value for +60/-60 

interface plane is much lower. This shows that the specific energy absorptions (SEA) of fibre 

orientations which are laminated with 0/0 angles are close together. In the lamina bending 

crushing mode of CFRP composite crush box, due to through the thickness transverse stress, 

Mode-I interlaminar fracture will occur (see Figure 3.18). 
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F 

Box wall section 

Fig. 3.18. Illustration of lamina bending crushing mode in CFRP composite box with 

laminate design of [014 and [0/4512. 

However, this fracture mode was not observed in laminate design of [45]4. Choosing a 

suitable fibre orientation in the interface plane is one of the main factors for improving the 

energy absorption of composite crush boxes in progressive failure. 
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Nomenclature 

a crack length 

ae effective crack length 

b side of box 

C compliance 

3ENF three-point-end-notched flexure 

E Young's modulus 

f large displacement correction factor 

F force 

F internal force 

Fn, 
aX initial maximum force 

F, 
mean force 

G12 shear modulus 

G�C Mode-II interlaminar fracture toughness 

h specimen half-thickness of ENF specimen 

L half span of ENF specimen 

LF free length of the specimen 

Lr trigger length 

N number of fractured bundles 
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N' internal force 

n number of crack in Mode-II 

SEA specific energy absorption 

t crush box wall thickness 

Vf fibre volume fraction 

v Poisson's ratio 

au ultimate tensile stress 

an flexural strength 

z., shear strength 

0 off-axis angle 

(P semi-angle of the wedge 

x correction factor for beam root rotation 
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4. Introduction 

Chapter-4 is in continuation of Chapter-3 and describes a study of the effect of fibre 

orientation and stacking sequence on Mode-II interlaminar fracture toughness, Guc, and 
specific energy absorption, SEA of woven fabric composite box. The manufacture and testing 
of 3-ENF and crush box specimens is decribed with different lay-ups of woven CFRP and 
GFRP composite material. From experimental results the relationship between Gnc and SEA 
is obtained. Also the relationship between the combination of Gic + Gruc and SEA is 
discussed in detail. 

4.1. Experimental studies 

Five different types of test were conducted to characterize the mechanical characteristic of 
twill/weave CFRP and GFRP composite materials. These were tensile, shear, 3-point-end- 

notched flexure (3-ENF), fibre volume fraction determination, 3 point bending test (3PB) and 

quasi-static crush box tests. All tensile, shear, 3-ENF and fibre volume fraction tests were 

carried out in accordance with the relevant standards. The GFRP and CFRP specimens were 
manufactured from glass and carbon fibre material of densities 1.4 g/cm3 and 1.8 g/cm3 with 

epoxy resin. 

4.1.1. Mechanical properties 

The mechanical characteristics of glass/carbon/epoxy twill-weave fabrics were obtained by 

testing in accordance with the relevant standards [1-4]. These tests were tensile, shear, fibre 

volume fraction, coefficient of friction, 3-point-end-notched flexure (3ENF) and quasi-static 

crush box. All specimens were manufactured from twill/weave fabric GFRP and CFRP 

material of density 1.4 g/cm3 and 1.8 g/cm3 with epoxy resin. For twill/weave composite it 

was observed that crack propagation along the weft yarns was associated with more 

resistance than propagation along the warp direction [5]. In this regard, the weft direction was 

aligned with the longitudinal axis of composite boxes which crack propagates. Details of the 

test procedures were explained in Chapter 3. A summary of the findings for tensile, shear and 
fibre volume fracture are summarised in Table 4.1. 
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Table 4.1. Material properties of the woven a) GFRP and b) CFRP composite materials. 

El E2 G12 6u 00 6ý 90° 

(GPa) (GPa) (GPa) 
v12 

(MPa) (MPa) 

Ts Vf 6n 

(MPa) (%) MPa 

27±2.2 26±3 6±0.1 0.14 516±28.1 466±29 220±21 65 450±22 

(a) 

E, Ez G12 o. 00 ou 
900 

tis Vf Qh 
(GPa) (GPa) (GPa) (MPa) (MPa) (MPa) % MPa 

V 

' 12 

61±3 58±3 3.4±0.1 0.1 634±27 560±33 94±12 45 570±24 

(b) 

4.2. Mode-II interlaminar fracture toughness 

The Mode-II interlaminar fracture toughness, Gjfc, can be measured by the three-point-end- 

notched flexure (3ENF), the end-loaded split (ELS) and the four-point-end-notched flexure 

(4ENF) tests (see Figure 4.1) [6]. The ENF test is categorised with 3-point bending flexure 

but this specimen leads to unstable initiation, thus preventing the measurement of 

propagation toughness. The 4-ENF specimen is able to offer significant advantages such as 

stable crack propagation, a simple test fixture and a straight forward data analysis. However, 

the measured toughness of 4-ENF specimen is sensitive to geometrical non-linearity 

associated with changes in roller contact points and loading point rotation [7]. In this regard, 

the effects of friction and fixture compliance need to be taken into account. The ELS 

specimen geometry shows stable initiation while this specimen is affected by clamp 

variability and is more prone to large displacement [8,9]. 
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Fig. 4.1. The mode-II delamination specimens. 

2h 

2h 

ý 2h 

Because of the simplicity of the 3ENF test setup, this method is the most used [10]. 

Measuring the Mode-II fracture toughness from film inserts yields a higher toughness than 

from precracks. This is in contrast to Mode-I testing where fibre bridging causes higher 

fracture toughness from precracks [11]. In the present work, as the initiation values of G1c 

and Gpc is more relevant than propagation values, the 3ENF test method was used to study 

the effect of Mode-Il fracture toughness on the energy absorption of the composite box. 
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4.3. Determination of Mode-II interlaminar fracture toughness 

The fabrication of GFRP and CFRP 3-ENF specimens were laid-up according to the laminate 

design of each GFRP and CFRP composite crush box which will be discussed later. The mid- 

plane interface of GFRP was 0//0 to determine the Mode-II interlaminar fracture toughness 
for three fracture locations. The mid-plane interfaces of CFRP ENF specimens were 

respectively 0//0,01/45 and 45//45 with respect to the weft direction. The crack propagation 

was set along the weft direction which was defined as 0 direction. 

The 3ENF specimens were made according to ESIS protocol [4] with the width of 20mm and 

the total length of 160mm, while the thickness varied from 5 to 6mm. This thickness was 

required to avoid large displacement, plastic deformation and intraply damage. A precrack 
length of 55mm from the free end of specimen was inserted using a Teflon film (see Figure 

4.2). Loading was carried out at a constant crosshead displacement rate of 2 mm/min. The 

details of specimen preparation and testing method were explained in Chapter 2. However, 

due to rapid crack propagation without any clear mouth opening in 3ENF Mode-Il tests, the 

initiation fracture toughness which was obtained is more accurate than the propagation result. 
The force at each crack length was retrospectively obtained from the recorded force- 

displacement diagram to calculate G11 (see Figure 4.3). 

Teflon insert 

2h=6 

ý, ý 
ýF/2 

ý 
ýF-/_ 

ý, 2L=100 
ý ýý , 'ý ý 

- 25 
, ý-`ý-ý 

55 
160 

_, &4=20 

Fig. 4.2. Geometries of 3-ENF specimens (All dimensions in mm). 
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Fig. 4.3. Force-load line displacement from 3ENF tests for various mid-plane interfaces (a) 
GFRP and (b) CFRP. 

A travelling optical microscope was used to accurately measure the length of the initial crack. 
The travelling microscope, with lOX magnification, slides along a horizontal scale similar to 

that used on callipers. A cross-hair is lined up with the path of the load through the hinges 

(load line). The position of the microscope was noted to the nearest tenth of a millimetre. The 

travelling microscope was then moved, by turning a knob, to the end of the polymer insert, 

sighted using the pre-mentioned pen line. The position of the microscope was again noted, 

and the difference of these two measurements gave the initial crack length. Loading was 

carried out at a constant crosshead displacement rate of 2 mm/min. The position of the crack 

tip was monitored through the microscope as the crack advanced. When the crack first visibly 

propagated, the displacement of the crosshead was recorded. As the crack propagation past 

the subsequent marked lines, the crack length and crosshead displacement were recorded. 
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The force at each crack length was retrospectively obtained from the force-displacement 

diagram to calculate G1ic. 

4.4. Composite crush box 

The crush box specimens were made of the glass/epoxy and carbon/epoxy twill-weave fabric 

by hand lay-up with fibre orientations in accordance to those used in 3ENF tests as described 

in the previous section. The 0° direction which coincided with the axial axis of the crush box 

was parallel to the weft direction. All details of specimen preparation and testing method 

were reported in Chapter 3. Each specimen was crushed at the rate of 2mm/min between two 

parallel platens for 50mm stroke using a Universal Testing Machine with 500 kN load cell. 

For each test configuration three specimens were tested. The force-crush distance diagrams 

were recorded automatically for each test (see Figure 4.12). 

Fig. 4.4. GFRP composite crush ho y, mens, (a) crushing process (b) plane view of 
crushed box. 

4.5. Compliance of the 3-ENF specimen 

The 3-ENF specimen is divided into two sub-problems using the principle of superposition 

[12]. These sub-problems are; an un-cracked beam under three-point bending and a beam 

with the same dimension but with a mid-plane crack at one end. This beam is skew 

symmetric (see Figure 4.5). 
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Fig. 4.5. The beam theory model for 3-ENF specimen, (a) ENF specimen, (b) un-cracked 
beam under 3PB, and (c) skew-symmetric beam under crack surface traction [12). 

Based on Timoshenko's beam theory [121, the compliance of the un-cracked beam is 

calculated as; 

L+ La 
4kG,, bh 4E, bh' 

(4.3) 

where b and h are the width and half thickness of the beam and k is the shear correction 

factor. 

The compliance of the skew-symmetry is analysed only for the upper half portion of the 

beam. This analysis is partitioned to two portions. First in the un-cracked portion (x > a), the 

longitudinal displacements along the bottom are zero since they are located along the neutral 

axis of the un-crack beam portion. Second the reacting shear traction, t, applies on the bottom 
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surface of the upper half beam. In the cracked portion (x < a), the surface of the crack also 

has a shear traction, ro. Based on simple beam theory [13], the direction of the shear stress in 

the cracked surface is shown in Figure 4.6. 

_ 
3F 

T° 
8hh 

h --x- 

Tp 

2i. 

To 

a 
2L 

Fig. 4.6. Upper half beam model of second sub-problem [ 12]. 

(4.4) 

Now, the displacement and rotation fields in the un-cracked (a <x< 2L) and cracked (0 <x< 

a) portion of sub-problem two are analysed analytically. Then the compliance of the 3-ENF 

specimen is obtained by summation of the compliances of un-cracked and cracked beam, 

respectively. 

4.5.1. Un-cracked portion (a <x< 2L) 

The longitudinal displacement of the un-cracked portion at the neutral plane of the beam is, 

U(X)=- -l 
JFdx+kt-h/j=0 

E, bh 2 

where k is the coefficient of shear compliance for an orthotropic material as [ 12]; 

k- h 
3AGi z 

Differentiating Eq. (5) two times becomes, 

kd2z- 1 dF; 
_hd`ß_0 dx2 E, hh dx 2 dxZ 

(4.5) 

(4.6) 

(4.7) 

The relation between the internal forces and stresses (Figure 3.7) in the second sub-problem 

are; 

ý 
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Fig. 4.7. Beam internal forces. 

From Eqs. (6), (7) and (8) the following relations are derived, 

d2ß hb 
dX2 2E, I 

d2t 12a. G12 
CiY2 

- 
E1h2 

Z=0 

The shear stress is obtained by solving Eq. (10) as, 

x-a x-a 

z(x) =c, e Zh +cze x'' 

where, 

E EE 

2Giz 

(4.8) 

(4.9) 

(4.10) 

(4.11) 

(4.12) 

Assuming L»h, the shear stress is small; while in the case of x-a » Xh, c2 must be very 

small constant and consequently it is neglected. From Eqs. (4) and (11) the equilibrium 

condition along the beam half-height yields to the Eq. (13) as; 

x-a 3F -ý8 
ý)bdx+fLc, e ý''bdx=0 

Thus, the shear stress rfor x»a is obtained from Eqs. (11) & (13) as, 

X 

Z4 
3Fa2 

e z,, (x) -8b, 
ýh 

(4.13) 

(4.14) 
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The moment at this portion (x » a) is calculated as, 

M(X)f 
/I Ma 

XQ 

, Va 
X-Q 

A- 2* 
8bxh2 e° Iaux= e 16 

(4.15) 

Substituting Eq. (15) into Eq. (8), the rotation and deformation of the beam becomes, 

M(x) 3Faxh -x-' Qý=-ýEI dx - D, + 
16EIe 

xh 

3Fa(xh)Z _x=ý 11', = jßdx 
=- 16E] e '' + D, x+ Dz 

1 

4.5.2. Cracked portion (0 <x< a) 

(4.16) 

(4.17) 

The same procedures are followed to find the rotation and deformation of the cracked portion 

(0<x<a)as, 

ßz = 
3x2 

+ D; 
32E, I 

wz = 
x; +D 3x + Da 

32E, 1 

(4.1 S) 

(4.19) 

Using the following boundary conditions, the unknown parameters of D1, D2, D3 and D4 can 

be found. 

w2 (x=0) =0, w, (x=2L) =0, 

s-a 

W2lX-a/- W1lX=Q/, 
82lX=Ql-A 

\X - U/ 

Using superposition principle the compliance, C, is obtained as, 

r C=C+ Cc 
rack 

Therefore, the compliance becomes, 

C_2L3+3a 
8E, bh3 

(4.20) 

(4.21) 

(4.22) 

Using classical simple beam theory (SBT), the load-point compliance in the 3ENF specimen 

is [14], 
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C= 
8 

F 

Using the compliance equation 

2 

G_F dC 
2b da 

The interlaminar fracture toughness can be found Eqs. (4.3), (4.4) and (4.5): 

_ 
9Fgaz ý°C 

2b 2L-' +3 a') 

(4.23) 

(4.24) 

(4.25) 

Various other methods of the Compliance Calibration Method (CCM), the Corrected Beam 

Theory (CBT) and the Corrected Beam Theory (CBTw'') after Wang and Williams [15] are 

used to calculate the Mode-II interlaminar fracture toughness, Gjc. In CCM compliance is 

based on the least squares linear regression as [16], 

CN1= A+mas (4.26) 

where N1 is a large displacement correction factor and A and m are data fitting constants. 

Thus, Guc, becomes: 

3mFZaZ F' Gnc = 2b N, 
(4.27) 

where F' is an additional large displacements correction factor which was found negligible 

in 3ENF tests [14]. 

In this work Simple Beam Theory (SBT) and Corrected Calibration Method (CCM) were 

used to determine the Mode-II fracture toughness. Due to the difficulties in defining the exact 

position of crack initiation, the non-linearity (NL) and the 5% offset are used to find the crack 

initiation. 

The results of Mode-II delamination fracture toughness, Gjic, using non-linearity (NL) for 

each interface, are presented in Table 4.2. 
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Table 4.2. Interlaminar fracture toughness obtained from 3ENF tests for various interface 
fibre orientations. 

Laminate 
lay-up 

Fracture 
plane 

interface 

Gnc (CCM) Glic (SBT) 
J/m2 J/m2 

CFRP-[014 0//0 2000±50 2400±40 

CFRP-[0,45]2 0//45 1600±30 1500±60 

CFRP-[45)4 45//45 1200±30 900±20 

GFRP-[0)io 0//0 3700±50 3200±70 

CCM: Compliance Calibration Method, SBT: Simple Beam Theory 

The Mode-II interlaminar fracture toughness of the interface layers of (0/0) woven CFRP 

composite material showed the highest values of Guc for all specimens, and for interface 

layers of (45/45) showed the lowest value. The experimental resistance curves of woven 

GFRP and CFRP composite materials of Gjjc versus crack length are presented in Figure 4.8 

and 4.9. 
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Fig. 4.8. Resistance curve (R-curve) in 3ENF woven CFRP specimens with (a) 45/45, (b) 0/0 
and (c) 0/45 fracture plane interfaces using CCM and SBT methods. 
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Fig. 4.9. Resistance curve (R-curve) in woven GFRP 3ENF specimens with 0/0 fracture plane 
interface using Compliance Calibration Method (CCM) and Simple Beam Theory (SBT) 

methods. 

4.6. Progressive crushing process of woven CFRP composite crush box 

Each woven GFRP and CFRP composite box (as described in 3.4) was crushed between two 

parallel platens for 50mm stroke using a universal testing machine with 500 kN load cell. The 

crush speed was set at 2 mm/min, the same speed as used for the 3ENF tests. For each test 

configuration three specimens were tested. The force-crush distance diagrams were recorded 

automatically for each test. 

The combinations of three distinct crushing modes were observed for woven CFRP 

composite boxes during quasi-static crush tests. As can be seen in Figure 4.10, the 

combination of lamina bending and brittle fracture modes was observed for fibre orientations 

of [0]4 and [0/45]2 and also the combination of transverse shearing and local buckling was 

found for laminate design of [45]4. The combination of lamina bending and brittle fracture 

crushing modes showed the highest energy absorption in comparison with the other observed 

modes. This high energy absorption is caused by a larger crush area and therefore a higher 

potential to absorb energy by frictional effects at the platen/specimen interface. 
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Fig. 4.10. Plane view of crushed CFRP composite box. a) [0]4, b) [0/45]2, and c) [45]4. 
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The force-crush distance of lamina bending crushing mode showed that the majority of 
serrations were of small amplitude. This situation causes the stresses required to initiate crack 
propagation to increase and consequently causes high energy absorption. In brittle fracture 

and lamina bending many interlaminar and intralaminar cracks were formed in the crush 
zone. 

The deformation of all boxes was elastic at the beginning of crushing process while the load 
increased rapidly to its maximum. At the initial stages of the crushing, four axial cracks were 
formed at the corners of each box which caused splitting of the transverse fibres and bending 

of the internal and external fronds. It was observed that the external fronds were nearly the 
same size as internal fronds. For all boxes except the laminate design of [45]4 the main cracks 
started and continued to propagate along the central interwall, and lamina bundles were 
formed. At this stage the load dropped from its peak and stabilised around a mean force, F,,,. 
The magnitude of the mean force was found to depend on the propagation of the interlaminar 

and intralaminar cracks. In this stage which is called post-crushing regime, the internal and 
external fronds were buckled when the applied force reached a critical value. In crushing of 
[0]4 and [0/4512 boxes, some lamina bundle fracture mechanisms were observed during frond 
bending as the central interwall crack propagated. In crushing of [45]4 box, local buckling 

and many lamina bundle fracture and short interlaminar Mode-1I crack propagation occurred 
(Figure 4.10c). In this case the interlaminar stresses are small relative to the strength of the 

matrix and no Mode-I crack growth will occur. This situation yields to shape local buckling 

crushing mode with many bundle fractures in transverse shearing mode. 

In lamina bending mode, the main central crack causes to shape lamina bundles which has a 

significant role on absorbing the impact energy. The propagation of this type of crack is the 

same as crack propagation in Mode-I delamination in composite laminates discussed earlier 
in Chapter 3. We saw that the fibre orientation at the interface planes had a significant effect 

on Mode-I interlaminar fracture toughness. Also in this failure mode the fronds splitting due 

to lamina bundle bending is similar to interlaminar crack propagation in Mode-II (see Figure 

4.11). The Gjc and G11c of initiation are more influential than the Gic and GlIc of propagation 
in the energy absorption mechanism [171. Hence, the Mode-I and Mode-II initiation values 

were chosen to quantify the effect of Mode-I and Mode-Il fracture toughness on the energy 

absorption of the composite box. 
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Fig. 4.11. Mode-I & Mode-II interlaminar crack propagation at the central interwall in [0/45]2 
and [0]4 CFRP composite boxes. 

Regarding the fracture toughness study in previous sections, the interface of 0/45 showed the 
highest Mode-I fracture toughness and the interface of 0/0 showed the highest Mode-II 

fracture toughness while the lowest of both Mode-I and Mode-11 fracture toughness was 

observed along interface of 45/45. 

In the lamina bending crushing mode due to through the thickness transverse stress, Mode-I 

interlaminar fracture will occur. However, this fracture mode was not observed in the 

laminate design of [45]4, (see Figure 4.10c). The combination of local buckling and 

transverse shearing crushing modes was more likely to shape than other types of crushing 

modes. In the combination of lamina bending and brittle fracture modes, the high friction and 

the high fracture toughness values far outweigh other crushing mechanisms in absorbing the 

crushing energy [ 18]. 

The experimental results of force-crush distance for all lay ups of CFRP composite box are 

compared in Figure 4.12. The results show that [0/4512 has the highest mean force and 

consequently the highest energy absorption capability in comparison with other lay-ups. 

Owing to no frond bending and low frictional effect this was reflected on the lowest values of 

mean force and energy absorption in the crush box of [4514 lay-ups. 
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Fig. 4.12. Comparison of force-crush distance of CFRP composite boxes with different layup. 

The variation of the specific energy absorption (SEA) from the crush test versus a summation 

of Gic and G, 1 for various lay-ups of CFRP composite box is plotted in Figure 4.13a. It can 
be seen that the total interlaminar fracture toughness in Mode-I and Mode-II of 0/0 is higher 

than the equivalent values of 0/45 and 45/45 interface planes, but the 0/45 box has the highest 

SEA. This shows that the effect of other mechanisms such as friction and bending will 
increase as the total fracture energy increase beyond a certain limit. It should be mentioned 

that due to absence of Mode-I crack in 45/45 laminated crushed box during quasi-static 

crushing tests, G1 for this lay-up was not considered in Figure 4.13. A summary of results is 

presented in Table 4.3. Choosing a suitable fibre orientation at the interface plane is one of 

the main factors for improving the energy absorption of composite crush boxes in progressive 
failure. 

Table 4.3. Comparison of experimental SEA and summation of Mode-I and Mode-II 
interlaminar fracture toughness. 

Laminate Fina, Fm CFE SEA GT(') 
Lay-up kN kN % kJ/kg kJ/m2 

[0]4 67 65 97 25 5 

[0/4512 87 67 77 26 4.4 

[45]4 85 52 61 20 3.6 

(I) Under the assumption that GT = GI(- +2G,, (ý for box lay-ups of [0/45 [2 

and [0]4 and GT = 3G1, c for box lay-up of [45]4 as no Mode-I crack was observed in this lay-up. 
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The ratio between initial maximum collapse force and mean force is known as the crush force 

efficiency (CFE) and the higher the value of this parameter, the better the energy absorption 

capability. The experimental crush force efficiency (CFE) of all composite crush boxes was 

obtained and the results of CFE versus interlaminar fracture toughness for various lay-ups are 

shown in Figure 4.13b. It can be seen the CFE increases as the total interlaminar fracture 

toughness in Mode-I and Mode-Il increases. The [014lay-up has the highest CFE. This is due 

to its lower initial maximum collapse force compared with other fibre orientations. This 

situation is more suitable for crashworthiness design cases which need to absorb the energy 

with a lower initial collapse force but not necessarily with the highest energy absorption 

capability [19]. 
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Fig. 4.13. (a) Variation of specific energy absorption (SEA) and (b) crush force efficiency 

(CFE) versus summation of interlaminar fracture toughness in Mode-I and Mode-II, i. e., G, c 

+2G�c for boxes with [0/4512 and [014lay-ups and 3Guc for boxes with [4514 lay-up. 
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4.7. Progressive crushing process of woven GFRP composite crush box 

Each woven glass/epoxy composite box was crushed between two platen for 50mm stroke 

using a Universal Testing Machine with 500 kN load cell. The crush speed was set at 2 

mm/min, the same speed as used for the 3ENF tests. For each test configuration three 

specimens were tested. The force-crush distance diagrams were recorded automatically for 

each test. The crushing process at axial crushing process was in brittle fracture crushing mode 

(see Figure 4.14). In brittle fracture crushing mode the crushing process is a combination of 

transverse shearing and lamina bending crushing modes. In this mode the length of the 

interlaminar cracks are between I to 10 laminate thicknesses. In this case the main energy 

absorption mechanism is fracturing of lamina bundles. The highest energy absorption of 

composite tubes was observed in brittle fracture and lamina bending crushing modes. 

Initial crushing process Bundle fracture 

Fig. 4.14. Various crushing stages of woven L, I. ucpo-ýý composite box in axial crushing. 

In brittle fracture crushing mode two main mechanisms of bundle fractures and inter/intra 

laminar crack propagation control the energy absorption during quasi-static crushing process. 

For the woven GFRP composite box all these mechanisms were observed in the crushing 

process (see Figure 4.15). 
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The interlaminar crack propagation in Mode-II was one of the fracture mechanisms which 
contributed in the energy absorbing of GFRP composite box. The value of dissipated energy 
due to Mode-II delamination can be found from Eq. (27), 

Uo =n(4, i, b)Guc (3.27) 

where, ;, is crush distance, b is the width of composite box and n is number of delamination 

crack growth in Mode-II. The crack propagation in Mode-II also can affect the bending 

resistance of bundles during the crushing process. 

Mode-II crack propagation 

Fig. 4.15. Fracture mechanisms of brittle fracture crushing mode at the central interwall in 
[011 o GFRP composite box. 

4.8. Conclusion 

It was shown that the total interlaminar fracture toughness in Mode-I and Mode-II of 0/0 is 

higher than the equivalent values of 0/45 and 45/45 interface planes of CFRP composites, but 

0/45 box has the highest SEA. This indicates that the effect of other mechanisms such as 

friction and bending will increase as the total fracture energy increase beyond a certain limit. 

It can be seen the CFE increases as the total interlaminar fracture toughness in Mode-I and 
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Mode-II increases. The [014 lay-up has the highest CFE. This is due to its lower initial 

maximum collapse force compared with other fibre orientations. This situation is more 

suitable for crashworthiness design cases which need to absorb the energy with a lower initial 

collapse force but not necessarily with the highest energy absorption capability. 
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Nomenclature 

a crack length 

Qe 
effective crack length 

ADCB asymmetric double cantilever beam 

b side of box 

C compliance 

3ENF three-point-end-notched flexure 

E Young's modulus 

f large displacement correction factor 

F force 

G12 shear modulus 

G�c Mode-II interlaminar fracture toughness 

G,,,, 
c mixed-Mode-I/11 interlaminar fracture toughness 

I 
second moment of inertia 

LF free length of the specimen 

4 trigger length 

n number of crack in Mode-II 

SEA specific energy absorption 

t crush box wall thickness 
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V?. fibre volume fraction 

v Poisson's ratio 

all ultimate tensile stress 

alb flexural strength 

is shear strength 

6 off-axis angle 

semi-angle of the wedge 

X correction factor for beam root rotation 
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5. Introduction 

In a real crash event the more likely scenario is a non-axial collision rather than an axial one. 
A few researchers have investigated the energy absorbing capabilities of elements such as the 
box under two types of non-axial loadings. This chapter contains a description of work to 
investigate the energy absorption capability of the woven GFRP composite box under various 
off-axis crushing loadings. 

In this regard, the effect of delamination cracks growth in Mode-II, Gfjc, and mixed-Mode 
1/II, G, l�c, was investigated on the specific energy absorption, SEA. The 3-ENF and ADCB 

and the crush box specimens were made and tested with different lay-ups of woven GFRP 

composite material. The experimental results were compared together to find the relationship 
between delamination crack growth in Mode-II and mixed-Mode-1/11 and SEA. 

5.1. Experimental studies 

Two different types of asymmetric double cantilever beam (ADCB) and also off-axis quasi- 

static crush box tests were carried out in accordance with the relevant standards. The GFRP 

specimens were manufactured from twill weave glass fibre material of densities 1.4 g/cm3 

with epoxy resin. The mechanical properties and interlaminar fracture toughness in Mode-II 

for woven GFRP material were extensively studied in the work described Chapter 4. 

5.2. Determination of mixed-Mode-I/II interiaminar fracture toughness 

The fabrication of GFRP ADCB specimens were laid-up according to the laminate design of 

each GFRP composite crush box which will be discussed later. The mid-plane interface of 
GFRP was 0//0 to determine the mixed-Mode I/II interlaminar fracture toughness. The crack 

propagation was set along the weft direction which was defined as 0 direction. 

For determining the mixed-Mode I/II interlaminar fracture toughness, G1111 c, ESIS protocol 

[1] was followed. The Teflon insert in ADCB specimens were located at two different 

locations. The first position was applied at the mid-plane (10//10) of specimen with equal 

thickness (hj=h2=2.75mm) for upper and lower arms. This specimen was called symmetric 

ADCB (ADCBB). Second the insert Teflon was located between the 6`h and 7`h layer. 
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This means that the thickness of upper arm (hi) is 1.65mm and thickness of lower arm (h2) is 
3.85mm, respectively. This specimen was called asymmetric ADCB (ADCBUB) (see Figure 
5.1). 

Clamped 

1 
h, 
h2 

at) = 45 1 

LF 
.4 10 

1* ----- '----------- iýý 

;, 160 
b=20 
w 

hi+h, =5.5 

Fig. 5.1. ADCB specimen for mixed-Mode I/II delamination testing (All dimensions in mm). 

This ratio was chosen regarding the crack growth in the box wall in off-axis loading of 10°. 

In this case the crack propagation in mixed-Mode I/II occurs between layers of 3 and 7 (will 

be discussed later) with the thickness ratio of (0.9/2.1). The corrections for the end-block, 

ADCB arm bending and root rotation were considered. According to [2] the recommended 

ADCB specimen size is at least 160mm long and 20mm wide with an initial crack length (i. e. 

the length of the insert from the load line) of 45mm. The force at each crack length was 

retrospectively obtained from the recorded force-displacement diagram to calculate G, 111 

(Figure 5.2). 
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Fig. 5.2. Force-load line displacement from (a) symmetric and asymmetric ADCB and (b) 
3ENF tests. 

5.3. Mixed-Mode I/II interlaminar fracture toughness 

Various test methods have been investigated to measure mixed-Mode 1/11 interlaminar 

fracture toughness. The mixed-mode bending (MMB) [3] test has been balloted within 

ASTM as a prospective mixed-Mode standard. The main advantage of the MMB test is that it 

could change the whole mixed-mode failure envelope from pure Mode-I to pure Mode-II, to 

be measured using a single apparatus. The asymmetric double cantilever beam (ADCB) [4] is 

another test method for measuring the mixed-Mode 1/11 interlaminar fracture toughness. 
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The ADCB test method yields one single ratio, namely GI/GI, = 4/3 between Mode I and 

Mode II interlaminar fracture toughness. Due to dissipated energy by asymmetric crack 

growth in the side-wall of composite box in off-axis crushing angle of 10°, it was necessary 

to measure the fracture toughness in mixed-Mode I/II crack propagation. 

This kind of crack growth was judged to be similar to ADCB test. Thus, this test was chosen 

for measuring the mixed-Mode fracture toughness. 

The ADCB specimens at two different mixed-Mode ratios were manufactured. These mixed- 

mode ratios were calculated from [4), 

Gi h, 2 (h, + h2 )2 
a+ . t'1 h2 2 

GU 3h2a a +Zuh, 
(5.1) 

where h, is the distance between the plane of insert film and the top of the beam and h2 is the 

distance from the plane of insert film to the bottom of the beam and 

x, = 
2 

E 
11G 

3-2(I'+1) ' I'=1.18 
GEz 

12 
G12 

(5.2) 

where x, is a correction factor for the beam root rotation in Mode-I component, 

x� = 0.42x, the correction factor for Mode-II component. 

The mixed-Mode ratio of ADCBB specimen which was made with insert Teflon at the mid- 

plane (h, =h2), was 1.33 while the mixed-Mode ratio of ADCBUB specimen with upper arm 

thickness of hl=1.65mm and lower arm thickness of h2=3.85mm was 0.125 (see Figure 5.3). 
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.. ý,.. 

Fig. 5.3. GFRP ADCB test specimens under loading, a) ADCBB and b) ADCBUB and c) 
Transverse crack propagation. 

Using the Corrected Beam Theory (CBT) method which uses simple beam theory with 

correction factors of the beam not being perfectly built-in and large displacement during the 

test, the total mixed-Mode UII energy release rate in the ADCB test, Gync can be partitioned 

to Mode-I and Mode-II components as [4]: 

mired Pined Giiuc = Gic +Guc 

where G1c""xed and Gjjc, », Xed are as below, 

GmurJ _ 
6F2(a+, Zih2)2 h,; 

IC b'2E, h; h;; + h; 

(5.3) 

(5.4) 
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Gnc d_ 18F2(a+Xnh, )2 h, h2 
5.5 "z .f() b E, (h, +h2)z. hI +h 3) 

where f is the large displacement correction factor. 

In this study Experimental Calibration Method (ECM) which uses the plot of the 
compliance, C, versus the cube of the delamination length, a3, was also considered to 
determine the mixed-Mode ]III fracture toughness. The development of transverse cracking 
caused the force to show several continuous increases after initial crack propagation resulting 
in a rising R-curve for ADCB specimens (see Figure 5.4). 

The results of mixed-Mode 1/II delamination fracture toughness, GIB�C, using VIS for each 
interface, are presented in Table 5.1. 

Table 5.1. Interlaminar fracture toughness obtained from ADCBB and ADCBUB tests. 

Fracture 
Specimen plane 

interface 

Mixed-Mode 

ratio (Gic/Guc) 

Gunc AQbdUA Gimc mha6on Ginicrop. Ginic (Prop-) 

(ECM) (CBT) (ECM) (CBT) 

J/m2 J/m2 J/m2 J/m2 

ADCBB 0//0 1.33 560±20 720±20 1550±20 2200±30 

ADCB UB 0//0 0.125 50±4 70±6 550±20 750±20 

ECM: Experimental Compliance Method, CBT: Corrected Beam Theory 

According to standard, mixed-Mode 1/II tests have to be complemented by pure Mode I and 
Mode II tests, if the full failure envelope is to be determined. Thus, Mode-I interlaminar 

fracture toughness was also measured with fracture interface of 0//0 (see Table 5.2). 

Table 5.2. Interlaminar fracture toughness obtained from 3ENF and DCB tests. 

Fracture Gic Gic 

Specimen plane (MCC) (MBT) 

interface J/m2 J/m2 

DC B 0//0 1200±60 1200±40 

Fracture G11c Giic 

Specimen plane (CCM) (SBT) 

interface J/m2 J/m2 

3-ENF 0//0 3700±30 3200±30 

CCM: Compliance Calibration Method, SBT: Simple Beam Theory 

MCC: Modified Compliance Calibration, MBT: Modified Beam Theory 
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The experimental resistance curves of Guns versus crack length are presented in Figure 5.4. 
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Fig. 5.4. Resistance curve (R-curve) in ADCB specimens with 0//0 fracture plane interface 

using Experimental Calibration Method (ECM) and Corrected Beam Theory (CBT) methods. 

Regarding the unreliable results of un-balanced (UB) ADCB specimen, the results of 

balanced ADCB specimen are used to study the effect of mixed-mode 1/II delamination on 

off-axis crashworthiness of composite box. 

5.4. Composite crush box 

The crush box specimens were made of the glass/epoxy twill-weave fabric by hand lay-up 

with fibre orientations in accordance to those used in ADCB tests as described in the previous 

section. The 0° direction which coincided with the axial axis of the crush box was parallel to 

weft direction. Each box was made with a total height of 100mm, external cross-section of 

8Ox8Omm and wall thickness of 3mm. To avoid stress concentration at the box corners, an 

internal fillet with a radius of 6 mm was inserted at the internal corners of each box. Also one 
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end of each specimen was bevelled to make a trigger for progressive crushing with an angle 
of 60°. All details of the specimen preparation and testing method were reported in Chapter 3. 

The wedge-shape base of the experimental fixture was made from steel with a dimension of 
100mm in length and 100mm in width with various inclination angles of 5°, 10°, 20° and 30° 
(see Figure 5.5). To prevent the toppling of the specimen during the crush test, the clamped- 
set with total height of 10mm was welded at the slope-surface of each base. 

r 
100 

1 

100 

ý, 
_ 10 

Clamped boundary condition 

(b) 

Fig. 5.5. Wedge-shape base for off-axis crushing tests, at off-axis angles of 0= 5°, 10°, 20° 

and 30°, a) plane view, b) side view (All dimensions in mm). 

Each specimen was crushed at a rate of 2mm/min between two parallel platens for 50mm 

stroke using a universal testing machine with 500 kN load cell. For each test configuration 

three specimens were tested. The force-crush distance diagrams were recorded automatically 

for each test (Figure 5.6). 
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Fig. 5.6. Crushing process of woven glass/epoxy composite boxes under off-axis loading of 0 
= 5°, 10°, 20° and 300. Triggering stage at 0 offset angle (Tr(o)) and Sustained Crushing Stage 
are shown. 

5.5. Off-axis crushing process of crush box 

For each off-axis angle the wedge-shape base with relevant angle was set for each composite 

box. Each woven glass/epoxy composite box with fibre orientation of [0]1() was crushed 

between two plates for 50mm stroke using a Universal Testing Machine with 500 kN load 

cell. The crush speed was set at 2 mm/min, the same speed as used for the ADCB tests. For 

each test configuration three specimens were tested. The force-crush distance diagrams were 

recorded automatically for each test. 
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The crushing process at the 5° off-axis loading was in brittle fracture crushing mode (see 
Figure 5.7). 

Fig. 5.7. Various crushing stages of woven glass/epoxy composite box in axial crushing (0 

=0) and off-axis loading at (0 =5°). 
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In brittle fracture crushing mode the crushing process is a combination of transverse shearing 
and lamina bending crushing modes. In this mode the length of the interlaminar cracks are 
between 1 to 10 laminate thicknesses. In this case the main energy absorption mechanism is 

fracturing of lamina bundles. The highest energy absorption of composite tubes was observed 
in brittle fracture and lamina bending crushing modes. 

At off-axis angle of 5° the onset of the sustained crushing stage was delayed in comparison 

with axial crushing process. The triggering stage (Tr) continued until the crushing process 

reached to its maximum area and took place over a total length of LT=bsinO. After this stage 

the sustained crushing stage began and the shape of crushing zone became rectangular with 
long side of b/cosO and the short side of b (Figure 5.8-b and 5.10-a). However, the length of 

sustained crushing stage was almost the same as the relevant length of sustained crushing 

stage in axial crushing. 
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Fig. 5.8. Comparison of axial and off-axis crushing process, a) axial crushing and b) off-axis 
crushing. 

The off-axis loading test was carried for the loading angle of 10°. The behaviour of this 

loading angle was exceptionally different from the process of off-axis loadings. Initially it 

was predicted that the sustained crushing stress would be described by increasing the 

inclination angle. At this angle the triggering stage was longer than the triggering stage of 5° 
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loading. However, sustained crushing stress was reached at a higher value of mean force 

than the observed value of mean force in sustained crushing stage of axial crushing. 

This situation yields to show the higher SEA at this off-axis loading. The fracture mechanism 

to absorb the crushing energy was followed by many bundle fracture and interlaminar crack 

propagation in Mode-II and mixed-Mode 1/I1 in main wall (see Figure 5.9 and 5.10-b). 

Initial stage of crushing Mode-11 crack growth 

Clamped boundary condition Bundle fracture [ Mixed-Mode 1/11 crack propagation 

Fig. 5.9. Crushing process analysis of woven glass/epoxy composite box at off-axis loading 
of 10°, a) crushing process, b) plane view of crushed box and c) crack propagation in the wall 

of composite box. 

However, due to off-axis loading these fracture mechanisms did not occur at the same time. 

This fracture mechanism was observed only at one side of composite box. The main reason 

for the increase of the energy absorbing capability of this off-axis loading might be related to 

crack propagation in mixed-Mode I/II at one side of the composite box. 

This kind of crack propagation yields to produce lamina bundles and consequently increasing 

of friction and bending resistance. Regarding the fracture study in Mode-II and mixed-Mode 

UII, an extra amount in energy absorbing of this off-axis angle can be derived as, 

Udefa 
min caion -[//LýV I/ IIC 

+ li('7IIC 
ý (5.6) 

The fracture toughness value in mixed-Mode UII in the side-wall of the box was calculated 

from ADCBUB test. 
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It should be mentioned that this kind of crack propagation was observed only at 10° off-axis 
loading. This could explain why only at this angle the highest SEA in comparison with other 

off-axis loadings and axial loading was observed (see Figure 5.11). 
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Fig. 5.10. Ideal crush zone, (a) Brittle fracture crushing mode in axial crushing and (b) Crack 

propagation in mixed-Mode UI1 in off-axis angle of 10°. 
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Fig. 5.11. Variation of specific energy absorption (SEA) versus off-axis angle for GFRP 

composite box. 

The off-axis crushing process was performed for the other two angles of 20° and 30°. 

Increasing the loading angle caused the triggering stage for both angles to increase (Figure 

5.6). 

The sustained crushing stage was shorter and also lower than the sustained crushing stage of 

smaller loading angles. The reason for this decreasing of SEA comes from the fracture 

mechanisms which control the crushing process. At the beginning of the crushing process it 

was observed that one side of the composite box started to absorb the crushing energy and the 

other two adjacent sides joined the crushing process after a delay. This situation significantly 

affected the capability of composite box to absorb the energy. Off-axis loading of 30° showed 

the minimum amount of SEA. 

In contrast to [5], in our experiments, the toppling stage was not observed in any off-axis 

loadings. Also at 20° and 30° angles, the fracture mechanisms were recognised as crack 

propagation in Mode-II at one side of composite box which started the absorbing of crushing 

energy (see Figure 5.12). 
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6=20° e=ýo° 

Fig. 5.12. Crushing process analysis of woven glass/epoxy composite box at off-axis loading 

of 20 and 30°, a) crushing process, b) plane view of crushed box and c) crack propagation in 
the walls of composite box. 
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5.6. Conclusion 

In the present work, the effect of off-axis loading on the fracture mechanisms and specific 

energy absorption of glass/epoxy twill-weave composite box was investigated. The brittle 

fracture mode was observed for composite box in axial crushing and off-axis loading of 5°. 

The energy absorbing capability at this off-axis loading was almost the same as energy 

absorption of the composite box under axial loading. 

Two fracture mechanisms of bundle fracture and crack propagation in Mode-II were found 

for all composite boxes at various off-axis loading. Due to crack propagation in mixed-Mode 
I/II and more friction and bending resistance at the side of composite box which first 

contacted the crushing platen, the amount of SEA at off-axis loading of 10° was the 

maximum. The energy absorbing capability of this off-axis loading was increased about 16% 

in comparison with energy absorption in axial loading. Except for the off-axis angle of 10°, 

the SEA of glass/epoxy composite box was decreased by increasing the off-axis loading. The 

delay in arrival of sustained crushing stage caused the energy absorption of CFRP composite 

box to decrease. The SEA of 20° and 30° related to SEA of axial crushing decreased by 24% 

and 60%, respectively. The toppling stage was not observed in any of the off-axis loading 

tests. 
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Appendix (C5): 

Calculation of delamination in ADCB test 

Williams [6] proposed beam theory analysis for general problems involving delaminated 

homogeneous materials. Based on this theoretical framework, the total strain energy release 

rate can be used to find the delamination problem for different geometries. 

Total strain energy release rate is, 

G= 1 rdUr 
_ 

dUs 
b da da 

where, Ue is the external work performed and U, is the strain energy. 

M, 

a 

Fig. C5.13. Delaminated laminates under bending [6]. 

M, 

(C5-7) 

Mi+M, 

External work is defined as, 

dU,, 1 
da 8E1 I 

Mz Mz z 
-(Mi +M, ) (C5-8) 

where 

2h 

The strain energy is derived as, 

(C5-9) 
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dUs M12 M2 (M, +MZ)Z 
da 2E111 +2E, 

Iz 2E1I0 

Substituting Eqs. (8) and (10) in (7) the energy release rate becomes, 

zz 
G= 1 M, MZ 

-(MI 16b'E, 1 2 

(C5-10) 

(C5-11) 

According to [6], pure Mode-I exists when symmetric moments act on the laminate legs i. e. 

MI = MI and M2=-M,. Also, pure Mode-II requires equal curvature for both legs, a condition 

that is achieved when MI = M11 and M2 M11. 

where, 

Vf = h2 (C5-12) 
h3 

In ADCB test only one arm is loaded; therefore, M2 =0 and M, = F(a +Xh, 

MM +M 
(C5-13) 

M2 =-MI +VIMII =0 
(C5-14) 

M� = 

ilMý) , and M, _ (1 +V)Mý 
(C5-15) 

Substituting new values for bending moments, Gland Gn are obtained as, 

G mixed 
IC 

6F2 (a+x, h2)' h; 
b'zE, h? h; +hz 

(C5-16) 

G mixed 
//C 

18F2(a+Xuh, )2 hihi 
. b'2E, (h, +h2)2. h; +h2 

(C5-17) 
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Nomenclature 

a crack length 

b side of box 

C compliance 

E Young's modulus 

ELS end-loaded split 

F force 

F� initial maximum force 

Fm mean force 

G12 shear modulus 

G, c mode-I interlaminar fracture toughness 

I second moment of inertia 

S shear strength 

SEA specific energy absorption 

SSCS specific sustained crushing stress 

t thickness 

Ue external work 

US strain energy 

Vf fibre volume fraction 

v Poisson's ratio 

Qu ultimate tensile stress 

Qb flexural strength 
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p density 

Z_s shear strength 

9 fibre orientation 

Adamp end-clamp correction factor 
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6. Introduction 

This chapter contains a description of work carried out to investigate the effects of 
delamination failure of hybrid composite box structures on crashworthiness behaviour and to 

investigate their performance compared with non-hybrid ones. In this work the combinations 

of twill-weave and unidirectional CFRP composite materials were used to laminate the 

composite boxes. Delamination studies in Mode-I and Mode-II with the same lay-ups were 

carried out to investigate the effect of delamination crack growth on energy absorption of 
hybrid composite box structures. The end-loaded split (ELS) and double cantilever beam 

(DCB) standard test methods were chosen for delamination studies. Also, the effects of 

stiffened and channel stiffened composite box structures in absorbing the crushing energy 

were studied and the results were compared to the relevant un-stiffened composite box. 

6.1. Experimental studies 

6.1.1. Determination of Mode-I interlaminar fracture tou hg ness 

The mechanical characteristics of carbon/epoxy twill-weave and unidirectional fabrics were 

obtained in accordance with the relevant standards discussed in Chapters 2 and 3. These tests 

were tensile, shear, fibre volume fraction, coefficient of friction (see Table 6.1), double- 

cantilever beam (DCB) (Table 6.2 and Figure 6.2), end-loaded split (ELS) (Table 6.4 and 

Figure 6.5) and quasi-static crush box. 

Table 6.1. Material properties of the woven a) Unidirectional-CFRP and b) Woven-CFRP 

composite materials. 

E, Ez G12 7u 0° ßu 90° 'tis Vf 

(GPa) (GPa) (GPa) 
Mz 

MPa MPa MPa (%) 

138±12 10.5±0.5 6.3±0.4 0.3 330±14 32±2 147±14 42 

(a) 

E, 
GPa 

E2 G12 or. 00 or,, 90° tis 

GPa GPa 
V12 

MPa MPa MPa 
Vf 
% 

61±5 58±2 3.4±0.3 0.1 634±15 560±21 94±7 45 

(b) 
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For all interface planes the development of transverse cracking also caused the force to show 

several continuous increases after initial crack propagation resulting in a rising R-curve. 

Transverse cracking for interface planes of T90//U90, TO//UO, T90//T90, T90//UO and 
TO//U90 happened at the beginning of delamination crack growth (see Figure 6.1 . a) while 

this process for interface plane of U90//U90 happened at the end of delamination crack 

growth (see Figure 6.1. b). 
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b 

Fig. 6.1. Typical crack propagation in Mode-I delamination at fracture plane interface. 
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Fig. 6.2. Resistance curve (R-curve) in DCB specimens with various fracture plane interfaces 

using MBT and MCC methods. 
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Table 6.2. Interlaminar fracture toughness obtained from DCB tests for various interface fibre 

orientations. 

Laminate 
lay-up 

Fracture 
G«, (MCC) Gic (MBT) 

Gip. -, w Grp`op 
plane JIM' J/m2 

(MCC) (MBT) 
interface J/m- J/m- 

[TO/UO]7 TO//UO 480±20 450±20 400±20 400±20 

[T0/U90], TO//U90 510±20 530±20 420±20 420±20 

[T90/UO]7 T90//U0 500±20 480±20 430±30 430±20 

[T90/U90]7 T90//U90 

[T90]1o T90//T90 
[U90] 16 U90//U90 

440±20 430±10 400±20 400±10 

620±20 610±20 600±20 600±20 

350±20 340±10 400±20 400±10 

MCC: Modified Compliance Calibration Method. MBT: Modified Beam Theory 

All specimens were manufactured from unidirectional and twill/weave fabric CFRP materials 

of density 1.4 g/cm3 and 1.8 g/cm3 with epoxy resin. For twill/weave composite it was 

observed that crack propagation along the weft yarns was associated with more resistance 

than propagation along the warp direction. For comparison between the energy absorption of 
hybrid composite box and pure one, two other types of composite box were made: one from 

the twilled-weave; and the other all from unidirectional CFRP materials. The lay-ups of 

different hybrid composite boxes are presented in Table 6.3. 

Table 6.3. Various lay-ups of hybrid composite box structures. 

H-brid composite box lad-ups 

[TO/UO], 

ýTO/t 90]7 

[T90/UO]7 

IT90/t'90]7 

ý[T90Lo 

ýI L90116 

T= Twill-weave &U= Unidirectional CFRP materials 
(*) = Pure CFRP composite box 
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6.1.2. Determination of Mode-Il interlaminar fracture toughness using ELS specimen 

The fabrication of the hybrid twill-weave and the unidirectional CFRP ELS specimens were 
laid-up according to the laminate design of each hybrid composite crush box. The mid-plane 
interface of hybrid CFRP ELS specimens were TO//UO, TO//U90, T90//UO and T90//U90, and 
for non-hybrid CFRP ELS specimens were T90//T90 and UO//UO to determine the Mode-II 

interlaminar fracture toughness. In the twill-weave specimens the weft direction was defined 

as 0 direction. 

The ELS specimens were made according to ESIS protocol [1] with the width of 20mm and 

the total length of 160mm, while the thickness varied from 5 to 6mm. This thickness was 

required to avoid large displacement, plastic deformation and intraply damage. A precrack 

length of 60mm from the free end of specimen was inserted using a Teflon film of thickness 

13µm (see Figure 6.3). Loading was carried out at a constant crosshead displacement rate of 
2 mm/min. 

The details of specimen preparation and testing method were explained in Chapters 3 and 4. 

The force at each crack length was retrospectively obtained from the recorded force- 

displacement diagram to calculate G, jc (see Figure 6.4). 

123 



Chapter 6: Effect of Delamination Failure in Crashworthiness Analysis of Hybrid Composite Box 
Structures 

Fig. 6.3. ELS specimen for Mode II delamination testing (All dimensions in mm). 
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Fig. 6.4. Force-load line displacement from ELS tests for various mid-plane interfaces. 

6.2. Mode II interlaminar fracture toughness 

Considering the contour ABCD (discussed in Chapter 5) at the tip of the crack 0 which 

moves da to O' then, total strain energy release rate for corrected-beam theory (CBT) is [2], 

G_1 CdU� _ 
dUs 

B da da 
(6.1) 
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M, 

M-1 

a 

B 
ý i------------- 
C 

A ------------- D 
`, 

da 

Fig. 6.5. Delaminated laminates under bending [2]. 

where, Ue is the external work performed and US is the strain energy. 

External work is defined as, 

dUr 
_1M; + 

Mz 
_(M +M, )2 

da 8E, I ýs (1-ý); ý 

The strain energy is derived as, 

dUs m ,, m; (M, +M, ý2 
_+ da 2E, I, 2E, I, 2E1I 

where 

Bh; ' 
_ ý? 1 

12 

I2 
Bhz 

= (1- ý); I 
12 

Bh' 
and 

hi 

12 2h 

(6.2) 

(6.3) 

(6.4) 

(6.5) 

(6.6) 

hi 

hý 

125 



Chapter 6: Effect of Delamination Failure in Crashworthiness Analysis of Hybrid Composite Box 
Structures 

In ELS specimen, h, =h2, therefore, ý equals 0.5 and E1 is the longitudinal modulus. 

Substituting Eqs. (2) and (4) in (1) the energy release rate becomes, 

G= 
z2 

16BEI 1 

M; M2 
-(M, +M2)2 (6.7) 

Pure Mode-I exists when symmetric moments act on the laminate legs i. e. M, = M, and M2=- 

Mi. Also, pure Mode-II requires equal curvature for both legs, a condition that is achieved 

when M, = M� and M2=yr M,,. 

where, 

yr = 
h; 

(6.8) 

M� - 
Fa (6.9) 

1+yr 

G, I M; M; 
-1W 

j+ i ý; (i_)3] 

Gil 
16B E, I ýýý + 

(Y 

ý)ý, ý (Mn + 

In ELS test iP 
Fa 

=landM, =M, = 2 

9Fz(a+0n)z Cu 
4Býh3E, 

f 

c- 
S_ 3(a+0�)3+(L+O, 

�P)3 N 
F 2Bh3E, 

Substituting Eq. (11) in Eq. (10), G11 is obtained as [3], 

_9F8 
(a+A�)2 f Gil 

2B 3(a + 0� )I -+L+O,, mmv 
3N 

(6.10) 

(6.11) 

(6.12) 

(6.13) 

(6.14) 

where, Aciamp=2d� [2] is the end-clamp effect and f and N are the correction factors for large 

displacement, end-block and end-clamp effects (see Appendix M. 
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In this work Corrected Beam Theory (CBT) and Experimental Calibration Method (ECM) 

were used to determine the Mode-II fracture toughness. The slope of the plot of the 

compliance versus the cube of the delamination length (a) was used to find the interlaminar 

fracture toughness using ECM. Due to the difficulties in defining the exact position of crack 
initiation, the non-linearity (NL) and the 5% offset were used to find the crack initiation. 

Because of some difficulties in curve fitting in ECM some undesirable discrepancies were 
found between the R-curve obtained from two methods for interface layers of (TO//UO) and 
(T90//U90). The Mode-II interlaminar fracture toughness of the interface layer of (T90//T90) 

and (T90//UO) CFRP composite material showed the highest values of G�c for all specimens, 

and for interface layers of (UO//UO) unidirectional CFRP composite material showed the 

lowest value. The experimental resistance curves of hybrid CFRP composite materials of G1Ic 

versus crack length are presented in Figure 6.6. 
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The results of Mode-II delamination fracture toughness, G11 c, using non-linearity (NL) for 

each interface, are presented in Table 6.4. The propagation value of fracture toughness in 
Mode-II was also measured from obtained R-curve of each ELS specimen. This value for 
fracture interface planes of U90//U90 and T90//T90 was found as an average of R-curve. 

Table 6.4. Interlaminar fracture toughness obtained from ELS tests for various interface fibre 

orientations. 

Laminate Fracture 
Gjjc (ECM) GjIC (CBT) 

Giiprop. Gnprop. 

la -u 
plane 22 (ECM) (CBT) 

Yp interface kJ/m kJ/m kJ/m2 kJ/m2 
[TO/UO]7 TO//UO 800±30 1200±40 1300±30 1700±40 

[T0/U90]7 TO//U90 900±30 1000±40 2500±30 2600±40 

[T90/U0), T90//UO 1200±40 1300±30 2500±40 2700±30 

[T90/U90]7 T90//U90 900±30 1500±40 2000±20 3000±40 

[T90]io T90//T90 
[U90] 12 U90//U90 

1100±30 1300±40 3200±30 3300±40 

800±30 1000±30 1200±30 1300±30 

CCM: Compliance Calibration Method, CBT: Corrected Beam Theory 

6.3. Composite crush box 

The crush box specimens were made of the hybrid woven and also of unidirectional 

carbon/epoxy by hand lay-up with fibre orientations in accordance to those used in DCB and 
ELS tests as described in the previous section. The 00 direction which coincided with the 

axial axis of the crush box was parallel to the weft direction. All details of the specimen 

preparation and testing method were reported in Chapter 2. 

Each specimen was crushed at the rate of 2mm/min between two parallel platens for 50mm 

stroke using a universal testing machine with 500 kN load cell. For each test configuration 

three specimens were tested. The force-crush distance diagrams were recorded automatically 

for each test. 

130 



Chapter 6: Effect of Delamination Failure in Crashworthiness Analysis of Hybrid Composite Box 
Structures 

6.4. Progressive crushing process of hybrid composite crush box 

For all hybrid composite crush boxes the lamina bending crushing mode was observed. The 

lamina bending mode is shaped with long interlaminar, intralaminar, and parallel to fibre 

cracks. This mechanism causes the formation of continuous fronds which spread inwards and 

outwards. Friction and inter/intra laminar fracture controls the energy absorption of lamina 

bending mode. 
In lamina bending crushing modes higher energy absorption was observed in comparison 

with the other observed modes. This high energy absorption is caused by a larger crush area 

and therefore a higher potential to absorb energy by bending and frictional effects at the 

platen/specimen interface (see Figure 6.7). 

I 
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Fig. 6.7. Lamina bending crushing mode of various lay-ups of hybrid composite box. 

The comparison of force-crush distance behaviour of hybrid composite boxes together with 

non-hybrid ones from twill-weave and from unidirectional CFRP materials is shown in 

Figure 6.8. This comparison shows that hybrid composite boxes absorb energy than non- 
hybrid unidirectional CFRP composite boxes, while in some cases this energy absorption 

capability is lower than the relevant capability in non-hybrid woven CFRP composite box. 

The hybrid boxes with laminate designs of [T01U0]7 and [T90/U0]7 absorbed the highest 

crushing energy in all hybrid composite boxes. On the other hand, energy absorption of 
hybrid boxes with lay-ups of [TO/U90]7 and [T90/U90]7 was almost the same as that of the 

pure unidirectional CFRP composite box. It should be emphasised that, the weight of all 

composite boxes is the same i. e., 158 ±2 gr. 
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Fig. 6.8. The comparison of force-crush distance in a hybrid composite crush box for various 
lay-ups. 

Comparing the mean force results of all hybrid boxes to non-hybrid composite box indicates 

that the mean force for pure composite box made of Unidirectional CFRP is the lowest value 

(i. e., F,,, = 78kN), while the mean force of hybrid boxes with laminate designs of [T90/U0]7 

and [TO/UO]7 are about 120 and 138 kN, respectively. The non-hybrid composite box with 

laminate design of [T90]10 showed higher energy absorption capability in comparison with 

composite boxes with laminate design of [TO/U9017, [T90/U90]7 and [U90], 6. 
In all composite boxes the lamina bending crushing mode was observed. In this case the main 

central interwall crack which is similar to Mode-I crack delamination (discussed in Chapter 

4) starts to propagate at four sidewalls of each composite box. This situation causes to shape 

lamina bundles and resistance against the crushing load. In lamina bending mode, the main 

central crack causes to shape lamina bundles which has a significant role on absorbing the 

crushing energy. Earlier it was shown that the fibre orientation at the interface planes has a 

significant effect on Mode-I interlaminar fracture toughness. Also in this failure mode the 
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fronds splitting due to lamina bundle bending is similar to interlaminar crack propagation in 
Mode-II (see Figure 6.9). 
The Gic and Guc of initiation are more influential than the Gic and Gnc of propagation in the 

energy absorption mechanism. The Mode-I and Mode-II initiation values were chosen to 

quantify the effect of Mode-I and Mode-II fracture toughness on the energy absorption of 
composite box. Regarding the delamination study of hybrid DCB and ELS (discussed earlier) 
the variation of SEA versus summation of Gic and Gjjc and a root mean square of 

G; c +2G; ,c were plotted in Figure 6.10 to combine the effect of Mode-I and Mode-II 

interlaminar fracture toughness on the SEA. The values of Guc were doubled as during the 
lamina bending two crack propagations in Mode-II were observed in internal and external 
fronds. From these relationships it is calculated that the hybrid laminate designs which 

showed higher fracture toughness in Mode-I and Mode-II delamination tests, will absorb 

more energy as a composite box in crushing process. However other mechanisms such as 
bending and friction also contribute significantly to energy absorption. For the hybrid box 

with laminate design of [TO//UO]7 these mechanisms are more dominant in absorbing the 

crushing energy. As a result, delamination crack growth in Mode-I and Mode-II cannot far 

outweigh the bending and friction mechanisms in energy absorption. Many other intralaminar 

fracture mechanisms such as fibre/matrix debonding, fibre breakage and matrix cracking are 

also contributing in dissipating the crushing energy. 
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[T90/U90]7 

Fig. 6.9. Mode-I and Mode-Il interlarninar crack propagation at the central interwall in all 
composite boxes. 
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6.5. Crushing behaviour of stiffened com site box structures lia 

This work was sought to continue in studying the energy absorption of composite stiffeners to 
conduct expensive and time-consuming design support tests at the element and sub-assembly 
level prior to fabrication of the fuselage structure in aircraft. In this regard, an optimum 
composite crash box design was sought by studying the effect of laminate design and 
stiffeners on the SSCS. Two new assembled composite boxes were made from channels and 
V-shape stiffener and tested in quasi-static condition. The most effective laminate design 

which was found in Chapter 3 was chosen in laminating channels and V-shape stiffener. 
Epoxy adhesive was used in joining the channelled and stiffened boxes. The measured values 
of SSCS for all models were compared to find the optimum crash box. It was found that the 
SSCS increased with increasing proportion of 0° plies in the laminate. 

6.5.1. Experimental studies 

The crush box specimens were made of carbon/epoxy twill-weave fabrics by hand lay-up 

with that fibre orientation which showed higher energy absorption during the tests described 

in Chapter 3. The dimensions of all boxes were the same as those which showed progressive 
failure. The side of each box was 80 mm with thickness around 3 mm and the total length 

was 100 mm. One end of each specimen was bevelled to make a trigger for progressive 

crushing with an angle of 60°. 

Each specimen was crushed between two parallel plates for 50 mm stroke using universal 
testing machine with 500 kN load cell. The crush speed was set at 2 mm/min. 

The specific sustained crushing stress (SSCS) is a measure of the energy absorption 

capability of the material which is defined by, 

SSCS = 
QSý. 
P 

(6.13) 

where, ö is the sustained crushing stress which is defined as the ratio of mean force to 

cross-sectional area, and p is the material density. From experimental results, it was found 

that the SSCS increased with increasing the proportion of 00 plies in the laminate. [014 
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laminate has the highest mean force and consequently the highest SSCS with respect to other 
laminates made from the same materials and the same cross-sectional area. 

Two types of boxes were made from assembling channels and V-shape stiffener using the 

[0]4 laminate which showed the highest SSCS in the simple box tests. The thickness of the 

channels was the same as that of the simple composite box but the V-shape stiffener 
thickness was 2.25 mm. The type I specimens consisted of two bonded channels and the type 

II specimens were made from bonding two channels and one V-shape stiffener (Figure 6.11). 

The channels and the stiffener were bonded together using Betamate 1493 epoxy adhesive 

which was cured for 30 min at 180°C. All boxes were tested at the same conditions as in the 

simple box tests. 

b, ý 
7 

Fig. 6.11. Assembled crash boxes made from bonding (a) Two channels and b) Two channels 
stiffened with V-shape stiffener before and after crushing. 

In Figure 6.12 the force-crush distance diagrams of assembled specimens are compared to the 

crushing response of simple box with [0]4 laminate. 
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Fig. 6.12. Comparison of force-crush distance of CFRP assembled and simple boxes (All 
made from [014 lay-up). 

6.5.2. Crushing response of stiffened composite box structures 

The specific sustained crushing stress (SSCS) of simple and stiffened CFRP composite boxes 

which were laminated from carbon/epoxy twill-weave fabrics was studied experimentally. It 

was found that the highest specific sustained crushing stress (SSCS) was achieved for the 

simple composite box with the fibre orientation of [0]4. 

The assembled boxes from two channels with the [0]4 lay-up bonded by epoxy adhesive 

showed roughly the same SSCS as the simple box. The assembled box stiffened with a V- 

shape stiffener has 4% higher SSCS relative to its higher mean force in comparison with the 

simple box. 

6.6. Conclusion 

In all hybrid composite boxes the lamina bending crushing mode was observed. In this case 

the main central interwall crack which is similar to Mode-I crack delamination started to 

propagate at four sidewalls of each composite box. In the lamina bending mode, the main 

central crack causes to form lamina bundles which had a significant role in absorbing the 
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crushing energy. It was shown that the fibre orientation at the interface planes had a 
significant effect on Mode-I interlaminar fracture toughness. 

Also in this failure mode the fronds splitting due to lamina bundle bending is similar to 
interlaminar crack propagation in Mode-II. The Gic and G11 of initiation are more influential 

than the G1c and GI1c of propagation in the energy absorption mechanism. The Mode-I and 
Mode-II initiation values were chosen to quantify the effect of Mode-I and Mode-II fracture 

toughness on the energy absorption of the composite box. From this relationship it was found 

that the hybrid laminate designs which showed higher fracture toughness in Mode-I and 
Mode-Il delamination tests were able to absorb more energy as a composite box in crushing 

process. 
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Appendix (C6): The correction factors off and N for the end-loaded split (ELS) specimen. 
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Nomenclature 

a crack length 

ae effective crack length 

b side of box 

E Young's modulus 

F load 

Fm mean load 

G12 shear modulus 

G, c Mode-I interlaminar fracture toughness 

Gnc Mode-II interlaminar fracture toughness 

SEA specific energy absorption 

t crush box wall thickness 

Ue 
external work 

Uf 
energy dissipated by friction 

Ub 
energy dissipated in bending 

Ubu 
energy dissipated in local buckling 

Uhf 
energy dissipated by bundle fracture 

U,, energy dissipated in axial splitting 

Ud energy dissipated by delamination 

energy dissipated in shear deformation 

ULB/BF 
energy dissipated for lamina bending/brittle fracture crushing modes 

UBUITS energy dissipated for local buckling/transverse shearing crushing modes 

UBF energy dissipated for brittle fracture crushing modes 
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X 

Y 

Z 

V 

A 

Q 

JU 

8 

Cu 

ab 

Z, 

9 

sliding distance on the platen 

geometry factor 

crushing distance 

Poisson's ratio 

crush length in a single stroke 

weight factor 

coefficient of friction 

displacement 

ultimate tensile stress 

flexural strength 

shear strength 

semi-angle of the wedge 
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7. Introduction 

In this chapter a new theoretical model based on friction, bending and fracture mechanisms to 

predict the mean crushing force for the combination of failure crushing mode is proposed. 
During the progressive crushing of CFRP and GFRP composite box the combination of 
brittle fracture, lamina bending, local buckling and transverse shearing crushing modes are 

observed. The brittle nature of CFRP and GFRP composites shows the high capability in 

absorbing the crushing energy by various fracture mechanisms, the most important of them 

are bundle fracture, frond splitting and delamination crack growth. These kind of fractures 

contribute to shaping lamina bundles and consequently increasing of friction and bending 

resistance. Compared to other analytical methods, the present work introduces a 

comprehensive prediction of the mean crushing force for combination of all the failure 

modes. 

ý"1. Theoretical prediction 

The composite boxes showed the combination of progressive crushing failure of lamina in 

bending/brittle fracture, local buckling/transverse shearing and brittle fracture modes. Other 

analytical solutions were proposed for the prediction of static and dynamic mean force of 

composite tubular specimens in axial crushing [1,21. In the following section, two analytical 

models based on energy balance approach will be introduced to obtain the mean crushing 

force, F,,,, in axial crushing of square composite box. 

The external work of crushing platen is dissipated by mechanisms of friction, bending, 

fracture and shear deformation. The idealised crush zone for our analytical model is shown in 

Figure 7.1. 

7.2. Lamina bending/brittle fracture crushing mode 

The applied external work by force F during the crush distance z is 

UQ =F"z (7.1) 

where z=A-A cos (p is the crush distance as shown in Figure 7.1 and A is the crush length in 

a single stroke. The maximum work done by external force happens when (p=, r/2, z =A A. 
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Fig. 7.1. Ideal crush zone, (a) Lamina bending/brittle fracture crushing mode and (b) Local 
buckling/transverse shearing crushing mode. 

The energy dissipated by friction between crushing platen and the debris inside the internal 

and external fronds in lamina bending/brittle fracture crushing mode can be obtained from, 

Uf =2(, u" 2 "x)=, u- F (7.2) 

where, x=A sin (p. The experimentally measured coefficient of friction for woven CFRP is 

1=0.41. 

The energy dissipated by frond bending was calculated by assuming that the whole cross 

section of the frond will reach to the flexural bending strength, orb. The bending moment per 

unit width of internal and external fronds is M=22 ydy 
orb r2 

=8 
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The flexural strengths, 6b, for each lay-up of CFRP were measured from 3PB experiments 

and the results are listed in Table 4.1. The energy dissipated in bending for combination of 
lamina bending/brittle fracture crushing mode at stationary hinge lines is 

Ub = 
6ti(4b)t'dýp 

, 
ý` 8 

Hence, the dissipated energy due to bending becomes, 

irbt 26n 
U" 

4 

(7.3) 

(7.4) 

The energy dissipated by interlaminar crack propagation in Mode-I and Mode-II is calculated 

from interlaminar fracture energies. In lamina bending/brittle fracture mode there is one 

interwall Mode-I crack at the centre of each side wall of the box and one Mode-II cracks in 

each internal and external fronds as shown in Figure 7.2. Therefore, 

Ud =4bA(G, c + 2G�J (7.5) 

The Mode-I and Mode-II interlaminar fracture toughness were measured experimentally by 

DCB and 3ENF tests as discussed earlier in Chapters 3 and 4. 

Fig. 7.2. Mode-I and Mode-II interlaminar crack propagation at the central interwall in 
[0/45]2 and [0]4 boxes. 
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Dissipated energy by axial splitting at the four corners of the box for lamina 

bending/transverse shearing crushing mode is calculated based on the stress intensity factor. 

=KZ G- 
EZ 

where K is the stress intensity factor given by 

K=YQ ný 

(7.6) 

(7.7) 

At fibre splitting we assume or= ou. The crack assumed to propagate similar to a crack 

growth in a single edge notched (SEN) plate where Y=1.12. Therefore, the dissipated energy 

in axial splitting for a fracture area of A=4 tR is, 

$1l t,, iz Qü 

E 

where EZ is Young's modulus in axial direction of the crush box. 

(7.8) 

The energy dissipated in shear deformation of matrix during steady state progressive crushing 

was estimated from 

U,. =I 
f77dV=1 fT dV 

2v 2 vGi2 

(7.9) 

By assuming during the crushing process the shear stress will reach to its maximum shear 

strength value of the laminate, r=r, , the energy dissipated in shear deformation of laminate 

is 

U_ 2btA Z_z 
, G12 

(7.10) 

Dissipated energy due to bundle fracture was obtained by replacing the crush distance, A 

with the width of box, b12. 

71_1.25%rtb2Qu 
U hj. = 

E,, 
(7.11) 
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The fracture area of A=8It 
)(b) 

= 2bt was assumed for eight internal and external fronds 
22 

with crack growth assumed to be half the width of the side wall as observed in the 

experiments and E, is Young's modulus in transverse direction of the crush box. 

The energy balance for the crushing process during a single stroke crush distance is 

UQ -U f =Uh +Ud +Uý +U, +Ubf (7.12) 

Substituting from Eqs. (7.1), (7.2), (7.4), (7.5), (7.8), (7.10) and (7.11) in Eq. (7.12), the 

energy dissipated by lamina bending/brittle fracture crushing mode, ULB/BF, is 

UreieF = F(1 -, U) A_ 

ýbtý6 5ztA2 Q2 2btý, z2 1.25mb2 Q, (7.13) 

4+ 
4bý. (G, 

c + 2Gnc )+ °+ t+ u 
E. G12 E. 

Therefore, the mean crushing force in a stable progressive crush is: 

1 "btZßh 
+4b(G +2G )+ Sýtý, Q" + 

2btrt 
+ 

1.25mb2au 
(7,14) F-ý1 

_ý) 4ý, ic uc E G12 E,. A 

A single stroke crush distance for lamina bending case can be found from Eq. (7.14) by 

setting aF / aA =0 

A= 
btQhE,, +5b26, ý E. 

206ü E,. 
(7.15) 

The mean force during the progressive crushing can be found by calculating ?, from Eq. 

(7.15) and substituting in Eq. (14). 
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7.3. Local buckling/transverse shearing crushing mode 

According to experimental results for local buckling/transverse shearing crushing mode, 
interwall Mode-I opening crack was not observed in the crushed box. In this case the energy 
dissipated by friction between crushing platen and fronds when the hinge folded completely 

can be obtained from (see Figure 7.1), 

Uf =, cc px-, u F .ý (7.16) 

The energy dissipated in bending for local buckling/transverse shearing mode happening in 

three hinge lines can be summed 

Uhu = (4b)f Mdrp = (4b)j: M (p (7.17) 
i=l 

In this situation, the rotational angles at the hinge lines are assumed to be i/2, r and ßc/2, 

respectively (see Figure 7.1). For this crushing mode the dissipated energy in local buckling 

is, 

_ 
)tbt2Qti Uh° 

2 
(7.18) 

In this mode during crushing, box side walls were locally buckled and three Mode-II 

interlaminar fracture cracks were observed in local buckling/transverse shearing in bundles 

(see Figure 7.3). 

The dissipated energy in delamination is calculated from, 

Ud = 4b2 (3G�c ) =12b2Guc 

Dissipated energy due to bundle fracture can be obtained from Eq. (7.11) 

(7.19) 
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Mode 11 crack growth 

Local buckling 

Fig. 7.3. Plane view of crushed CFRP composite box of [4514. 

Dissipated energy due to axial splitting and shear deformation of matrix remains as before 

and can be calculated from Eqs. (7.8) and (7.10). Assuming the maximum work done, 

Ue = FA, the total energy balance can be written as, 

U'-Uf = Uhu +Ud +U, +U, +U,, r 
(7.20) 

Finally, the dissipated energy by local buckling/transverse shearing, UBulTS crushing mode 

can be obtained by substituting from Eqs. (7.8), (7.10), (7.16), (7.18) and (7.19) in Eq. (7.20) 

as, 

UBUiTS =FA(1-, u)= 
; cbt'a'h 

+12býG +5)rtý, 
'a"u 

+2bt. 
irý 

+1.25ntb2 
6f 

2 uc E G12 E. 

(7.21) 

The crush length of a single stroke due to lamina bending can be found from Eq. (7.21) by 

setting aF / a2 =0 

bt6,, E,. +2.5bZ6ü E_ (7.22) 
10Q? E, 
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The results of the mean force from the experimental and theoretical solutions are summarised 
in Table 7.1. The results are in good agreement and the discrepancy between experimental 

and theoretical results is less than 8%. 

Table 7.1. Comparison of experimental and analytical mean force results of each laminate 
design. LB/BF= Lamina bending/brittle fracture and BU/TS= Local buckling/transverse 

shearing. 

Laminate Cushing F. (Exp. ) F. (Anal. ) 
Lay-up failure mode kN kN 

[0)4 LB/BF 65 59.4 

[0/45]2 LB/BF 67 59.3 

[45]4 BU/TS 52 58.5 

7.4. Brittle fracture crushing mode 

In previous sections analytical solutions were proposed for the prediction of static mean force 

of composite box specimens in axial crushing in combination of lamina bending/brittle 

fracture and local buckling/transverse shearing crushing modes. In the experimental 

investigations in axial crushing of woven GFRP composite box, brittle fracture crushing 

mode was observed. In the following section, an analytical model based on energy balance 

approach will be introduced to obtain the mean crushing force, F,,,, and consequently the SEA 

in axial brittle fracture crushing of square composite box. 

According to experimental results in axial crushing many bundle fractures and crack 

propagation in Mode-II were observed in crushed box. In this case the energy dissipated by 

friction between crushing platen and fronds when the frond bent completely can be obtained 

from (see Figure 7.4), 

Uf =, a"F-x (7.23) 

where, x=A sin (o. The experimentally measured coefficient of friction for woven GFRP is 

p=0.35. 
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The energy dissipated by frond bending was calculated by assuming that the whole cross 

section of the frond will reach to the flexural bending stiffness, orb. The bending moment per 

ßht2 

unit width of internal and external fronds is M=22 10 orb ydy = 50 

The flexural strengths, o,, for each lay-up of GFRP were measured from 3PB experiments 

and the results are listed in Table 7.1. In each side of the box, the internal and external fronds 

with a thickness of t/5 were formed. The energy dissipated in bending for brittle fracture 

crushing mode at stationary hinge lines is 

9 Qn (4b) rz drp U6= 
50 

Hence, the dissipated energy due to bending becomes, 

71bt26h 
Ub 

25 

(7.24) 

(7.25) 

At this crushing mode, the Mode-II interlaminar fracture cracks were observed in fractured 

bundles (see Figure 7.4). 

The dissipated energy in delamination is calculated from, 

Ud= 4bA (2Guc )= 8bAG,, c 
(7.26) 

Dissipated energy by axial splitting at the four corners of the box for brittle fracture crushing 

mode is calculated based on the stress intensity factor. 

K2 G=- 
E_ 

(7.27) 

where K is the stress intensity factor given by 

K= YQVFa (7.28) 

At fibre splitting we assume or = 6u. The crack assumed to propagate similar to a crack 

growth in a single edge notched (SEN) plate where Y=1.12. 
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Therefore, the dissipated energy in axial splitting for a fracture area of A= 4tA is, 

5)ttý26u 

E. 

where EE is Young's modulus in axial direction of the crush box. 

(7.29) 

The energy dissipated in shear deformation of matrix during steady state progressive crushing 
was estimated from 

Us= 11 t` 2 
fTydV=- f-dV 

v2 vGiz 
(7.30) 

By assuming during the crushing process the shear will reach to its maximum shear strength 

of the laminate, r =, r,, the energy dissipated in shear deformation of laminate is 

2bt2tz 
v s- _ G12 

(7.31) 

Dissipated energy due to bundle fracture was obtained by replacing the crush distance, A 

with the width of box, b/2, because crack growth was assumed to be half the width of the side 

wall. 

O. Sz tb2Q. Ubf - 
E, 

(7.32) 

4 The fracture area of A=8 (-) 2) =5 bt was assumed for eight internal and external fronds 

with crack growth assumed to be half the width of the side wall as observed in the 

experiments and E., is Young's modulus in transverse direction of the crush box. 

Assuming the maximum work done, U. = FA, the total energy balance can be written as, 

Ue -Uf =U b +Ud +U, +US +Uhf (7.33) 

Finally, the dissipated energy by brittle fracture, UBF crushing mode can be obtained by 

substituting from Eqs. (7.23), (7.25), (7.26), (7.29), (7.31) and (7.32) in Eq. (7.33) as, 
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UBF =FA(i-, u)= 
nb` 

+ 8bAG + 
5ntA2 Q2 

+ 
2btAr, 2 

+ 
0.5n tb 2U. 

25 lc E` G12 E,. 

(7.34) 

The crush length of a single stroke can be found from Eq. (7.35) by setting aF / ai =0 

A_ 
0.04bta,, E,. +0.5b2aü E_ (7.35) 

56ü E`_ 

From the theoretical result the mean force in axial crushing was 48kN. This result is in good 

agreement and the discrepancy between experimental result reported in Table 7.2 and 
theoretical result is less than 4%. 

Table 7.2. Comparison of experimental and analytical mean force (Fm) results of GFRP 

composite box in brittle fracture crushing mode. 

Axial crushing in Fm (Exp. ) Fm (Anal. ) Error 

Brittle fracture (kN) (kN) (%) 

GFRP-[0]io 50 48 4 

7.5. Conclusion 

The contribution of each failure mechanism to the energy dissipation of composite box in 

various crushing modes are presented in Table 7.3. In brittle fracture/ lamina bending 

crushing mode the highest value which plays an important role on energy absorption during 

crushing process is for axial splitting and after that for bundle fracture. It should be 

mentioned these mechanisms are coupled together and they act at the same time in a crushing 

process. This fact shows higher resistance for delamination crack growth in different 

delamination modes directly affect on the bending and friction resistance of internal and 

external fronds against the crushing load. 
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Table 7.3. Contribution of dissipated energy for each failure mechanism of various crushing 
modes. 

Lamina bending/ brittle fracture 

Dissipated Lamina Axial Ply 

Energy Bending Splitting Delamination 
Ub (J) U, (J) Ud (J) 

CFRP-[0]4 313.7 776 54.4 
% 18.1 44.9 3.1 

Dissipated Lamina Axial Ply 

Energy Bending splitting Delamination 

Ub (J) UU (J) Ud (J) 
CFRP-[0/45]2 322 776 70.4 

% 18 44.9 4 

Shear Bundle 
deformation fracture 

Us (J) Ubf(J) 
62.4 522 

3.6 30.2 

Shear Bundle 
deformation fracture 

Us (J) Ubf(J) 
62.4 522 

3.6 30.2 

Local buckling/ transverse shearing 

Dissipated Lamina Axial 

Energy Bending splitting 

Ubu (J) UJ (I) 
CFRP-[45)4 361.7 776 

% 19.7 42.2 

Ply Shear Bundle 
Delamination deformation fracture 

Ud (J) Us (J) Ubf(J) 

115.2 62.4 522.2 

6.3 3.4 28.4 

Brittle fracture 

Dissipated Lamina Axial 

Energy Bending splitting 
Ub (J) UU (J) 

Ply 
Delamination 

Ud (J) 
63.2 

Shear Bundle 
deformation fracture 

Us (J) Ubf(J) 
104.5 308.7 

12 36 
GFRP-[O]lo 40.7 338.6 

% 4.7 40 7.4 
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Nomenclature 

G12 
shear modulus 

SEA specific energy absorption 

S shear strength 

X, longitudinal tensile strength 

X, longitudinal compressive strength 

1', transverse tensile strength 

transverse compressive strength 

V Poisson's ratio 

longitudinal stress 

Q2 transverse stress 

Q, 2 transverse shear stress 

NFLS normal tensile stress 

SFLS normal shear stress 

ß weight factor 

Qu ultimate tensile stress 
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8. Introduction 

In this chapter an analysis and investigation of the crushing characteristics of thin-walled 
GFRP and CFRP composite crush components, by simulating the response of composite box 

subjected to quasi-static axial and off-axis compression loading, using LS-DYNA finite 

element code is described. LS-DYNA is a code that was developed by the Lawrence 
Livermore National Laboratory in particular for impact and non-linear dynamic simulation 
works, using a Langrangian formulation and explicit time integration with central differences, 

which provides a wide variety of material models being particularly effective in the modelling 
of contact between interacting parts and crash simulation. Finally the results are verified with 
the relevant experimental result. 

8.1. Finite Element Analysis (FEA) 

In crashworthiness evaluations of composite box structures nonlinear material and geometric 

properties must be simulated and must be designed to simulate short-time large deformations 

in crash conditions. FEA involving short-time large deformation dynamics such as 

crashworthiness evaluation requires the solution of transient dynamic problems over a short 
time length. Explicit computational algorithms typically use the central differences method 
for integration, wherein the internal and external forces are assumed at each node point, and a 

nodal acceleration is computed by dividing by the nodal mass. The solution is continued by 

integrating this acceleration in time. The advantage of this method is that time-step size may 
be selected by the user. The disadvantage is the large numerical effort required to form, store, 

and factorise the stiffness matrix. 

The explicit solution technique is stable only if time-step At is smaller than Atcr which is the 

critical time step At,, for shell element, is obtained from Atcr = L, S / C, where L, is the 

characteristic length and C is the speed of sound, C= E/p -v2 . The implicit method is 

not solved by the time-step size and then is unconditionally stable for larger time steps. This 

situation yields that the implicit method typically engages a large number of expensive time 

steps. For an explicit solution the number of time-steps can be larger than that of implicit 

methods, the small time-step size requirement makes the explicit method suitable for short 

transient solutions. The most important advantage of the explicit method is that there is no 
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requirement for solving simultaneous equations. Thus, no global matrix inversion is needed 
and a reduction of computational time is obtained [1]. 

8.2" Loading conditions 

Four loading conditions of static, fatigue, high-speed/rapid loading and impact are generally 
categorised in engineering science. These loading conditions are recognised by the rate of 
loading or the rise time upon the mechanical system or component. The load rise time on a 
system is illustrated in Figure 8.1. 

Load f 

F,,,. 
ý ý ý 
ý ý ý 
ý ý 
ý ý 

ý ý 
-ý; = rise time 

-10ý 
time 

Fig. 8.1. Load rise time in category of various loading conditions. 

" Static loading: Static loading happens when the rise time of the load is three times 

greater than the fundamentally period (Tn) of the mechanical system. The usual 

methods of analysis of stress, strain, and displacements along with static material 

properties are used to analyse the system. 

" Fatigue loading: Fatigue is a time-varying load in which the rise time from one 

magnitude to another magnitude still remains greater than three fundamental periods. 

" High speed or rapid loading: This occurs when the rise time of load application 

ranges between 1.5 to 3 times the fundamental periods of the mechanical system. 

Vibration analysis should be used in the loading category. 
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" Impact loading: If the duration of load application is less than 0.5 times the 

fundamental period of the mechanical system, the loading is defined as impact. The 

static methods of stress, strain, and deflection analysis are inappropriate under impact 

conditions. 

This is due to propagation, reflection, and interference of elastic/plastic waves travelling 

within the engineering solid. Accurate calculations of stresses and strains must be based on 

wave analysis methods, which are extraordinarily complex for practical use, and thus are 

used for a limited number of simple cases. Other methods such as contact mechanics, energy 

methods, and FEA must be used to estimate the effects of impact analysis on mechanical 

systems that exhibit complexity. 

The equations of equilibrium governing the dynamic response of a finite element system are 
of the form [2] 

MU+CO+KU=R (8.1) 

where 

" M, C and K are the mass, damping and stiffness matrices, 

"R is the externally applied load vector, 

"U, U and Ü are the displacement, velocity and acceleration vectors of the finite 

element assemblage, and 

" F, (t) = MÜ , Fo (t) = CO, FE (t) = KU and R(t) are the time dependent inertia, 

damping, elastic and externally applied forces. 

LS-DYNA is an explicit finite element code employing the central difference method, which 

requires for the displacement U, , velocity 0, and acceleration U, , to satisfy the equations; 

Ur 
_1 Ott 

(U, 
-Ar - 2U, +U,,, 

) 

U` 
2At 

(- U, 
-e, + U, +D, 

where, At is an appropriate time step size required for the numerical integration. 

(8.2) 

(8.3) 

The displacement solution at time t+ At is obtained by considering the Eq. (8.1) at time t, 

MO, + CO, + KU, = R, (8.4) 
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Substituting the relations for Ü, and 6, from Eqs. (8.2) and (8.3), respectively, into Eq. 

(8.4), it will result; 

(-_M+LC)UIAI 2= 
R, -K-? M 

)Uý 
zM 20t 

C 
At J/ 

which gives the solution for U, 
+,, . 

(8.5) 

The above mentioned integration procedure is called an explicit integration method because 

the solution of U�e, is calculated by using the equilibrium conditions at time t Eq. 8.4. For 

this reason exactly, an integration scheme does not require decomposition (i. e., factorization 

or triangularization) of the effective stiffness matrix k=K +aoM +a, C in the step-by-step 

solution, since the stiffness matrix K does not appear as a factor to the required displacements 

U, 
+n, on the left side of Eq. (5) and hence no effective stiffness matrix occurs to be 

decomposed. Instead, the effective mass matrix M= aoM +a, C formed, where ao = Ildt2 

and Cr. =1/20t are the appropriate integration constants, is necessary to be decomposed in 

order to obtain the solution for U,,,, after the required calculation of the effective load factor 

R, = R, - 
(K 

-4MI U' -I- -- M- 
±--- 

C 
)U'-' (8.6) 

which requires only matrix multiplications to obtain (see Eq. (8.5)). In an implicit integration 

scheme, such as Houbolt's, the solution of U,,,, is calculated by using the equilibrium 

conditions at time U,,,, and not at time t as in the central difference method, leading in the 

formulation of the effective stiffness matrix k_K +cr0M + a, C (where ao and a, are the 

related method appropriate integration constants) which appears as a factor to the required 

displacements U, +e, on the left side of the corresponding Eq. (8.5). Thus, in this case, the 

decomposition of the effective stiffness matrix is obvious in order to obtain the solution 

for U, 
+e, . Additionally, since the effective stiffness matrix K=K+ aoM + a, C of the 

element assemblage is not to be decomposed as it is not formed according to the central 

difference method, it is also not necessary to assemble the stiffness matrix K, because KU, as 

required in Eq. (8.5) can be evaluated on the element level by summing the contributions 

from each element to the effective load vector. 
Using the explicit central difference method, the calculation of U, 

+,, 
involves U, and U, 

+e, . 

Therefore, in order to calculate the solution at time At (i. e., at the end of the first time step) a 
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special starting procedure must be used. Eqs. (8.2) and (8.3), at time t=0 (i. e., 
t-At=-At and t+At =At ), give 

U-e, = Uo - AtÜo + 
At 2 

00 (8.7) 

where, Uo, Uo and U0 are known, since, given the Uo and Uo from the initial conditions, 

U0 can be calculated using the Eq. (8.1) at time 0. 

8.3. Finite element modelling process 

8.3.1. Geometry and element definition 

The GFRP and CFRP composite boxes were modelled with various lay-ups using finite 

element software LSDYNA [1]. The size of outer cross section of the composite box was 
8Ox8Omm with a thickness of 3 mm. The trigger mechanism was modelled by reducing the 

thickness of the first row of shell elements at the top of each box. The composite box model 

was based on Belytschko-Lin-Tsay quadrilateral shell elements. This shell element is based 

on a combined co-rotational and velocity strain. All surfaces of the model were meshed using 

quadratic shell elements and the size of an element was 2.5x2.5mm (see Figure 8.2). The 

striker was modelled as a rigid block using solid elements. The mesh of finite elements was 
featured by local refinements along the height, thickness and circumference of the specimen 

in order to accurately simulate the main crushing characteristics observed in the experimental 

works which were discussed in earlier chapters. 
/ lýlsiu 

ýr-/ý- 

/ 

ý/ II.. 
_ _' 

Rigid block 

... IIIIIIIII T7 
FtF f tti tttttfitti ttt t-1TTT71L 

- !iiiiiii. Miiiii lpq; 4#fl 
rt; rn t 

rt7tttrr-ý, 
t4, rr-rrr-rrrTýii ýý 

, 
ttr 

ýrrý ý 

ý+44-" + 441 
IIITIIII 
ý4++W4 44444444+++-I+ý [±-H 

- 
r- T-r, --. --. H H ft ., ifi fttitýt lt-fitt i_ttljrt j_ ti i]rt t rn 

Revel trigger 

Fig. 8.2. Finite element model of GFRP and CFRP composite box in LS-DYNA. 
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The box wall was modelled with 10 layers. The composite layers were modelled by defining 
10 integration points which were placed equally through the thickness in each layer of 
Belytschko-Lin-Tsay shell element. 
The single layer was modelled with a single integration point located at the mid-surface 

according to the Gauss-integration rule. The number and locations of the integration points 
were defined on the SECTION-SHELL and INTEGRATION cards in the key file. 

8.3.2. Material modelling and com site failure criteria Da 

Two different types of material models were used in LSDYNA in the development of finite 

element models described herein: 

" Material model 20 "mat-rigid", 
" Material model 54 "mat_enhanced_composite_damage". 

The first of the two material models (i. e. model 20 "mat-rigid") was used to model the rigid 

striker. As required by the code the values of the basic material properties (mass density, 

Young's modulus and Poisson ratio) corresponding to mild steel were given as input to the 

program. 
Material model 54 of LS-DYNA was selected to model the damage of GFRP and CFRP 

composite box. In ANSYS this material model follows the Chang-Chang [3] failure criterion 

which is the modification of the Hashin's failure criterion for assessing lamina failure in 

which the tensile fibre failure, compressive fibre failure, tensile matrix failure and 

compressive matrix failure are separately considered. Chang-Chang modified the Hashin 

equations to include the non-linear shear stress-strain behaviour of a composite lamina. They 

also defined a post-failure degradation rule so that the behaviour of the laminate can be 

analysed after each successive lamina failure. In this model four failure modes are 

categorised. These failure indicators are appointed on total failure for the laminas, where both 

the strength and the stiffness are set equal to zero after failure is encountered. In this model as 

described below all material properties of lamina are checked using the following laws to 

determine the failure characteristic. The failure equations chosen for analysis define the 

failure modes as described below, based on the values of stress components obtained from 

constitutive laws. 
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" Tensile fibre failure mode: (fibre rupture) 

Ifo', >0 

2 

then eft =(a, + 
lX, ) C 32 _, 

ef2 >_ 0 failed 

L eft <0 elastic 
(8.8) 

where ß is a weighting factor for shear term in tensile fibre mode and its range is 0-1 and Q, 

is stress in the fibre direction and a1, is transverse shearing stress. When lamina failure 

occurs, all material constants are set to zero. 

" Compressive fibre failure mode: (fibre buckling) 

If a, <0 

2 ec 
2Z0 failed 

then e2- 
U' 

-1 L ec 
2<0 

elastic (8.9) 
X, 

After lamina failure by fibre buckling El, v12 and v21 are set to zero. 

" Tensile matrix failure: (matrix cracking under transverse tension and in-plane shear) 

If02>0 

then e. 
' 

= 

zz 
YZ 

+ßý 
Szý 

ý 
{ em 2 >_ 0 failed 

em2 <0 elastic (8.10) 

169 



Chapter 8: Finite element analysis of progressive failure of composite crush box using LSDYNA 

where 02 is stress in normal to the fibre direction. After lamina failure by matrix cracking, 

E, ,V 21 and G, 
2 are set to zero. 

" Compressive matrix failure mode: (matrix cracking under transverse compression and 
in-plane shear) 

If Q2 <0 

then ed ?+ z 
2S)2 

(2 
2S) 

i 

ed 
2 

>_ 0 failed 

ed 2<0 elastic 

(8.11) 

After lamina failure by matrix cracking, E2 , V21, V, 2 and G, 2 are set to zero. 

In this work the weight factor, ß which is defined as the ratio between shear stress and shear 

strength is set to 1. The material properties of GFRP and CFRP were obtained from 

experimental work reported in earlier chapters. 

8.3.3. Delamination modelling 

The micro-failure modes normally observed in composite laminates are fibre breakage, fibre 

micro buckling and matrix cracking, transverse matrix cracking, transverse matrix crushing, 

debonding at the fibre-matrix interface, and delamination. The first four failure modes can be 

treated using thin shell theory, since they depend on in-plane stresses. The delamination 

failure mode needs three-dimensional representation of the constitutive equation and 

kinematics, and cannot be treated in thin shell theory. The delamination failure mode requires 

micro-mechanical modelling of the interface between layers and cannot be treated in thin 

shell theory that deals with stresses at macro levels. Thus, debonding and delamination are 

usually ignored when thin shell elements are used to model failure in composite modelling. 

Many methods have been investigated by the researchers to model the delamination growth 

in composite materials, including the virtual crack extension technique [4], stress intensity 

factor [5], stresses in a resin layer [6], virtual crack closure technique [7] and cohesive zone 

modelling (CZM) [8]. 
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The Cohesive Zone Model (CZM) was developed to describe the failure behaviour of very 
thin layers, such as delaminating of composite structures or adhesive bonding. In crash 
simulations of adhesively-bonded vehicle structures, the CZM can be used instead of a more 

complicated and therefore slower continuum approach to model the adhesive layer [9]. In 

principal, the CZM does not consider the continuum mechanical fracture behaviour of the 

adhesive layer, but describes its failure by a simple traction-separation law instead of using 

classical constitutive equations (see Figure 8.3). On the other hand, choices for modelling 
delamination using finite element crash codes are more restricted. 

Stress 

T, S 

Displacement 

Figure 8.3. Bi-linear Traction-Separation law in pure Mode I loading. 

The finite element modelling is satisfactory when the models which do not fully capture all 

aspects of crushing damage observed experimentally are used. In these models, the aspects of 

crushing that mostly influence the response are considered. Models of composite structures 

using in-plane damaging failure to represent crushing behaviour are used in damage material 

models [1]. The structures whose failure modes are governed by large-scale laminate failure 

and local instability can be studied by these models. 
However, if the comprehensive damage of the laminate contributes considerably to the 

overall energy absorption, these models cannot be used [10]. Further, if delamination or 

debonding exists, specialized procedures must be implemented into the model to show this 

failure mechanism. 
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Tied connections are used with a force-based failure method to model the delamination in 

composite materials [11,12]. By this method, nodes on opposite sides of an interface where 
delamination is expected are tied together using any of a variety of methods including spring 

elements or rigid rods. If the forces produced by these elements exceed some criterion, the 

constraint is released. Reedy et al. applied the cohesive zone model (CZM) for the same 

reason. In this method instead of relying on simple spring properties the force-displacement 

response of the interfacial elements is based on classical cohesive failure behaviour [13]. 

Virtual crack closure technique is often used by researchers in the area of fracture mechanics. 
Energy release rates are calculated from nodal forces and displacements in the vicinity of a 

crack front. 

Even though the method is sensitive to mesh refinement, but not so sensitive like the other 
fracture modelling techniques, which need more accuracy in calculating of stresses in the 

singular region near a crack front. 
In this work the delamination behaviour in Mode-I (discussed previously) was modelled with 

two layers of shell elements in the box wall (see Figure 8.4). The thickness of each layer is 

equal to half of the total box wall thickness. The surface-to-surface tiebreak contact was used 

to model the bonding between the bundles of plies in the box walls. In this contact algorithm, 

the tiebreak works for nodes which are initially in contact. The failure of the bonding 

between these bundles takes place when the following failure criterion is fulfilled: 

IanI 2+ 
aSI 

2 

]1 

NFLS SFLS 

where NFLS and SFLS are the normal tensile and shear stresses at failure. 

(8.12) 
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l ... ., 
i!, 

,... ý. ,. _. , ý. 1.1 )"..,,,.: =i lW_ ,,. 

Fig. 8.4. Mode-I delamination growth in finite element modelling of CFRP composite box 
structures. The inserts show von Mises stress distribution at various stages (Plane view of 

crushed box). 

In Figure 8.5 the comparison of deformed shape of composite box and in Figure 8.6 the 

comparison of force-crush distance between two models of single-layer-element and double- 

layer-shell element are shown. Results indicate that the difference in mean forces between the 

two FE models is less than 15%, respectively. Regarding the Mode-I crack propagation in 

woven CFRP composite box during the crushing process, this technique was applied to 

models [0/4512 and [0]4. 
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Fig. 8.5. The comparison of tinal clement deformation (a) single-layer-shell element and (b) 

double-layer-shell element in crushing process of CFRP composite box structures. (Plane 

view of crushed box). 
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Fig. 8.6. Comparison of force-crush distance between single-layer-shell and double-layer- 
shell CFRP composite box. 
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8.3.4. Contact modellin 

Apart from geometry, meshing, selection of element types and material models, the 
declaration of the contact interface types between the interacting parts of each model plays an 
equally important role in the finite element modelling. Specifying contact between the parts 
of each model ensures that the finite element code prevents penetration between the 

geometric boundaries of the parts during their movement and progressive deformation [14]. 
In total six different types of contact interface were used in the modelling of the axial and off- 
axis compression of the GFRP and CFRP boxes: 

I. The "rigidwall_planar" type was used in all finite element models for the contact 
between the composite box and the stationary rigid platen of the press test machine in 

order to prevent penetration of the boundary of the lower test machine head by the 

box specimen nodes. 
2. The "rigidwall_geometric_flat_motion" type was used in the case of quasi-static 

compression tests only for the contact between the composite box and the constantly 

moving upper head of the press. Apart from penetration avoidance, this interface was 

used during the post-processing phase for the creation of the load-displacement curve, 

since the contact force between the moving press head and the compressed specimen 

is the crushing load of the load curve. 
3. The "automatic_singlesurface" type was used in all finite element models to 

prevent penetration of the deformed box boundary by box its own nodes. 

4. The "eroding-single-surface" type was used in all models for the same reason as the 

previous interface type, but also because the boundary surface of box was eroded 

during the compression due to element deletion at the various stages of box collapse. 

5. The "eroding_surface_to_surface" type was used in the case of the quasi-static tests 

for the modelling of collapse mode I, selected for the contact between the shell 

elements corresponding to the two bundles of plies of the splayed box wall laminate 

that were eroded during the axial and off-axis compression due to element deletion. 

6. The "tiebreak_surface_to_surface" type was also used in the case of the quasi-static 

tests for the modelling of collapse mode I, to model the bonding between the bundles 

of plies of the composite box wall laminate. 
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The number of contact interface types used in each model depended upon the type of collapse 

modelled. 

8.3.5. Boundary conditions 

All degrees of freedom of the crash boxes were fixed at the bottom end and all degrees of 
freedom were free at the upper ends which were subjected to compressive force by the rigid 

striker. 

The contact between the rigid plate and the specimens was modelled using a nodes impacting 

surface with a friction coefficient of 0.25 for GFRP and 0.35 for CFRP which was measured 

experimentally to avoid lateral movements. To prevent the penetration of the crushed box 

boundary by its own nodes, a single surface contact algorithm without friction was used. 
To simulate the quasi-static condition, the loading velocity of 1 m/s was applied to the rigid 

striker. However, the real crushing speed was too slow for the numerical simulation. 
The explicit time integration method is only conditionally stable, and therefore by using the 

real crushing speed, a very small time increment was required. 
In this study to decrease the time step increment the mass density of all materials was scaled- 

up by factors of 100 and 1000 with the same applied velocity. In both cases the response of 

internal energy was very similar and the kinetic energy was negligible in comparison to 

internal energy (see Figure 8.7). 
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For satisfying quasi-static condition not only the total kinetic energy has to be very small 

compared to the total internal energy over the period of the crushing process but also the 

crushing force-displacement response must be independent from the applied velocity. 

8.4. Results and discussion 

8.4.1. Axial crushing 

In this chapter, the finite element modelling of the axial collapse of GFRP and CFRP 

composite crush box, using the LS-DYNA code was presented in detail. Although the 

response of this structure in compressive loading was rather complex from macro- and 

microscopic point of view, the computed results from the simulation model approached to a 

satisfactory degree the results obtained by the corresponding experimental work. This was 

shown at first by means of a series of photographs and computer pictures that enabled the 

macroscopic comparison between the calculated and the experimentally observed collapse of 
the composite crush box and subsequently by comparing the calculated load/displacement 

curve and main crushing characteristics to the ones obtained by the experimental work. 

The deformed shape of the FEA model for GFRP-[0/90)io lay-up is shown in Figure 8.8. The 

similarity between the FEA simulation and experimental work shown are very good. In 

Figure 8.9 the force-crush distance of [0/90]10 lay-up which was extracted from the FEA 

model is compared with the experimental results. 
Interpreting the shape of the load/displacement graphs, the first linear part of each graph 

corresponds to an initial elastic deformation stage, during which the load rises sharply at a 

steady rate up to maximum collapse load, F,,,,,,. In the second stage the force fluctuates 

around a mean crushing load F,,, and the composite box is capable of absorbing large amounts 

of deformation energy while collapsing in a relatively stable behaviour. 

In the simulation modelling this corresponds to erosion/deletion of the highly distorted and 

collapsed shell elements, and also modelling of the laminate parts respectively. 

Certainly, the high level of discretisation which is necessary for obtaining accurate results 

from the finite element model caused more intensive fluctuations in the numerical 

load/displacement graph, compared to the experimental result. 
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The difference in mean force between the FEA model and experiment is less than 8%. The 

energy absorption computed from FEA is 14.5 kJ/kg while the value from experiment is 15.8 
kJ/kg, a difference of less than 9 %. 
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Fig. 8.8. Comparison of final deformed shape of the GFRP [U/90Jio lay-up box in plain view. 
a) FEA result, b) experiment. 
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Fig. 8.9. Comparison of experimental and FE results for GFRP composite box with [0/90fio 
lay-up. 

In Figures 8.10 and 8.11 various crushing processes and the force-crush distance of all lay- 

ups of CFRP composite box which were extracted from the FEA models are compared with 

the experimental results. The difference in mean forces and energy absorption between the 

FEA models and experiments are less than 5% in all models (see Table 8.1). 

Table 8.1. Comparison of experimental, and FEA mean force results of each laminate design 

of CFRP composite box. LB/BF= Lamina bending/brittle fracture and BU/TS= Local 
buckling/transverse shearing. 

Laminate Cushing F,,, (Exp. ) Fm (FEA) 

Lay-up failure mode kN kN 

[0]4 LB/BF 65 60 

[0/45]2 LB/BF 67 65 

[45]4 BU/TS 52 55 
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Fig. 8.10. Various stages of crushing process of CFRP composite box of [014. The inserts 

show von Mises stress distribution at various stages. 

181 



Chapter 8: Finite element analysis of progressive failure of composite crush box using LSDYNA 

250 

200 

150 
v 
u ö 100 

U. 

50 

0 

0 

(a) [45]4 

5 

5 

10 

Crush-distance (mm) 

FE_14514 -- Experiment 

10 

Crush-distance (mm) 

2 
Y 

61 
V 
ý 
O 
LL 

0 5 

FE_[0]4 -- Experiment 

10 

15 

15 

15 

20 

20 

20 

Crush-distance (mm) 

FE_[O/45]2 -- Experiment 

Fig. 8.11. Comparison of experimental and FE force-crush distance results for twill/weave 
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8.4.2. Off-axis crushing 

In this analysis each composite box was modelled according to the relevant angle of off-axis 

loading (see Figure 8.12). The trigger mechanism was modelled by reducing the thickness of 

the first row of shell elements at the top of each box. The GFRP composite box model was 

based on Belytschko-Lin-Tsay quadrilateral shell elements. This shell element is based on a 

combined co-rotational and velocity strain. All surfaces of the model were meshed using 

quadratic shell elements and the size of an element was 2.5x2.5mm. The striker was 

modelled as a rigid block using solid elements. Other details of the finite element (FE) 

modelling were similar to thoce used for axial crushing modelling. 

Fig. 8.12. Various stages of 50 off-axis angle at crushing process of GFRP composite box 

structures. 
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In Figure 8.13 the force-crush distance of all off-axis loading angles which were extracted 
from the FEA models are compared with the experimental results. The difference in mean 
forces and energy absorption between the FEA models and experiments are less than 10% in 

all models (see Table 8.2). The comparison between the FE final deformed shape and 

experimental results are presented in Figure 8.14. These results indicate the good agreement 

with the relevant experimental ones. 

Table 8.2. Comparison of experimental and FEA mean force (F,,, ) results of each laminate 

design. 

Oft-axis loading F,,, (Exp. ) F,, (FEA) Error 

an¬le (kN) (kN) (%) 

Axial cru, hina 50±2 45 10 

5° 50±2 47 6 

10° 60±2 57 5 

20° 38.0±2 35 8 

30° 20.0±1 22 
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Fig. 8.13. Comparison of experimental and FE force-crush distance results for woven GFRP 
composite box under various off-axis loading. 
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8.5. Conclusion 

In this chapter analyses in which the crushing characteristic of thin-walled GFRP and CFRP 

composite crush components were simulated to find the response of various lay-ups subjected 
to quasi-static axial and off-axis compression loading, using LS-DYNA finite element code 

are described. After analysing the results a good agreement between the final element 
deformation from FE and experimental results was found. Regarding the higher crushing rate 
in comparison with real one in experiment and also some technical requirements in solution 
time, the force-crush distance diagrams from the FE analysis showed some overestimations in 

comparison with relevant experimental results. However, the mean crushing forces obtained 
from the FE analysis were close enough to the experimental ones with error of less than 12%. 

A new technique of tiebreak contact was applied in the FE simulation to model the 

delamination crack growth and consequently make the crushing process as similar as to the 

experimental one. This technique was used for those composite boxes which had shown the 

crushing process with lamina bending mode which and consequently propagation of Mode-I 

opening crack in box wall section. In this case each composite box was modelled using 
double-layer-shell-elements and the difference between the force-crush distance diagrams 

from the double-layer-shell-element box and the single-shell-element box was less than 10%. 

187 



Chapter 8: Finite element analysis of progressive failure of composite crush box using LSDYNA 

References 

[1] LS-DYNA User's Manual (Non-linear Dynamic Analysis of Structures in Three 

Dimensions), Livermore Software Technology Corporation, 1997, Livermore, USA. 
[2] Zienkiewicz OC, Taylor RL. Finite element method. Upper Saddle River, NJ: Prentic- 

Hall; 1996. 

[3] Chang FK and Chang KY. A progressive damage model for laminated composites 

containing stress concentrations. J Compos Mater, 1987; 21: 809-833. 
[4] Farley GL, Jones RM. Prediction of the energy-absorption capability of composite tubes. 

J Compos Mater. 1992; 26(3): 388-404. 
[5] Hamada H, Ramakrishna SA. FEM method for prediction of energy absorption capability 

of crashworthy polymer composite materials. J Reinf Plast Compos 1997; 16(3): 226-42. 

[6] Kindervater CM. Crash resistant composite helicopter structural concepts thermoset and 

thermoplastic corrugated web designs. In: Proceedings of the AHS national technical 

specialists meeting on advanced rotorcraft structures, Williamsburg, VA, 1995. 

[7] Fleming DC, Vizzini AJ. Off-axis energy absorption characteristics of composites for 

crashworthy rotorcraft design. J Am Helicopter Soc 1996; 41(3): 239-46. 

[8] Williams JG, Hadavinia H. A Cohesive zone global energy analysis of an impact loaded 

bi-material strip in shear. International Journal of Fracture, 2006; 38(1-4): 197-209. 

[9] Marzi S, Ramon-Villalonga L, Poklitar M, Kleiner F. Usage of cohesive elements in crash 

analysis of large, bonded vehicle structures. LSDYNA Anwenderforum, Bamberg 2008. 

[10] Fleming DC. Delamination modelling of composite for improved crash analysis. J 

Compos Mater 2001; 35(19): 1777-92. 

[11] Kohlgruber D, Kamoulakos A. Validation of numerical simulation of composite 

helicopter sub-floor structures under crash loading. In: Proceedings of the 54th American 

helicopter society annual forum, Washington, DC, May 20-22 1998. 

[12] Kerth S, Dehn A, Ostgathe M, Maier M. Experimental investigation and numerical 

simulation of the crush behaviour of composite structural parts. In: Proceedings of the 

41st international SAMPE symposium and exhibition, 1996. p. 1397-408. 

[13] Pinho ST, Camanho PP and de Moura MF. Numerical simulation of the crushing process 

of composite materials. IJ Crash, 2004; 9(3): 263-276. 

188 



Chapter 8: Finite element analysis of progressive failure of composite crush box using LSDYNA 

[141 Mamalis AG, Manolakos DE, loannidis MB, Papapostolou DP. Static and dynamic axial 
collapse of CFRP square tubes: Finite element modelling. Composite Structures, 

2006; 74: 213-225. 

189 



Chapter 9: Conclusion & Future works 

Chapter 9: 

Conclusion & Future works 

190 



Chapter 9: Conclusion & Future works 

9.1. Conclusion 

In the present work, the effects of interlaminar fracture toughness on the progressive energy 

absorption of composite structures under quasi-static loading have been investigated. In this 

regard, Mode-I, Mode-II and mixed-Mode I/lI interlaminar fracture toughness of various FRP 

composites with different laminate designs were studied experimentally to investigate the 

relationship between interlaminar crack propagation and the energy absorption capability and 

crushing modes of composite box structures. 

The combination of brittle fracture, lamina bending, local buckling and transverse shearing 

crushing modes was found in the experimental studies. New analytical solutions based on 
friction, bending and fracture mechanisms were proposed to predict the mean crushing force 

for each of these failure modes. The crushing process of composite boxes was also 
investigated by finite element software LS-DYNA and the results were verified with the 

relevant experimental and analytical results. 

The final conclusions of this work can be summarised as follows, 

Mode 1 interlaminar fracture toughness and energy absorption of composite box structures 

It was found that the interlaminar fracture toughness for GFRP interface fracture planes of 

0/90,90/90 and 0/45 are clustered close to each other while the equivalent value for +60%60 

interface plane is much lower. This shows that the specific energy absorptions (SEA) of fibre 

orientations which are laminated with 0/0 angles are close together. In the lamina bending 

crushing mode of CFRP composite crush box, due to through-the-thickness transverse stress, 

Mode-I interlaminar fracture will occur. However, this fracture mode was not observed in 

laminate design of (45)4. Choosing a suitable fibre orientation in the interface plane is one of 

the main factors for improving the energy absorption of composite crush boxes in progressive 

failure. 

Mode-II interlaminar acture toughness and energy absorption of composite box structures 

It was shown that the total interlaminar fracture toughness in Mode-I and Mode-II of 0/0 is 

higher than the equivalent values of 0/45 and 45/45 interface planes of CFRP composites, but 

0/45 box has the highest SEA. This indicates that the effect of other mechanisms such as 
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friction and bending will increase as the total fracture energy increase beyond a certain limit. 
It can be seen the CFE increases as the total interlaminar fracture toughness in Mode-I and 
Mode-Il increases. The [0]4 lay-up has the highest CFE. This is due to its lower initial 

maximum collapse force compared with other fibre orientations. This situation is more 
suitable for crashworthiness design cases which need to absorb the energy with a lower initial 
collapse force but not necessarily with the highest energy absorption capability. 

Mixed-Mode I/11 interlaminar racture tou hness and o 
box structures 

axis crashworthiness of composite fl 

The brittle fracture mode was observed for composite box in axial crushing and off-axis 
loading of 50. The energy absorbing capability at this off-axis loading was almost the same as 
energy absorption of composite box under axial loading. Two fracture mechanisms of bundle 
fracture and crack propagation in Mode-II were found for all composite boxes at various off- 
axis loading. Due to crack propagation in mixed-Mode UII and more friction and bending 

resistance at one side of the composite box which first contacted the crushing platen, the 

amount of SEA at off-axis loading of 10° was the maximum. 

_Elfects of delamination failure in crashworthiness analysis of hybrid composite box 

structures 

In all hybrid composite boxes the lamina bending crushing mode was observed. In this case 
the main central interwall crack which is similar to Mode-I crack delamination starts to 

propagate at four sidewalls of each composite box. In lamina bending mode, the main central 
crack causes to shape lamina bundles which has a significant role on absorbing the crushing 

energy. Earlier it was shown that the fibre orientation at the interface planes has a significant 

effect on Mode-I interlaminar fracture toughness. 
Also in this failure mode the fronds splitting due to lamina bundle bending is similar to 
interlaminar crack propagation in Mode-II. The Gic and G»c of initiation are more influential 

than the G1c and Guc of propagation in the energy absorption mechanism. The Mode-I and 
Mode-H initiation values were chosen to quantify the effect of Mode-I and Mode-II fracture 

toughness on energy absorption of composite box. From this relationship it was found that 

the hybrid laminate designs which showed higher fracture toughness in Mode-I and Mode-II 

delamination tests, were able to absorb more energy as a composite box in crushing process. 
The assembled boxes from two channels with the [0]4 lay-up bonded by epoxy adhesive 
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showed roughly the same SSCS as the simple box. The assembled box stiffened with a V- 
shape stiffener has 4% higher SSCS relative to its higher mean force in comparison with 
simple box. 

Theoretical prediction of mean crushing force in progressive failure of composite box 
structures 

The contribution of each failure mechanism to the energy dissipation of composite box in 
various crushing mode were studied. In brittle fracture/ lamina bending crushing mode the 
highest value which plays an important role on energy absorption during crushing process is 
for axial splitting and after that for bundle fracture. It should be mentioned these mechanisms 
are coupled together and they act at the same time in a crushing process. This fact shows 
higher resistance for delamination crack growth in different delamination modes directly 

affect on the bending and friction resistance of internal and external fronds against the 

crushing load. 

Finite Element analysis of progressive failure crushing of composite box structures 

After analysing the results good agreement was found between the final element deformation 
from FE and the experimental results. Regarding the higher crushing rate in comparison with 

real one in experiment and also some technical requirements in solution time, the force-crush 

distance diagrams from the FE analysis showed some overestimations in comparison with 

relevant experimental results. However, the mean crushing forces obtained from FE were 

close enough to experimental ones with error of less than 12%. A new technique of tiebreak 

contact was applied in the FE simulation to model the delamination crack growth and 
consequently make the crushing process as similar as to the experimental one. This technique 

was used for those composite boxes which had shown the crushing process with lamina 

bending mode which and consequently propagation of Mode-I opening crack in box wall 

section. In this case each composite box was modelled using double-layer-shell-elements and 

the difference between the force-crush distance diagrams from the double-layer-shell-element 

box and the single-shell-element box was less than 10%. 
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9.2. Critical appraisal 

The main objective of this research was to study the effects of interlaminar fracture toughness 

on the progressive energy absorption of composite material structures under quasi-static 
loading. Regarding the strain rate sensitivity of FRP composite materials, the impact 

(dynamic loading) test is the real and true analysis to study the energy absorption tendency of 

composite material structures. However in future work various delamination failure tests 

should be investigated under impact loading. Delamination failure occurs with other 
intralaminar failures (e. g. fibre breakage) during a crushing process. In this regard, coupling 

of all mechanisms together is more reliable to find the relationship between fracture 

toughness and energy absorption capability of the composite tubular structures. 

9.3. Future work 

The future works for this research can be summarised as follow, 

" Experimental studies on tubular structures under impact loading to find their energy 

absorption capabilities during the impact event. New tubular structures need to be 

investigated by many factors such as geometry optimisation, material characterisation, 

manufacturing and repairing process and loading conditions. 

Experimental studies on dynamic interlaminar fracture toughness under various 

delamination modes. In this case, the new relationship will be found to investigate the 

effects of dynamic interlaminar fracture toughness on the energy absorption of 

composite tubular structures. 

" An improved continuum damage mechanics model of new types of composite 

materials (i. e. 3D-woven composites) coupled with delamination model to represent 

the true behaviour of composite structures under impact loading. 

" An improved explicit dynamic Finite Element (FE) code for the analysis of 

delamination in composite structures using interface elements. The interface element 

modelling technique is applied to fracture toughness based delamination problems in 

the DCB, ENF and MMB tests to predict the delamination behaviour under impact 

loading. 
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Experimental and numerical studies on intralaminar fracture failures (e. g. fibre/matrix 

debonding and fibre breakage) coupled with interlaminar fracture failures to 
investigate their effects on the energy absorption of the composite material structures. 
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A8STRACT 

Interlaminar fracture toughness of composite materials plays an important role in the specific energy 
absorption (SEA) characteristics of crushing composite materials. In this regard the effect of fibre orien- 
tation and stacking sequence on the composite crash box design is sought by studying their effects on the 
interlaminar fracture toughness. In order to achieve this, glass fibre/epoxy orientations of f±6Ojio, [02/ 

±45]5. [0/90jio and [0/90]5s were studied experimentally. Tensile, shear, double cantilever beam (DCB) 

and axial crush box specimens from different lay-ups were made and tested under quasi-static conditions 
to determine the mechanical properties, interlaminar fracture toughness (GIc) and SEA. It was shown that 
the interlaminar fracture toughness of glass fibre/epoxy affects the frond bending resistance due to the 

main central interwall crack in a progressive crushing failure and consequently SEA. A higher interlam- 

mar fracture toughness between laminates will enhance the SEA in the axial crushing of the composite 
box. 

2008 Elsevier Ltd. All rights reserved. 

I. Introduction 

The high energy absorbing capabilities of fibre reinforced poly- 
mer composite (FRP) materials is one of the main factors in their 
application in automotive and aerospace structures. They also pro- 
vide other functional and economic benefits such as enhanced 
strength, durability, weight reduction and hence lower fuel con- 
sumption. For structural vehicle crashworthiness, FRP composites 
are able to collapse in a progressive, controlled manner which re- 
sults in high specific energy absorption in the event of crash. Unlike 
metals and polymers, the progressive energy absorption of com- 
posite structures is dominated by extensive micro-fracture instead 
of plastic deformation 11-41. The highest energy absorption of com- 
posite tubes occurs in two progressive crushing mechanisms which 
are brittle fracture and lamina bending 14,51. These two crushing 
mechanisms absorb energy due to interlaminar and intralaminar 
crack growth and fracturing of lamina bundles. During progressive 
collapse, the sources of energy absorption are mainly from (5,61: 

" Frictional resistance between wedge and fronds and between 
fronds and platen: about 45% of total energy. 

" Frond bending due to delamination between plies: about 40%. 
" Interwall crack propagation: about 12%. 
" Axial splitting between fronds: about 3%. 

Corresponding author. Tel.: +44 20 8547 8864; fax: +44 20 8547 7992. 
E-mail address: h. hadavinia@kingston. ac. uk (H. Hadavinia). 

Various fracture mechanisms such as fibre breakage and buck- 
ling, matrix cracking and crushing, debonding at the fibre-matrix 
interface and especially plies delamination play important roles 
on progressive failure mode and energy absorption of composite 
tubes. Warrior et al. 171 studied the influence of toughened resins, 
thermoplastic resin additives, through-thickness stitching and 
thermoplastic interleaving on the interlaminar fracture toughness 
(Gic) and the SEA for continuous filament random mat (CoFRM) 

and 0/90 non-crimp fabric (NCF) E-glass reinforced polyester com- 
posite tubes. They reported that all above mentioned factors in- 

crease Gic, but only toughened resin and through-thickness 
stitching can increase SEA. In general a tougher matrix gives a 
higher Gic, for the composite and this is a benefit in crashworthi- 
ness design 181. Farley 191 concluded that matrix stiffness has only 

a small effect on energy absorption of materials which crush by a 
brittle fracture and transverse shearing mechanism, and more ef- 
fect of matrix stiffness is considered by lamina bending mecha- 

nism. Cauchi Savona and Hogg [101 studied the relation between 

sustained crushing stress of glass fibre reinforced plastic composite 

plates with their Mode-I and Mode-11 fracture toughness proper- 

ties. According to their results, materials which show low Mode-I 

and Mode-Il fracture toughness, yield low crushing energies. Solai- 

murugan and Velmurugan 111,121 recently have studied the effect 

of stitching, fibre orientation and stacking sequence on Gic, SEA, 

and of progressively crushing of glass/polyester composite cylin- 
drical shells under axial compression. They reported that axial 
fibres placed close to the outer surface of tube led to more petal 

0263-8223/S - see front matter © 2008 Elsevier Ltd. All rights reserved. 
d oi: 10.1016/j. compstruct. 2008.04.006 
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crack length 
side of box 
compliance 
crush force efficiency 
double cantilever beam 
Young's modulus 
force 
initial maximum force 
mean force 
shear modulus 
Mode-I interlaminar fracture toughness 
glass fibre reinforced plastic 
specific energy absorption 
shear strength 
thickness 

formation and stable crushing process, while axial fibres close to inner surface tube cause higher energy absorption. Furthermore, 
the energy absorption in the form of circumferential delamination increases for higher values of Mode-I fracture toughness. They also reported that stitching increases the Mode-I interlaminar fracture 
toughness which causes higher energy absorption of cylindrical tube. Farley 1131 studied the static crushing process of graphite/ epoxy and Kevlar/epoxy square cross section tubes to investigate 
the effect of geometry on energy absorption of composite materi- 
als. He reported that energy absorption of graphite/epoxy and Kev- lar/epoxy tubes is a non-linear function of (b/t) where b is the side of the box and t is the wall thickness. It was reported that the 
energy absorption increased with decreasing b1t ratio. Generally, 
the highest energy absorption occurs when the thickness of all types of tubes is in the range of 2-3 mm 181. Farley and Jones 114] also reported that in quasi-static crushing of glass/epoxy tube 
with fibre orientation of [0/±91s, by increasing a the energy absorp- tion capability of tube increases non-linearly however, as e increases, the energy absorption capability of the carbon/epoxy tube decreases non-linearly. Generally, they reported that fibre 
orientation of 10/±451 is preferred for glass fibre epoxy tubes. 
Schmueser and Wickliffe 1151 showed that SEA of carbon-epoxy, 
glass-epoxy and aramid-epoxy 1021±A] specimens all generally increase with increasing B. Jimenez et al. 1161 have concluded that 
the bevel trigger mechanism with angle of 60 shows the highest 
energy absorption in composite profiles. 

The present work is mainly focused on the effect of fibre orien- tation and stacking sequence on Gic and SEA. The DCB and crash box specimens were made and tested with different lay-ups but 
with the same geometry and material. The experimental results 
were compared together to find the relationship between Gic and SEA. 

2. Experimental studies 

Five different types of test were conducted to characterize the 
mechanical characteristic of a GFRP material. These were tensile, 
shear, double cantilever beam (DCB), fibre volume fraction deter- 
mination and quasi-static crush box tests. All tensile, shear, DCB 
and fibre volume fraction tests were carried out in accordance with 
the relevant standards 117-201. All specimens were manufactured 
from glass fibre material of density 2.1 g/cm3 with epoxy resin. 

2.1. Mechanical properties 

A separate panel was made for each type of test and specimens 
were cut from the panel for testing. The dimensions of each panel 

Vf 
xt 

x 
Yc 
K 
v 
al 

62 
1112 
ý 

d 

volume fraction 
longitudinal tensile strength 
longitudinal compressive strength 
transverse tensile strength 
transverse compressive strength 
Poisson's ratio 
longitudinal stress 
transverse stress 
transverse shear stress 
weight factor 
displacement 
ultimate tensile stress 
fibre orientation 
extension correction factor for DCB sample 
trigger angle 

were determined by the size and quantity of specimen required for 
each test. As three types of test specimen had the same dimen- 
sions, this simplified the manufacturing process as they could all 
be prepared in the same way, using the same templates and equip- 
ment. Five specimens were made for each test which meant the 
panels from which they were to be cut would need to be 
125 mm wide by the required length, 250 mm. With allowances 
for machining and possible defects around the edge these numbers 
were rounded up to 300 x 200 mm. The thickness of each speci- 
men was 2 mm with 250 mm length and 25 mm width. All speci- 
mens were cured first in a curing cycle of 30 min at 60 °C with a 
heating rate of 3-5 °C/min and the temperature was held at 
125 °C for 60 min. Tensile tests were carried out on specimens with 
101 and 1901 lay up with the aim of finding Young's modulus, E1 and 
E2, Poisson's ratio v12 and v21, and the ultimate tensile strengths 
according to BS ISO 2747 standard 117J. There are several test 
methods for measuring the shear modulus of composite materials. 
The 1±45°15 tensile shear test was chosen for the shear testing as 
this type of test can be carried out using a conventional tensile 
testing machine. The state of stress in each laminate was not pure 
shear but a combination of normal stresses, in addition to desired 

shear stress. Firstly, the shear stress-strain responses of many 
composite materials are non-linear, and may exhibit strain soften- 
ing characteristics, due to rearrangement of dislocations. So, 
although the biaxial stress in the specimen is likely to cause the 
measured value of shear strength to be lower than the true value, 
the reduction may be small because of the non-linear softening re- 
sponse. Secondly, the magnitudes of the interlaminar stresses for 
laminates containing lamina with high orthotropic ratios are a 
maximum at ply angles of 15-25°, and the interlaminar stresses 
for 45° ply angles are considerably smaller. These tests were con- 
ducted in accordance with BS ISO 14129 standard 118J. The tests 
were carried out on a Denison-Mayes 100 kN universal testing ma- 
chine with crosshead speed of 2 mm/min. For measuring Young's 

modulus in the axial and transverse direction a biaxial rosette 
strain gauge Showa N22-FA-8 with a resistance of 120 n and gauge 
length of 8 mm was placed at the central part of the specimen and 
for measuring the shear modulus a 0/45/90 rosette strain gauge 
was used. 

The fibre volume fraction of the GFRP was determined by the 

resin burn-off method. It is particularly suitable for GFRP compos- 
ite because glass is resistant to oxidation at elevated temperatures. 
This test followed ASTM D 3171 standard 1191. Three small speci- 
mens of composite, approximately 15 x 15 x2 mm, were cut from 

a larger panel. The width, thickness and length were measured in 

three places using a micrometer, a mean average taken and the 

volume of the specimen calculated. Three ceramic crucibles were 
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weighed on scales accurate to one hundredth of a gram. The com- 
posite specimens were then placed one on each crucible and the 
crucible and specimen weighed together. The mass of the compos- ite was obtained from subtracting this value from the weight of the 
crucible. The mass of the composite was divided by its volume to 
calculate the specimen's density. The three crucibles containing 
the specimens were then placed in a preheated oven at 500 'C for 5 h. This high temperature 'burns-off the epoxy matrix leaving 

just the fibres behind. After 5h the specimens are removed and re- 
weighed. This mass is subtracted from the crucible mass to obtain the weight of the fibres in the specimen. The results show excellent 
correlation with each other. The fibre volume fraction for this 
material was found to be 40.3%. The manufactures reported value 
of fibre volume fracture for this composite was 39%, which closely 
matches to the experimental results. A summary of the findings for 
these tests are reported in Table 1. 

2.2. Determination of Mode-1 fracture toughness 

The fabrication of each DCB specimen was laid-up according to 
the laminate design of each composite crush box which will be dis- 
cussed later. The mid-plane interface was 0/90,90/90,0/45 and 
+60/ 60 to determine the Mode-I interlaminar fracture toughness 
for three fracture locations. For determining the Mode-I interlam- 
inar fracture toughness Gic, BS ISO 15024 standard [201 was fol- 
lowed together with the corrections developed elsewhere to take 
into account for the end-block, DCB arm bending and root rotation 121-241. The recommended specimen size is at least 125 mm for, 
and 20-25 mm wide with an initial crack length (i. e. length of ( 
insert from the load line) of 50 mm (see Fig. 1). For curing the spc, 
imens the temperature was initially raised to 60 'C and held fo 
30 min and then the temperature was increased to 125 °C and held 
for 60 min. This stepped heat-up meant the heat was raised grad- 
ually to 125 °C instead of quickly, allowing the epoxy matrix to 
fully infuse the reinforcement before hardening. After curing, the 
specimen was left in the oven to cool to room temperature. Each 
specimen was labelled prior to testing with the specimen lay-up 
and specimen number. White paint was applied to both longitudi- 
nal edges of each specimen and allowed to dry. The painted sides 
were then marked with a fine pen at the edge of the polymer insert 
to indicate the edge of the precrack. To aid in recording crack 
growth, the first 5 mm from the insert were marked every 1 mm 
with a thin pen line and the next 55 mm were marked at 5 mm 
intervals. Hence crack growth was recorded for 60 mm along the 
specimens. The load end-blocks were bonded to the DCB speci- 
mens using Betamate 1493 adhesive at the end containing the in- 
sert. Load was applied to the specimens through end-blocks to 
propagate the crack (see Fig. 2a). A travelling optical microscope 
was used to accurately measure the length of the initial crack. 
The travelling microscope, with 10x magnification, slides along a 
horizontal scale similar to that used on callipers. A cross-hair is 
lined up with the path of the load through the hinges (load line). 
The position of the microscope was noted to the nearest tenth of 
a millimetre. The travelling microscope was then moved, by turn- 
ing a knob, to the end of the polymer insert, sighted using the pre- 
mentioned pen line. The position of the microscope was again 
noted, and the difference of these two measurements gave the ini- 
tial crack length. Loading was carried out at a constant crosshead 
displacement rate of 2 mm/min. The position of the crack tip was 

Table I 
Material properties of the GFRP 

a 
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,ý 

Fig. 1. Double cantilever beam (DCB) specimen: (a) plane view: (b) side view (all 
dimensions in mm). 

Fig. 2. '. a ý, IKP LA b IJI., ýýIý1niýineltc, uný, Mathine. (b)Fiber bridging 

across the interface layers 

monitored through the microscope as the crack advanced. When 

the crack first visibly propagated, the displacement of the cross- 
head was recorded. As the crack propagation past the subsequent 
marked lines, the crack length and crosshead displacement were 
recorded. Force at each crack length was retrospectively obtained 
from the force-displacement diagram to calculate Gic. 

2.3. Composite crush box 

The crush box specimens were made of glass fibre/epoxy by 

hand lay-up with various fibre orientations which are following 

the same lay ups as described in DCB tests in the previous section. 
A cardboard template was made for marking out the panel plies on 

the prepreg roll. The 0° and 90° angle plies were marked using a set 

square and the 45° and ±60° angle plies were marked using a pro- 
tractor to orientate the template on the roll and achieve the 

required fibre direction. The pieces were then labelled with fibre 

direction and angle to avoid later confusion. Once marked out, 

the panel plies were cut from the roll using a sharp Stanley knife 

and steel ruler. The two protective layers covering each ply of 

E, (GPa) EZ (GPa) C12 (GPa) u12 UPS 01 (MPa) 
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Prepreg were removed and the first layer was placed around a rigid 
wooden mould covered with a non-stick polymer sheet. The layer 
then covered with another sheet of non-stick polymer to prevent 
contamination and a roller was used to roll and shape the material 
around the mould as flat as possible, and removing any air pockets. 
The polymer sheet was then removed and the second ply was laid- 
up on top of the first ply according to desired lay-up. Four laminate 
with fibre orientations of 1±60]10,102/±4515,10/90110 and 10/90]ss 
were chosen for composite boxes. The 0 direction coincides with 
the axial axis of the crush box. Once the boxes had been success- fully laid-up, they were placed between four pre-cut aluminium 
plates to keep them flat during the curing process. The plates were 
pre-treated with a mould cleaner to remove grease and debris and 
a monocoat wax was applied to prevent escaped epoxy from the 
prepreg bonding to the metal plates. The plates were then covered 
in non-stick polymer sheets to further decrease the chance of 
epoxy bonding to the plates. The plates were placed on either side 
of the uncured composite, then covered top and bottom with three 
sheets of'breather cloth' and placed inside a heat resistant polymer 
bag. The breather cloth has the appearance of cotton wool and al- 
lows air to circulate around the bag preventing the formation of air 
pockets. The bagging material was cut from a roll and was open at 
either end. A high temperature, double-sided epoxy tape was used 
to seal the ends. Once sealed, an air suction valve is inserted 
through the bag and a pipe connected the valve to a vacuum pump. 
The vacuum pump was used to evacuate the bag, with the aid of 
the breather cloth. This has the effect of pressing the aluminium 
plates tightly together and forcing the plies of prepreg together, 
allowing good adhesion between the plies and eliminating air that 
could cause voids in the composite. The pressure gauge was in- 
serted via a second valve to monitor the pressure in the bag. This 
can be used to ensure the correct pressure is applied to the bag 
(following the manufacture's guidelines). The pressure gauge was 
also used to measure any pressure drop in the vacuum bag once 
the pump had been switched off and hence to check if the bag 
was properly sealed. All composite boxes were cured for 30 min 
at 65 °C and then for 120 min at 130 °C. Then they were cut to 
the required lengths. The dimensions of all boxes were the same 
and chosen according to the previous reported works which have 
shown progressive failure 114]. The bit ratio was 26.7 mm with 
thickness of about 3 mm and the total length was 100 mm. To 

" __ 

a 

avoid stress concentration at the box corners, an internal fillet with 
a radius of 6 mm was inserted at the internal corners of the box. 
Also one end of specimens was bevelled to make a trigger for pro- 
gressive crushing with an angle of 60° (Fig. 3). Each specimen was 
crushed between two parallel plates for 50 mm stroke using Uni- 
versal Testing Machine with 500 kN load cell. The crush speed 
was set at 2 mm/min, the same speed as used for the DCB tests. 
For each test configuration three specimens were tested. The 
force-crush distance diagrams were recorded automatically for 
each test. 

3. Results and discussion 

3.1. Mode-1 interlaminar fracture toughness 

The Mode-I interlaminar fracture toughness Gic, for each fibre 

orientation was calculated using the modified beam theory 
(MBT) method and the modified compliance calibration (MCC) 
method 120-251. For MBT method, the cube root of compliance, 
C", was plotted as a function of crack length, a. The intercept with 
the x-axis was considered as the crack length correction, A. The G, c 
value was calculated from: 

Gic= 
3Fn 

2b(a +, dl) 
(1) 

In the MCC method, a least squares plot of alt as a function of the 
cube root of the compliance, C113, is generated using the visually ob- 
served delamination onset values and all the propagation values. 
The slope of this line is A 125]. The Gic value was then obtained 
from: 

3FZC'ý 
Gý` 

2.96t 
(2) 

The experimental Gic results obtained from MBT and MCC for differ- 
ent fibre orientation are shown in Table 2. A sample experimental 
resistance curve (i. e. Gic versus crack length) is shown in Fig. 4. 

Transverse cracking of B-oriented lamina at interface caused some 
fibre bridging for most of DCB tests as shown in Fig. 2b. The devel- 

opment of fibre bridging caused the force to continuously increase 

as the crack advanced resulting in a rising R-curve. Regarding the 

results and recommendations of other works on DCB-tests on 

ý 
b 

C 

Fig. 3. GFRP composite box: (a) front view. (b) trigger mechanism and (c) top view, Internal fillets of 6 mm were introduced at the internal corners. 
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Table 2 
Interlaminar fracture toughness obtained from DCB tests for various interface fibre 
orientations 

Laminate lay-up Fracture plane interface 

Iol9oho 
[02/±4515 
[0/901ss 
I±601,0 
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0/45 
90/90 
+60/-60 
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Fig, 4. Resistance curve (R-curve) in a DCB specimen with 0/90 fracture plane in- 
terface using MBT and MCC methods. 

multidirectional laminates [26-281, G, c values of initiation were 
considered as interlaminar fracture toughness. 

Three different methods to determine crack length for the initi- 
ation values from the precrack as the distance between the force- 
displacement and the precrack are considered. The first non-linear- ity (NL) method determines the point of deviation from linearity, 
by sketching a straight line from the origin. The second uses the vi- 
sual observation (VIS) which is the first point at which the crack is 
observed to move from the tip of the Teflon insert. The last is the 
MAX/5%, a point on the force-displacement curve at which the 
compliance has increased by 5% of its initial value. In this work 
the visual observation (VIS) was chosen to determine the initiation 
crack length. It was observed that fibre orientation in the layers 
adjacent to crack plane affects the Gic. Mode-I interlaminar fracture 
toughness of the interface layers of 0/90 showed the highest values 
of Gic for all tested specimens, and the interlaminar fracture tough- 
ness of interface layers of +60/--60 showed the lowest value. The 
combination of 0/N and 0/0 at interface layers caused the maximum 
interlaminar fracture toughness. 

3.2. Progressive crushing process 

Three main crushing modes in accordance with Farley and Jones 
114) classification are categorised for progressive failure of com- 
posite box in crushing process. The first one is fragmentation mode 
which is characterised by a wedge-shaped laminate cross section 
with one or multiple short interlaminar and longitudinal cracks. 
The second one is lamina bending mode which is shaped with long 
interlaminar, intralaminar, and parallel to fibre cracks. This mech- 
anism causes the formation of continuous fronds which spread in- 
wards and outwards. The third one is the combination of 
fragmentation and lamina bending modes and it is called brittle 
fracture mode. Different modes of crush were observed during 
quasi-static crush test. As can be seen in Fig. 5, the combination 
of two distinct crush modes, fragmentation and lamina bending, 
were observed for all the specimens. This mode (the brittle fracture 
mode) is an ideal crushing mechanism to dissipate the energy dur- 
ing crushing in composites [9]. For fibre orientation of )0/90)ss and 
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1±60110, the fronds were broken into short pieces. Other two fibre 
orientations 102/±4515 and [0/90]10 showed more interlaminar sep- 
aration in crushing process. 

At the initial stages of the crushing, four axial cracks were 
formed at corners of each box which caused bending of the internal 
and external fronds. It was observed that the external fronds were 
longer than internal fronds. No axial tear was observed during the 
crush process. The deformation of all boxes was elastic at the 
beginning of crushing process while the load increased rapidly to 
its maximum. Because of the friction between crushing plate and 
deformed fronds, the debris wedge was shaped. After this a lot of 
interlaminar and intralaminar cracks were formed in the crush 
zone (Fig. 6). The crack continued to propagate along the main cen- 
tral interwall (Fig. 7), and lamina bundles were formed. The load 
dropped from its peak and stabilised around a mean force, Fm. 
The magnitude of the mean force depends on the propagation of 
the interlaminar and intralaminar cracks. In this stage which is 
called post-crushing regime, the internal and external fronds were 
buckled when the applied force reached a critical value. The energy 
absorption and the force stability of composite boxes are related to 
fracture behaviour of the main central interwall crack (Fig. 7). The 
main central crack which causes to shape lamina bundles has an 
important role on resistance against crushing energy. The propaga- 
tion of this crack is similar to crack propagation in Mode-I delam- 
ination in composite laminates discussed earlier in Section 2.2 that 
the fibre orientation at the interface planes has significant effect on 
Mode-I interlaminar fracture toughness. Also the SEA varied with 
fibre orientation and fracture behaviour of the main interlaminar 
cracks. These evidences show that the fracture behaviour of a cen- 
tral interlaminar opening crack is correlated to Mode-I interlami- 
nar fracture toughness. 

As discussed previously, the fibre orientation and consequently 
interlaminar fracture toughness affect on progressive crushing 
modes. For those fibre orientations which show higher fracture en- 
ergy from DCB test, higher mean force and absorbed energy were 
observed during crushing. Obviously the resistance crack propaga- 
tion contributes to greater energy absorption. As the material and 
geometry are the same for all specimens: the effect of friction on 
the dissipation of energy can be assumed to be approximately 
the same in all crushing processes. The experimental results of 
force-crush distance for all lay ups are shown and compared in 
Fig. 8. The results show that the 102/±4515 has the highest mean 
force and consequently highest energy absorption in comparison 
with other lay-ups. This high energy absorption is related to high 
Mode-I interlaminar fracture toughness. The lowest interlaminar 
fracture toughness from DCB tests was observed for [±60110 lay- 

up. This was reflected on the lowest values of mean force and en- 
ergy absorption in the crash box with the same lay-ups. 

Variation of specific energy absorption (SEA) from crush test 
versus Mode-I interlaminar fracture toughness, Gic, from DCB tests 
for various lay-ups is plotted in Fig. 9. It can be seen that the inter- 
laminar fracture toughness for interface fracture planes of 0/90,90/ 
90 and 0/45 are clustered close to each other while the equivalent 

value for +60/ 60 interface plane is much lower. This shows that 
the specific energy absorptions (SEA) of fibre orientations which 
are laminated with 0/H angles are close together. Choosing a suit- 
able fibre orientation in the interface plane is one of the main fac- 

tors for improving the energy absorption of composite crush boxes 

in progressive failure. The ratio between initial maximum collapse 
force and mean force is known as the crush force efficiency (CFE), 

and the higher value of this parameter, the better energy absorp- 
tion capability. The crush force efficiency (CFE) of all composite 
crush boxes was also obtained and the results are shown in Table 
3. The 10/90110 lay-up has the highest CFE. The reason comes from 
its lower initial maximum collapse force compared with other fibre 

orientations. This situation is more suitable for crashworthiness 
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Fig 5. Plane view of crushed GI RII composite box: a, JO P0Joo; (b) 10/9015s: (c) 1O2/±4SJs: (d; ±60J,,,. 

ý 

I ig. 6. ,. zone of GFRP composite b, ", -_,, Fig. 7. Mode-I interlaminar crack propagation at the middle of box wall. 
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Fig. 8. The comparison of force crush distance in a square crash box for various lay-ups. 
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Fig. 9. Variation of specific energy absorption (SEA) with interlaminar fracture 
toughness, G, c(SBT) for various box lay-ups. 

Table 3 
Comparison of SEA and Mode-I interlaminar fracture toughness 

Lay up Fm, 
x 

(kN) F. (kN) CFE (%) SEA (kJ/k8) Gic (kJ/m2) MCC 
JO/90J10 78 52 67 15.8 0.923 
10/9015s 110 60 55 17.5 0.778 
102/±45J5 105 61 58 17.7 0.884 
1f60J10 87 38 43 10.8 0.449 

design cases which need to absorb the energy with a lower initial 
collapse force but not necessarily with the highest energy absorp- 
tion capability. 

4. Finite element studies 

4.1. Finite element model 

The GFRP composite box was modelled with various lay-ups 
using finite element software ANSYS/LSDYNA ]29]. The size of out- 
er cross section of the composite box was 80 x 100 mm with a 
thickness of 3 mm. The bevel trigger mechanism was modelled in 
accordance with the experiments with a trigger angle of 600 (see 
Fig. 3). The GFRP composite box model was based on Belytschko- 
Lin-Tsay quadrilateral shell elements. All surfaces of the model 
were meshed using quadratic shell element and the size of an ele- 
ment was 2.5 x 2.5 mm. The striker was modelled as a rigid block 
using solid element (Fig. 10). The composite layers were modelled 
by defining the integration points which are placed equally 
through the thickness in each layer. For each layer the material 
properties, thickness and fibre orientation were defined. To simu- 
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Fig. 10. Finite element model of GF RV composite box in LS-DVNA. 
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late the quasi-static condition, the velocity of 1 m/s was applied 
to the rigid striker. The real crushing speed was too slow for the 
numerical simulation. The explicit time integration method is only 
conditionally stable, and therefore by using real crushing speed, 
very small time increments was required to use. For satisfying qua- 
si-static condition firstly the total kinetic energy has to be very 
small compared to the total internal energy over the period of 
the crushing process. Secondly, the crushing force-displacement 

response must be independent from the applied velocity [29]. For 
the aim of computational efficiency, the density of rigid striker 
and composite box were scaled-up by a factor of 1000. By using 
this factor, the quasi-static condition was satisfied during the 
crushing analysis. 

4.2. Material modelling 

Material model 54 of LS-DYNA was selected to model the dam- 

age of GFRP composite box. In ANSYS this material model follows 

the Chang and Chang [30] failure criterion which is the modifica- 
tion of the Hashin's failure criterion for assessing lamina failure. 
In this model as described below all material properties of lamina 

are examined using the following laws to determine the failure 

characteristic [31 ]: 

. Tensile fibre failure mode: (fibre rupture) 
if11, >0 

11,2 el >0 failed 
then ef2 _ 

ýX, ý (1112) { 

e, <0 elastic 
(3) 

where ß is a weighting factor for shear term in tensile fibre mode 
and its range is 0-1 and a, is stress in the fibre direction and (J12 
is transverse shearing stress. When lamina failure occurs, all 
material constants are set to zero. 

. Compressive fibre failure mode: (fibre buckling) 
if a, <0 

2, e2 -> 0 failed 
then ec = 

(Xý)2 
1 

ec <0 elastic 
(4) 

After lamina failure by fibre buckling E,, 12 and V21 are set to zero. 

. Tensile matrix failure: (matrix cracking under transverse ten- 
sion and in-plane shear) 
If a2>0 

(RZ\ 2 ý, z 
(em >0 failed 

then ez Jm-Y, + ß() S em <0 elastic Sl (5) 
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where 62 is stress in normal to the fibre direction. After lamina 
failure by matrix cracking, E2,1.21 and G12 are set to zero. 

" Compressive matrix failure mode: (matrix cracking under trans- 
verse compression and in-plane shear) 
lf112<o 

then e2 = 
((7212 Y2 02 (612)2 fed' %0 failed 
2S 

ý25) 
- 1ý Yc +S{e; 

<0 elastic 
(6) 

In this work the weight factor ß which is defined as the radio between shear stress and shear strength is set to 1. The material 
properties of GFRP were obtained from experimental work re- 
ported in Table 1. 

4.3. Boundary conditions and contact algorithms 

All degrees of freedom of the crash boxes were fixed at the bot- 
tom end and all degrees of freedom were free at the upper end 
which is subjected to impact by the rigid striker. The following 
contact algorithms were used to simulate the crushing process in 
quasi-static condition: 

Fig 11. Comparison of final deformed shape of the CFRI' U i)Uj lay-up box in 
plane view: (a) FLA results: (b) experiment. 

0 10 20 30 
Crush distance (mm) 

40 50 

Hg. 12. Comparison of experimental and FE results for GFRP composite box with 
[O19O1, n lay-up. 

. The automatic-single-surface algorithm was used to prevent the 
penetration of the deformed composite box boundary with its 
own nodes. 

. The automatic_node_to_surface algorithm with friction coeffi- 
cient of 0.25 was used for the contact between rigid striker 
and composite box. 

4.4. Verification of FE results 

The deformed shape of FEA model for [0/90J1o lay-up is shown 
in Fig. 11. The similarity between the FEA simulation and experi- 
mental work shown in Fig. 5a are very good. In Fig. 12, the force- 
crush distance of [0/90]in lay-up extracted from FEA model is com- 
pared with the experimental results. The difference in mean dy- 
namic force between the FEA model and experiment is less than 
8% The energy absorption computed from FEA is 14.5 kJ/kg while 
the value from experiment is 15.8 kJ/kg, a difference of less than 9%. 

S. Conclusion 

In this paper, the effect of fibre orientation on the interlaminar 
fracture toughness, G, c, and specific energy absorption, SEA, of 
GFRP composite crush boxes was investigated. It was shown that 
the fibre orientation at interface fracture plane affects the inter- 
laminar fracture toughness of GFRP composite materials. 

The interlaminar fracture toughness of interface fracture planes 
of 0/90,90/90 and 0/45 are close together while +60/-60 behave 

quite differently. The interface plane of 0/90 showed the maximum 
interlaminar fracture energy while it was a minimum for the +60/ 

60 interface plane. 
It was shown that the specific energy absorption in axial crush- 

ing of composite box depends on the interlaminar fracture tough- 
ness between laminates and the higher the Mode-I fracture 

toughness, the higher SEA. However, this relationship is not linear. 
The SEA of those fibre orientations which have a combination of 0/ 

6 angles are close together because of the similar interlaminar frac- 

ture toughness at interface fracture plane. In summary suitable 

composite structures designs which are subjected to the crushing 
forces can be achieved by properly choosing the laminate lay-up 

which gives the highest interlaminar fracture toughness and con- 
sequently an improved SEA. 
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ABSTRACT 

Mode-I and Mode-II interlaminar crack growth affect the failure modes of the progressive crushing of 
composite box structures. These failure modes which are known as lamina bending, brittle fracture, 
transverse shearing and local buckling contribute to specific energy absorption (SEA) of composite box. 
In this regard, the effect of laminate lay-up of the composite crush box was sought by studying their 
effects on Mode-I and Mode-II interlaminar fracture toughness. The double cantilever beam (DCB), 
three-point-end-notched flexure (3ENF) and axial crush box specimens were fabricated from carbon/ 
epoxy twill-weave fabrics of j0]4, j45J4 and [0/4512 and they were tested under quasi-static condition 
to determine the interlaminar fracture toughness in Mode-I (Gic), Mode-II (G11c) and SEA of each lay- 

up. It was shown that interlaminar crack propagation in Mode-I and Mode-I1 contributes significantly 
on the type of the progressive crushing mode and SEA. The interfaces of 0/45 and 0/0 have higher 
Mode-I and Mode-II interlaminar fracture toughness and as a result the crushed box with these 
lay-ups showed a higher energy absorption capability in comparison with crush box lay-up of j45J4. 
An analytical solution was proposed to predict the mean crushing force for each failure mode. The crush- 
ing process of composite boxes was also simulated by finite element software LS-DYNA and the results 
were verified with the relevant experimental results. 

© 2008 Elsevier Ltd. All rights reserved. 

I. Introduction 

The brittle nature of most fibre reinforced polymer (FRP) com- 
posites accompanying other forms of energy absorption mecha- 
nisms such as fibre breakage, lamina bending, and buckling, 
matrix cracking and crushing, debonding at the fibre-matrix inter- 
face and especially plies delamination which occurs due to shear 
and tensile separation between fronds, play important roles on 
progressive failure mode and energy absorption capability of com- 
posite boxes. 

In design of energy absorbers structures from FRP materials, the 
main source of energy absorption is due to four crushing modes 
and their combinations during progressive failure of composite 
crush box [1j. The first mode is transverse shearing (fragmentation) 
which is characterised by a wedge-shaped laminate cross section 
with one or multiple short interlaminar and longitudinal cracks. 
In this mechanism interlaminar crack propagation and bundle frac- 
ture control the energy absorption. The second mode is lamina 
bending which is developed from long interlaminar, intralaminar, 
and parallel to fibre cracks. This mechanism causes the formation 
of continuous fronds which spread inwards and outwards. Friction 

Corresponding author. Tel.: 44 20 8547 8864: fax: +44 20 8547 7992. 
E-mail address: h. hadavinia@kingston. ac. uk (H. Hadavinia). 

and inter/intra laminar fracture controls the energy absorption of 
lamina bending mode. The third mode is brittle fracturing mode 
which is a combination of transverse shearing and lamina bending 
crushing modes. In this mode the length of the interlaminar cracks 
are between 1 and 10 laminate thickness. In this case the main en- 
ergy absorption mechanism is fracturing of lamina bundles. The 
highest energy absorption of composite tubes has been observed 
in brittle fracture and lamina bending crushing modes 12J. The 
fourth mode is local buckling which occurs in brittle FRP compos- 
ites when (i) the interlaminar stresses are small relative to the 
strength of the matrix, (ii) the matrix has a higher failure strain 
than the fibre, and (iii) the matrix exhibits plastic deformation un- 
der high stress. 

During progressive collapse, frond bending following the growth 
of a main central interwall crack due to delamination in the side 

wall causes a significant amount of energy absorption. The main 
central interwall cracks are Mode-I interlaminar crack propagation. 
Sliding occurs between lamina bundles during frond bending, and 
they dissipate the energy in Mode-II crack propagation. 

The effects of delamination fracture toughness on the energy 
absorption of composite materials and structures have been 

investigated by other researchers 13-81. Savona et al. J3) studied 
the relation between specific sustained crushing stress (SSCS) of 
GFRP composite plates with their Mode-I and Mode-11 fracture 

0263-8223/S - see front matter © 2008 Elsevier Ltd. All rights reserved. 
doi: 10.1016/j. compstruct. 2008.08.004 
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toughness properties. According to their results, materials which 
show Mode-I and Mode-ff interlaminar fracture toughness absorb low crushing energy. They also showed that the Gic and Giic of ini- 
tiation are more influential than theG, c and Giic of propagation on the energy absorption mechanism. Solaimurugan and Velmurugan ]4] had studied the effect of stitching, fibre orientation and stack- ing sequence on Gic, SEA, and progressively crushing of glass/poly- 
ester composite cylindrical shells under axial compression. They 
reported that axial fibres placed close to the outer surface of the 
tube led to more petals formation and stable crushing process, 
while axial fibres close to inner surface of the tube cause higher en- 
ergy absorption. Furthermore, the energy absorption during 
delamination increases when Mode-I fracture toughness is higher. 
They also reported that through-thickness stitching increases the 
Mode-I interlaminar fracture toughness which increases energy 
absorption of cylindrical tube. Warrior et al. [5] studied the 
influence of toughened resins, thermoplastic resin additives, 
through-thickness stitching and thermoplastic interleaving on 
the interlaminar fracture toughness (Gic) and the SEA for continu- 
ous filament random mat (CoFRM) and 0/90 non-crimp fabric 
(NCF) E-glass reinforced polyester composite tubes. They reported 
that all above mentioned factors increase Gic, but only toughened 
resin and through-thickness stitching can increase SEA. A compre- 
hensive review of the effect of fibre type, matrix type, fibre archi- 
tecture, specimen geometry, process conditions, fibre volume 
fraction and testing speed on energy absorbing capabilities of com- 
posite crash elements are reported in [6]. It was shown that in gen- 
eral, a tougher matrix gives a higher Gic for the composite and this 
has a positive effect on their crash performance. Farley [7] con- 
cluded that matrix stiffness has a minor effect on energy absorp- 
tion of materials which crushed by a brittle fracture and 
transverse shearing mechanism, but the effect of matrix stiffness 
is more important in lamina bending mechanism. Ghasemnejad 
et. al. [8] recently studied the effect of Mode-I interlaminar fracture 
toughness on the energy absorption of laminated GFRP composite 
box made from various fibre orientations. They concluded that 
using suitable laminate design for composite box improves inter- 
laminar fracture toughness and consequently energy absorption 
capability. They also showed that the variation of specific energy 

Nomendature 
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a crack length 
Fe effective crack length 

Ub� energy dissipated in local buckling 
Ubf energy dissipated by bundle fracture 
UU energy dissipated in axial splitting 
Ud energy dissipated by delamination 
us energy dissipated in shear deformation 
ULB/BF energy dissipated for lamina bending/brittle fracture 

crushing modes 
UBUns energy dissipated for local buckling/transverse shearing 

crushing modes 
x sliding distance on the platen 
Y geometry factor 
z crushing distance 
v Poisson's ratio 

crush length of a single stroke 
(t weight factor 
µ coefficient of friction 

displacement 
a ultimate tensile stress 
Qb flexural strength 
is shear strength 
9 fibre orientation 
(v semi-angle of the wedge 
d crack length correction factor in DCB test 

absorption (SEA) with interlaminar fracture toughness (G1c) is 

non-linear for various box lay-ups. 
Jimenez et al. 191 experimentally studied the energy absorption 

capability of a unidirectional box section, and an I-section made of 
alternating layers of mat and fabric. For each one of the two pro- 
files, six different trigger geometries were analysed. They showed 
that the I-section is a good candidate for being considered for en- 
ergy absorption applications. They also concluded that when 
studying a trigger geometry, slight modifications (as the bevel an- 
gle of a bevel trigger) can result in important variations of the re- 
sults. Elgalai et al. 1101 examined the crushing behaviour of axially 
crushed composite corrugated carbon fibre/epoxy and glass fibre/ 

epoxy tubes. A series of experiments was conducted for tubes with 
corrugation angle ranging from 10° to 40°. Their results showed 
that the crushing behaviour of composite corrugated tube is sensi- 
tive to the change in corrugation angle and fibre type. Alkateb et al. 
(111 experimentally examined the behaviour of composite ellipti- 
cal thin walled cones with the same ellipticity ratio and different 

vertex angles subjected to quasi-static axial crushing. They showed 
that the catastrophic failure mode is avoided by deviating from the 

elliptical tubular shape to the elliptical conical one. A significant 
enhancement in load carrying capacity and energy absorption 
capability were seen in the case of elliptical conical shells. Melo 

et al. 1121 looked at the effect of the processing conditions (with 

or without vacuum) on the specific energy absorption capacity of 
composite tubes under quasi-static compression load. Their test re- 
sults showed that, among the conditions considered, tubes of cir- 

cular cross section fabricated under applied vacuum display the 
highest level of specific energy absorbed. Mahdi and Kadi 1131 

implemented artificial neural networks (ANN) technique in the 

prediction of the crushing behaviour and energy absorption char- 

acteristics of laterally loaded glass fibre/epoxy composite elliptical 
tubes. 

Zarei et al. 1141 performed dynamic crash tests in order to deter- 

mine the crash behavior of woven fiberglass/polyamide thermo- 

plastic composite crash boxes. The LS-DYNA explicit finite 

element code was used for modelling. They compared the crash 

performance of the optimum composite crash box with an opti- 

mum aluminium tube. Lee et al. (151 performed the tensile and 
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compressive tests of glass/epoxy composites with 1-200 s' strain 
rates which are typical strain rate range during automobile crash 
accidents in order to measure the strength variation with respect 
to strain rate. 

This study is mainly focused on the effect of fibre orientation on 
Gic. Gi1c and SEA of twill/weave fabric CFRP. The DCB, 3ENF and 
crush box specimens were made from carbon/epoxy twill-weave 
fabrics of 10]4,14514 and 10/4512 and they were tested under 
quasi-static condition. The experimental interlaminar fracture 
toughness in Mode-I (Gic) and Mode-Il (Gilt) were measured and 
their effect on the progressive crushing mode and SEA were inves- 
tigated. The crushing process of composite boxes was also simu- 
lated by finite element software LS-DYNA and the results were 
verified by experimental results. 

2. Experimental procedure 

The mechanical characteristics of carbon/epoxy twill-weave 
fabrics were obtained in accordance with the relevant standards 
116-191. These tests were tensile, shear, fibre volume fraction, 
coefficient of friction, double-cantilever beam (DCB), 3-point- 
end-notched flexure (3ENF) and quasi-static crush box. All speci- 
mens were manufactured from twill/weave fabric CFRP material 
of density 1.8 g/cm3 with epoxy resin. For twill/weave composite 
it was observed that crack propagation along the weft yams is 
associated with more resistance than propagation along the warp 
direction [201. In this regard, the weft direction was coincided with 
the longitudinal axis of composite boxes which crack propagates. 
Details of the test procedures were explained elsewhere [8]. A 
summary of the findings for tensile, shear and fibre volume frac- 
ture are summarised in Table 1. 

2.1. Preparation of DCB and 3ENF specimens 

The lamination of DCB and 3ENF beams was laid-up according 
to the laminate design of 1014,10/4512 and 14514 with respect to 
weft direction. The mid-plane interfaces were, respectively, 0/0, 
0/45 and 45/45 to determine the Mode-I and Mode-Il interlaminar 
fracture toughness along the respective fracture planes. The crack 
propagation was set along the weft direction which was defined 

as 0 direction (see Fig. 1). 
For determining the Mode-I interlaminar fracture toughness, 

Gic, BS ISO 15024 standard (191 was followed. Also the corrections 
for the end-block, DCB arm bending and root rotation were consid- 
ered 1211. The recommended specimen size is at least 150 mm long 
and 20-25 mm wide with an initial crack length (i. e. the length of 
the insert from the load line) of 50 mm (see Fig. 2a). 

The 3ENF specimens were made according to ESIS protocol (221 
with the width of 20 mm and the total length of 160 mm, while the 
thickness varied from 5 to 6 mm. This thickness is required to 
avoid large displacement, plastic deformation and intraply dam- 
age. A precrack length of 55 mm from the free end of specimen 
was inserted using a Teflon film (see Fig. 2b). Loading was carried 
out at a constant crosshead displacement rate of 2 mm/min. The 
details of specimen preparation and testing method were ex- 
plained in 181. However, due to rapid crack propagation without 

a Direction of 
crack growth 

I :> 

b 
Direction of 
crack growth 

V\ 
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a 
End-Blocks 
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b 

2h=3 

Fig 2. Geometries of (a) DCB and (b) 3ENF specimens (all dimensions in mm). 

any clear mouth opening in 3ENF Mode-I1 tests, the initiation frac- 

ture toughness is more accurate than propagation. Force at each 

crack length was retrospectively obtained from the recorded 
force-displacement diagram to calculate Gic and Gil, (Fig. 3). 

Weft direction 

305 

w'irl' 
N ell 

direCtion mrccuon 

"vom " 

Fig 1. Direction of crack propagation in (a) 0` and (b) 45- ply. 

Table I 
Material properties of the twill/weave CFRP 

Eý E2 G7= V12 u�0° 6u90' Ts V! N Ob 

(GPa) (GPa) (GPa) (MPa) (MPa) (MPa) (%) (MPa) 

61 58 3.4 0.1 634 560 94 45 0.41 1014 555 
10/451z 570 
1451.320 

2.2. Composite crush box 

The crush box specimens were made of the carbon/epoxy twill- 

weave fabric by hand lay-up with fibre orientations in accordance 

to those used in DCB and 3ENF tests as described in the previous 

section. The 01 direction which coincided with the axial axis of 

the crush box was parallel to weft direction (Fig. 4). All details of 

specimen preparation and testing method were reported in 181. 

Teflon insert 
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Fig. 3. Force-load line displacement from (a) DCB and (b) 3ENF tests for various mid-plane interfaces. 

Fig 4. CFRP composite crush box specimen: (a) front view and (b) top view. Internal fillets of n mm were inirnduced dI the uvernal box corners. The box wall thickness is 
t, 3 mm. 

Each specimen was crushed at the rate of 2 mm/min between two 
parallel platens for 50 mm stroke using a Universal Testing Ma- 
chine with 500 kN load cell. For each test configuration three spec- 
imens were tested. The force-crush distance diagrams were 
recorded automatically for each test. 

3. Experimental results and discussion 

3.1. Mode-I interlaminar fracture toughness 

The Mode-I interlaminar fracture toughness Gic, for each fibre 
orientation was calculated using the modified beam theory (MBT) 
and the modified compliance calibration (MCC) methods [211. The 
MBT and MCC methods were calculated from Eqs. (1) and (2). 
respectively: 

G., - 

G, = 

3Fd 
Lb(a + JAI) 
3FZCJ 

'- 2Abt 

(1) 

(2) 

The experimental Gic results obtained from MBT and MCC for dif- 
ferent fibre orientation are reported in Table 2. The experimental 
resistance curves (i. e. Gic versus crack length) are presented in 
Fig. 5. Various reasons such as intra-laminar delamination, mixed 
mode fracture, fibre-bridging, micro-cracking, residual stresses, or 
a combination of these effects of 9-oriented lamina at interface 

caused the development of transverse intralaminar and unstable 
crack propagation in DCB tests. In all DCB tests intra-laminar 
delamination, fibre-matrix debonding and/or fibre breakage were 
observed in fracture surface areas as shown in Fig. 6. The develop- 

ment of transverse cracking also caused the force to show several 
continuous increases after initial crack propagation resulting in a 

rising R-curve (see Fig. 7). Regarding the results and recommenda- 
tions of other works on DCB-tests on multidirectional laminates 
[23,24), Gic values of initiation are reported as interlaminar fracture 

toughness. The experimental results show that fibre orientation in 

the layers adjacent to crack plane affects the G, c. Mode-1 interlam- 
inar fracture toughness of the interface layers of (0/45) showed the 
highest values of Gic, and interface layers of (45/45) showed the 
lowest value. 
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Table 2 
Interlaminar fracture toughness obtained from DCB and 3ENF tests for various 
interface fibre orientations 

Laminate Fracture plane Gic (MCC), GK (MB), Guc (CCM), 
lay-up 

1014 
[oA513 
I4514 

interface kJ/m' kJ/m' kJ/m' kJ/m' 

0/0 0.9 1.0 2.0 2.4 
0/45 1.2 1.3 1.6 1.5 
45/45 0.7 0.7 1.2 0.9 

MCC: modified compliance calibration. MBT: modified beam theory, CCM: com- 
pliance calibration method. SBT: simple beam theory. 
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Fig. S. Resistance curve (R-curve) in DCB specimens with (a) 45/45, (b) 010 and (c) 
0/45 fracture plane interfaces using MBT and MCC methods. (a) Interface of 45/45, 
(b) interface of 0/0, and (c) interface of 0/45. 

3.2. Mode-l1 interlaminar fracture toughness 

The Mode-I1 interlaminar fracture toughness, Guc, can be mea- 
sured by three-point-end-notched flexure (3ENF), the end-loaded 
split (ELS) and the four-point-end-notched flexure (4ENF) tests 
1251. Because of a simple 3ENF test setup, this method is the most 
used 1261. Measuring the Mode-Il fracture toughness from film in- 
serts yields a higher toughness than from precracks. This is in con- 
trast to Mode-1 testing where fibre bridging causes higher fracture 
toughness from precracks 1271. In this work as the initiation values 
of Gic and G11c is more relevant than propagation values, the 3ENF 

0 

C 

Fig. 6. Opt IL. 11IlllI lUgI. li)Il IM III I. IIlllilVIIIIIllIllI'LL, ýIll'ýIII Iý' Il `, '. I IýýN Illy fibre 

breakage combination of intralaminar: (a) 0/45 interface, (b) 0/0 interface and (c) 

45/45 interface. 

test method is used to study the effect of Mode-11 fracture tough- 

ness on the energy absorption of composite box. 
Using classical simple beam theory (SBT), the load-point com- 

pliance in the 3ENF specimen is 1251 

6 
CF 

2L3 + 303 

SE, bh3 

Using the compliance equation 

F2 dC 
C=26 da 

(3) 

(4) 

(5) 

The interlaminar fracture toughness can be found in Eqs. (3)-(5): 

9Fna2 
G°c - 2b(20 + 

W) (6) 
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Fig, 7. Transverse cracking in DCB specimen: ýa, at crack tip and ib typical pattern 
of crack propagation. 

Table 3 
Comparison of experimental SEA and summation of Mode-I and Mode-II interlaminar 
fracture toughness 

laminate lay-up F,,,,,, (kN) F, (kN) CFE (%) SEA (kJ/kg) Gr' (kJ/m2) 

(014 
1014512 
1451. 

67 65 97 25 5 
87 67 77 26 4.4 
85 52 61 20 3.6 

Under the assumption that G7=G, +2Guc for box lay-ups of 10/4512 and J0J4 
and Gr =3 Giic for box lay-up of I45J4 as no Mode-I crack was observed in this lay- 
up. 

Various other methods of the compliance calibration method (CCM), 
the corrected beam theory (CBT) and the corrected beam theory 
(CBT`' w) after Wang and Williams [281 are used to calculate the 
Mode-11 interlaminar fracture toughness. G�c. In CCM compliance 
is based on the least squares linear regression as [271 

CN1=A+ ma3 (7) 

where All is a large displacement correction factor and A and m are 
data fitting constants. Thus, G, jc, becomes 

3mF2a2 P G0C = 2b N, 
(8) 

where P is an additional large displacements correction factor 
which was found negligible in 3ENF tests [271. 

In this work simple beam theory (SBT) and Corrected Calibration 
Method (CCM) were used to determine the Mode-11 fracture tough- 
ness. Due to the difficulties in defining the exact position of crack 
initiation, the non-linearity (NL) and the 5% offset are used to find 
the crack initiation. The results of Mode-Il delamination fracture 
toughness, G11c, using non-linearity (NL) for each interface, were 
presented in Table 2. The Mode-it interlaminar fracture toughness 
of the interface layers of (0/0) showed the highest values of Giic for 
all specimens, and for interface layers of (45/45) showed the low- 
est value. The experimental resistance curves of Guc versus crack 
length are presented in Fig. 8. 

3.3. Progressive crushing process of crush box 

Each composite box was crushed between two parallel platen 
for 50 mm stroke using a Universal Testing Machine with 500 kN 

a 6ooo 
h71 

E 

U 

4000 

E5 20001 

0 
25 

b -oo 

ý7 
U 

C7 

4000 ý 

2000 1 

25 
0 

c 6000 

N 4000 ý 
E 

a 
U 

2000 

0 
25 

-0-- CCM - ENF - 45/45 --_a-- 
SBT - ENF - 45745 

Aff- 

r 30 35 40 45 

Crack-length (mm) 

50 

-ý CCM - ENF - 0/0 -s- SST-ENF-0/0 

-41t- P' 

35 40 45 

Crack-length (mm) 

50 

-- CCM - ENF - 0145 -- f- SBT - ENF - 0/45 

i 

-$-ý`/ ý 

30 35 40 45 

Crack-length (mm) 

'A 

50 

I 55 

55 

55 

Fig. 8. Resistance curve (R-curve) in 3ENF specimens with (a) 45/45, (b) 0/0 and (c) 

0/45 fracture plane interfaces using CCM and SBT methods. 

load cell. The crush speed was set at 2 mm/min, the same speed 
as used for the DCB and 3ENF tests. For each test configuration 
three specimens were tested. The force-crush distance diagrams 

were recorded automatically for each test. 
The combinations of three distinct crushing modes were ob- 

served during quasi-static crush tests. As can be seen in Fig. 9, 

the combination of lamina bending and brittle fracture modes 

were observed for fibre orientations of 1014 and [0/4512 and also 
the combination of transverse shearing and local buckling was 
found for laminate design of [4514. The combination of lamina 

bending and brittle fracture crushing modes showed the highest 

energy absorption in comparison with the other observed modes. 
This high energy absorption is caused by a larger crush area and 

therefore a higher potential to absorb energy by frictional effects 

at the platen/specimen interface. The force-crush distance of lam- 

ina bending crushing mode showed majority of serrations with 

small amplitude. This situation causes to increase the required 

stresses to initiate crack propagation and consequently high en- 

ergy absorption. In brittle fracture and lamina bending many inter- 

laminar and intralaminar cracks were formed in the crush zone. 
The deformation of all boxes was elastic at the beginning of 

crushing process while the load increased rapidly to its maximum. 
At the initial stages of the crushing, four axial cracks were formed 

at the corners of each box which caused splitting of the transverse 
fibres and bending of the internal and external fronds. It was 
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Motile 11 crack growth 

Fig. 9.1',. 111 c %Ie of u-IICd LFKi Wirr bux. (a) IOk (b) (0/45)2. and (c) 14514. 

observed that the external fronds were nearly the same size as 
internal fronds. For all boxes except laminate design of 14514 the 
main cracks started and continued to propagate along the central 
interwall, and lamina bundles were formed (see Fig. 10). At this 
stage the load dropped from its peak and stabilised around a mean 
force, F. The magnitude of the mean force depends on the propa- 
gation of the interlaminar and intralaminar cracks. In this stage 
which is called post-crushing regime, the Internal and external 
fronds were buckled when the applied force reached a critical va- 
lue. In crushing of 1014 and 10/4512 boxes, some lamina bundle frac- 
ture mechanisms were observed during frond bending as the 
central crack interwall propagated. In crushing of 14514 box, local 
buckling and many lamina bundle fracture and short interlaminar 
Mode-I1 crack propagation occurred (Fig. 9c). In this case the inter- 
laminar stresses are small relative to the strength of the matrix and 
no Mode-I crack growth will occur. This situation yields to shape 
local buckling crushing mode with many bundle fractures in trans- 
verse shearing mode. 

In lamina bending mode, the main central crack causes to shape 
lamina bundles which has a significant role on absorbing the im- 
pact energy. The propagation of this type of cracks is the same as 
crack propagation in Mode-I delamination in composite laminates 
discussed earlier. We saw that the fibre orientation at the interface 
planes has a significant effect on Mode-I interlaminar fracture 
toughness (see Fig. 5). Also in this failure mode the fronds splitting 

!o If shearing force 

Fig. 10. Mode-I interlaminar crack propagation at the central interwall in 10/4512 

and 10]4 boxes. 

due to lamina bundle bending is similar to interlaminar crack 

propagation in Mode-11 (see Fig. 10). The Gic and Guc of initiation 

are more influential than theGic and Giic of propagation in the en- 

ergy absorption mechanism 131. Hence, the Mode-I and Mode-11 

initiation values were chosen to quantify the effect of Mode-I 

and Mode-if fracture toughness on energy absorption of composite 
box. Regarding the fracture toughness study in previous sections, 
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5 10 40 45 

Fig. 11. Comparison of force-crush distance of CFRP composite boxes with different layup. 

the interface of 0/45 showed the highest Mode-I fracture tough- 
ness and the interface of 0/0 showed the highest Mode-11 fracture 
toughness while the lowest of both Mode-1 and Mode-II fracture 
toughness was observed along interface of 45/45. 

In the lamina bending crushing mode due to through the thick- 
ness transverse stress, Mode-I interlaminar fracture will occur. 
However, this fracture mode was not observed in laminate design 
of (4514 (see Fig. 9c). The combination of local buckling and trans- 
verse shearing crushing modes was more likely to shape than other 
crushing modes. In combination of lamina bending and brittle frac- 
ture modes, the high friction and the high fracture toughness val- 
ues far outweigh other crushing mechanisms in absorbing the 
crushing energy. 

The experimental results of force-crush distance for all lay-ups 
are compared in Fig. 11. The results show that [0/4512 has the highest 
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Fig 12. (a) Variation of specific energy absorption (SEA) and (b) crush force 
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50 

mean force and consequently the highest energy absorption capabil- 
ity in comparison with other lay-ups. Owning to no frond bending 
and low frictional effect this was reflected on the lowest values of 
mean force and energy absorption in the crush box of (45J4 lay-ups. 

Variation of specific energy absorption (SEA) from crush test 
versus a summation of Gic and Gnc for various lay-ups is plotted 
in Fig. 12a. It can be seen that the total interlaminar fracture tough- 
ness in Mode-1 and Mode-11 of 010 is higher than the equivalent val- 
ues of 0/45 and 45/45 interface planes, but 0/45 box has the 
highest SEA. This shows that the effect of other mechanisms such 
as friction and bending will increase as the total fracture energy in- 

crease beyond a certain limit. It should be mentioned that due to 
absence of Mode I crack in 45/45 laminated crushed box during 

quasi-static crushing tests, Gic for this lay-up was not considered 
in Fig. 12. The summary of the results are presented in Table 3. 
Choosing a suitable fibre orientation at the interface plane is one 
of the main factors for improving the energy absorption of compos- 
ite crush boxes in progressive failure. 

The ratio between initial maximum collapse force and mean 
force is known as the crush force efficiency (CFE) and the higher 
the value of this parameter, the better energy absorption capabil- 
ity. The experimental crush force efficiency (CFE) of all composite 
crush boxes was obtained and the results of CFE versus interlami- 

nar fracture toughness for various lay-ups are shown in Fig. 12b. It 

can be seen the CFE increases as the total interlaminar fracture 

toughness in Mode-I and Mode-II increases. The 1014 lay-up has 

the highest CFE. This is due to its lower initial maximum collapse 
force compared with other fibre orientations. This situation is more 
suitable for crashworthiness design cases which need to absorb the 
energy with a lower initial collapse force but not necessarily with 
the highest energy absorption capability [291. 

4. Analytical solution 

The CFRP composite boxes showed combination of progressive 

crushing failure of lamina bending/brittle fracture and local buck- 
ling/transverse shearing modes. Other analytical solutions were 
proposed for the prediction of static and dynamic mean force of 

composite tubular specimens in axial crushing 12,4. In the follow- 
ing two analytical models based on energy balance approach will 
be introduced to obtain the mean crushing force. Fm, in axial crush- 
ing of square composite box. 

The external work of crushing platen is dissipated by mecha- 
nisms of friction, bending, fracture and shear deformation. The 
idealised crush zone for our analytical model is shown in Fig. 13. 
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Fig 13. Ideal crush zone: (a) Lamina bending/brittle fracture crushing mode and (b) local buckling/transverse shearing crushing mode. 

IS 
The applied external work by force F during the crush distance z Dissipated energy by axial splitting at the four corners of the 

box for lamina bending/transverse shearing crushing mode is calcu- 
UQ=F. z (9) 

where z=:. :. cos ýo is the crush distance as shown in Fig. 13 and .. 
is the crush length of a single stroke. The maximum work done by 
external force happens when 0= it/2. z=:.. 

The energy dissipated by friction between crushing platen and 
the debris inside the internal and external fronds in lamina bend- 
ing/britrle fracture crushing mode can be obtained from 

F Uf=2 µZx =ft-F"x (10) 

where x=:. sing,. The experimentally measured coefficient of fric- 
tion is p=0.41. 

The energy dissipated by frond bending was calculated by 
assuming that the whole cross-section of the frond will reach to 
the flexural bending stiffness, ab. The bending moment per unit 
width of internal and external fronds is M=2 [2 J abydy] -. 

The flexural strengths, ab, for each lay-ups of CFRP were mea- 
sured from 3PB experiments and the results are listed in Table 1. 
The energy dissipated in bending for combination of lamina bend- 
ing/brittle fracture crushing mode at stationary hinge lines is 

Ub 6b(4b)t2d(p (11) = 
8 

Hence, the dissipated energy due to bending becomes 

Ub = 
nb4Qb 

(12) 

The energy dissipated by interlaminar crack propagation in Mode-I 
and Mode-1l is calculated from interlaminar fracture energies. In 
lamina bending/brittle fracture mode there is one interwall Mode- 
I crack at the centre of each side wall of the box and one Mode-Il 
cracks in each internal and external fronds as shown in Fig. 10. 
Therefore. 

Ud = 4bi. (Gic - 2Guc) (13) 

The Mode-I and Mode-11 interlaminar fracture toughness were mea- 
sured experimentally by DCB and 3ENF tests as discussed earlier. 

lated based on the stress intensity factor, 

G 
K2 

ý FT 
where K is the stress intensity factor given by 

K= Ya 7ti. 

(14) 

(15) 

At fibre splitting we assume a=Q,,. The crack assumed to propagate 
similar to a crack growth in a single edge notched (SEN) plate where 
Y= 1.12. Therefore, the dissipated energy in axial splitting for a frac- 
Lure area of A= 46 is 

51tt2 
Uý =E (is) 

where Ez is Young's modulus in axial direction of the crush box. 
The energy dissipated in shear deformation of matrix during 

steady-state progressive crushing was estimated from 

Us =1%r; dV =1f dV (17) 

By assuming during the crushing process the shear stress will reach 
to its maximum shear strength value of the laminate, z= ts, the en- 

ergy dissipated in shear deformation of laminate is 

us 
2btAi5 

G12 
(18) 

Dissipated energy due to bundle fracture was obtained by replacing 
the crush distance, with the width of box, b/2. 

1.25r[tb2Q. 
Ubf = £y 

(19) 

The fracture area of A- 8(. ) (5b) 
- 2bt was assumed for eight inter- 

nal and external fronds with crack growth assumed to be half the 

width of the side wall as observed in the experiments and Ey is 

Young's modulus in transverse direction of the crush box. 
The energy balance for the crushing process during a single 

stroke crush distance is 

i11 
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Ue 
- U( = Ub + Ud - Uc - US - Ubr (20) and (18). Assuming the maximum work done, Ue = F:., the total en- 

Substituting from Eas. (9). (101(12) 
_ 

(13) (IS) (1R) and (1Q) in F., ergy balance can be written as 
(20), the energy dissipated by lamina bendinglbrittle fracture crush- Ue - Uf = Ub� ý Ud t Uc - U5 - Ubr (28) 
mg mode, ULB/BF, iS 

ULB/BF=F(1 

-u);. 
ttbt2vb 5ttti. ZtTý 2bti. Ts 

4t 46i. (Gic + 2Guc )- E_ Gii 

+ 
]. 25rrtb2v2 

E, (21) 

Therefore, the mean oscillatory crushing force in a stable progres- 
sive crush is 

F_ 1 nWab 5rzt, o 2btrz 1.25>ttb262 
ýl -µ) 4i +46(Gic+2Gnc)+ Ez + G12 Eyi l (22) 

A single stroke crush distance for lamina bending case can be found 
rrom Eq. (22) by setting MIa'. =0 

btQbEy + 5b2Q1 21 Ez 
20Q2 u Ey (23) 

The mean force during the progressive crushing can be found by 
calculating :, from Eq. (23) and substituting in Eq. (22). 

According to experimental results for local buckling/transverse 
shearing crushing mode, interwall Mode-I opening crack was not 
observed in the crushed box. In this case the energy dissipated 
by friction between crushing platen and fronds when the hinge 
folded completely can be obtained from (see Fig. 13). 
Ur =/FX=NF; (24) 

The energy dissipated in bending for local buckling/transverse 
shearing mode happens in three hinge lines can be summed 

Ueu = (4b) 
f1P 

Md(p = (4b) > Mtp (25) 

In this situation, the rotational angles at the hinge lines are assumed 
to be rz/2, it and rz/2, respectively (see Fig. 13). For this crushing 
mode the dissipated energy in local buckling is 

Ubu = 
rzb tzab 

2 (26) 

In this mode during crushing, box side walls were locally buckled 
and three Mode-11 interlaminar fracture cracks were observed in lo- 
cal buckling/transverse shearing in bundles (see Fig. 9c). 

The dissipated energy in delamination is calculated from 
Ud = 4bi. (3Giic) = 12b;. Gjjc (27) 

Dissipated energy due to bundle fracture can be obtained from 
Eq. (19). 

Dissipated energy due to axial splitting and shear deformation 
of matrix remains as before and can be calculated from Eqs. (16) 

Table 4 
Comparison of experimental, FEA and analytical mean force results of each laminate 
design 

Laminate Cushing failure F, (Exp. ), kN F. (FEA), kN F. (Anal. ). kN 
lay-up mode 
1014 LB/BF 65 60 59.4 
[0/451, LB/BF 67 65 593 
14514 BU/TS 52 55 58.5 

LB/BF, lamina bending/brittle fracture and BUTS, local buckling/transverse 
shearing. 

Finally, the dissipated energy by local buckling/transverse shearing, 
Weu/rs crushing mode can be obtained by substituting from Eqs. 
(16), (18), (19), (26) and (27) in Eq. (28) as 

Uau -Fs =F ; (1 u) = 
1[bt2vb 

+ l2bi. Gnc + 
57[ti2v2 u 

2bt». r2 s - c, 2 

L LZ 

1.25nt6zQ2 
Ey (29) 

The crush length of a single stroke due to lamina bending can be 
found from Eq. (29) by setting WIN =0 

6tQbEy , 2.562Qý EZ 
106ý Ey (30) 

The results of mean force from experimental and theoretical solu- 
tions are summarised in Table 4. The results are in good agreement 
and the discrepancy between experimental and theoretical results 
is less than 8%. 

5. Finite element studies 

Morozov and Thomson 1301 simulated the crush response of a 
glass fabric reinforced thin-walled laminated structural compo- 
nent using the finite element software PAM-CRASH. They treated 
the orthotropic ply as a quasi-homogeneous layer that includes 

progressive damage to model material fracture. Han et al. 1311 

were carried out a comprehensive numerical investigation to eval- 
uate the response and energy absorbing capacity of hybrid com- 
posite tubes made of unidirectional pultruded tube over wrapped 
with ±45 braided fibre-reinforced plastic under quasi-static com- 
pression and axial dynamic impact loadings. They looked at the 
influence of the tube's length, thickness and type of braid, as well 
as the loading conditions on the crushing behavior of the tubes. 
They observed although the pultruded tube, which had the highest 

stiffness among the tubes considered, produced the highest magni- 
tude of energy absorption capacity, it exhibited a non-symmetric 
failure mode followed by a longitudinal splitting. 

In this work the CFRP composite box was modelled with various 
lay-ups using finite element software ANSYS/LSDYNA 1321. The size 

of outer cross-section of the composite box was 80 x 80 mm with a 
thickness of 3 mm. The CFRP composite box model was based on 
Belytschko-Lin-Tsay quadrilateral shell elements. All surfaces of 
the model were meshed using quadratic shell element and the size 
of an element was 2.5 x 2.5 mm. The striker was modelled as a 
rigid block using solid element. The composite layers were mod- 
elled by defining the integration points which are placed equally 
through the thickness in each layer. Material model 54 of LS-DYNA 

was selected to model the damage of CFRP composite box. In 

ANSYS this material model follows the Chang-Chang 1331 failure 

criterion which is the modification of the Hashin's failure criterion 
for assessing lamina failure. The detail of failure model can be 

found in 181. 
To simulate the quasi-static condition, the velocity of I m/s was 

applied to the rigid striker. However, the real crushing speed was 

too slow for the numerical simulation. The explicit time integration 

method is only conditionally stable, and therefore by using real 

crushing speed, very small time increment was required. For satis- 
fying quasi-static condition not only the total kinetic energy has to 

be very small compared to the total internal energy over the period 

of the crushing process but also the crushing force-displacement 

response must be independent from the applied velocity 134). For 
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Fig. 14. Comparison of experimental and FE force-crush distance results for twill/ 
weave CFRP composite box with (a) [4514, (b) [014 and (c) [0)4512 lay-ups. 

the aim of computational efficiency, the density of rigid striker and 
composite box were scaled-up by a factor of 1000. By using this 
factor, the quasi-static condition was satisfied during the crushing 
analysis. 

In Fig. 14 the force-crush distance of all lay-ups which were ex- 
tracted from FEA model is compared with the experimental results. 
The difference in mean forces and energy absorption between the 
FEA models and experiments are less than 5% in all models (see 
Table 4). 

6. Conclusion 

In this work, the effect of fibre orientation on the interlaminar 
fracture toughness in Mode-I and Mode-11, and specific energy 
absorption of carbon/epoxy twill-weave composite box was stud- 
ied. It was shown that the laminate design at interface fracture 
plane affects the interlaminar fracture toughness of woven CFRP 
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composite materials. The combination of lamina bending/brittle 
fracture crushing mode was observed for the lay-ups of 1014 and 
10/4512. In this case a combination of Mode-I and Mode-II affect 
the energy absorption of woven CFRP composite box. In laminate 
design of [4514, only Mode-Il crack propagation was observed in 
the side walls which contribute to the creation of a combination 
of local buckling/transverse shearing crushing mode. 

The specific energy absorption in axial crushing of composite 
box depends on the interlaminar fracture toughness between lam- 
inates. The creation of Mode-1 central interwall crack caused to in- 
crease the contact area between the platen and the box and 

consequently the energy dissipated by the friction has been 
increased. 

It was shown that the total interlaminar fracture toughness in 
Mode-l and Mode-1I of 0/0 interface plane is higher than the equiv- 
alent values of 0/45 and 45/45 interface planes, but 0/45 box has 
the highest specific energy absorption (SEA). This shows that the 
effect of other mechanisms such as friction and bending will in- 
crease as the total fracture energy increases beyond a certain limit. 
However, the crush force efficiency (CFE) increased as the total 
interlaminar fracture toughness in Mode-I and Mode-11 increased. 
The 1014 lay-up has the highest CFE. This is due to its lower initial 
maximum collapse force compared with other fibre orientations. 
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ABSTRACT 

In the present paper the effects of delamination failure of hybrid composite box structures on their crash- 21 
worthy behaviour will be studied and also their performance will be compared with non-hybrid ones. The 22 
combination of twill-weave and unidirectional CFRP composite materials are used to laminate the com- 23 
posite boxes. Delamination study in Mode-I and Mode-II with the same lay-ups was carried out to inves- 24 
tigate the effect of delamination crack growth on energy absorption of hybrid composite box structures. 25 
The end-loaded split (ELS) and double-cantilever beam (DCB) standard test methods were chosen for 26 
delamination studies. In all hybrid composite boxes the lamina bending crushing mode was observed. 27 
Regarding the delamination study of hybrid DCB and ELS the variation of the specific energy absorption 28 
(SEA) versus summation of Gic and Gnr were plotted to combine the effect of Mode-I and Mode-11 inter- 29 
laminar fracture toughness on the SEA. From this relationship it was found the hybrid laminate designs 30 

which showed higher fracture toughness in Mode-I and Mode-II delamination tests, will absorb more 31 
energy as a hybrid composite box in crushing process. The crushing process of hybrid composite boxes 32 

was also simulated by finite element software LS-DYNA and the results were verified with the relevant 33 

experimental result. 34 
© 2009 Published by Elsevier Ltd. 35 

8 
17 

1. Introduction 

3g 

b 
I 
IZ 
3 

1 

Crashworthiness of fibre-reinforced polymer (FRP) composite 
materials and structures is classified on how they deform, fail 
and absorb the crashing energy in a controllable behaviour. The en- 
ergy absorbing capabilities of FRP composite structures have been 
investigated in literature by studying the effect of fibre type, ma- 
trix type, fibre architecture, specimen geometry, process condi- 
tions, fibre volume fraction and testing speed under axial loading 
111. In axial crushing of composite box the crushing energy is ab- 
sorbed by four main mechanism of crushing modes and their com- 
binations during progressive failure. These crushing modes are 
transverse shearing (fragmentation), lamina bending, brittle frac- 
turing and local buckling [21. 

Fracture mechanism is the most important factors which affects 
the energy absorbing capability of the structure. In previous works 
[3-71 the effect of interlaminar fracture toughness on the energy 
absorption of composite structures in axial crushing have been 
studied. Ghasemnejad et a]. 131 studied the effect of Mode-I inter- 
laminar fracture toughness on the energy absorption of GFRP com- 
posite box. They showed that during progressive collapse, frond 
bending following the growth of a main central interwall crack 
due to delamination in the side wall causes a significant amount 
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of energy absorption. The main central interwall cracks are 60 
Mode-I interlaminar crack propagation. They also concluded that 61 
using suitable laminate design for composite box improves inter- 62 
laminar fracture toughness and consequently energy absorption 63 
capability. The variation of specific energy absorption (SEA) with 64 
interlaminar fracture toughness is non-linear for different lay-ups. 65 

Hadavinia and Ghasemnejad 141 studied the effect of Mode-I 66 
and Mode-11 interlaminar fracture toughness on the energy absorp- 67 
tion of laminated CFRP composite box. According to their results in 68 
combination of lamina bending/brittle fracture crushing mode, 69 
creation of crack propagation in Mode-I and Mode-11 causes 70 
absorption of a higher crushing energy relative to combination of 71 
local buckling/transverse shearing crushing mode which has only 72 
Mode-11 interlaminar crack propagation. More recently Chasemne- 73 
jad and Hadavinia (5] have investigated the off-axis crashworthy 74 
behaviour of Woven GFRP composite box structures. They found 75 
two fracture mechanisms of bundle fracture and delamination 76 
crack propagation in Mode-II for all composite boxes at various 77 
off-axis loading. Due to crack propagation in mixed-Mode 1/11 and 78 

more friction and bending resistance at one side of composite 79 
box which firstly contacted the crushing platen, the amount of ao 
SEA at off-axis loading of 10° was the maximum in comparison 81 

with other off-axis crushing loadings. 82 
Savona and Hogg 161 considered the relation between specific 83 

sustained crushing stress (SSCS) of GFRP composite plates with 84 
their Mode-I and Mode-11 fracture toughness properties. According 85 
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a 
b 
c 
E 
EIS 
F 
Fm 

G12 

Gic 
Guc 
SEA 
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crack length (mm) 
side of box (mm) 
compliance (mm/N) 
Young's modulus (GPa) 
end-loaded split 
force (kN) 
mean force (kN) 
shear modulus (GPa) 
mode-I interlaminar fracture toughness (J/m2) 
mode-II interlaminar fracture toughness (J/m2) 
specific energy absorption (kJ/kg) 
thickness (mm) 
fibre volume fraction 

to their results, materials which have a lower Mode-I and Mode-II 
interlaminar fracture toughness, absorb a lower crushing energy. 
They also showed that the G, c and G�c of initiation are more influ- 
ential than the G, c and G�c of propagation on the energy absorption 
mechanism. 

Warrior et al. 171 studied the influence of toughened resins, 
thermoplastic resin additives, through-thickness stitching and 
thermoplastic interleaving on the interlaminar fracture toughness 
(G, c) and the SEA for continuous filament random mat (CoFRM) 
and 0/90 non-crimp fabric (NCF) E-glass reinforced polyester com- 
posite tubes. They reported that all above mentioned factors in- 
crease G, c, but only toughened resin and through-thickness 
stitching can increase SEA. 

Most of these works have studied the effect of interlaminar frac- 
ture toughness on the crushing process of non-hybrid composite 
tubes. Several works have investigated the effects of hybridisation 
of composite materials on the energy absorbing capabilities of 
composite crash elements such as box. Mahdi et al. 181 investigated 
the crushing behaviour and energy absorption efficiency of hybrid 
and non-hybrid natural fibre composite solid cones. They found 
that for non-hybrid specimens, longitudinal cracks initiated at 
the cone small end turns out to be the dominating failure mecha- 
nism. They also showed that hybridisation of the coir fibre/polyes- 
ter with oil palm fibre/polyester alters the mode of failure to non- 
catastrophic. 

Han et al. 191 evaluated the response and energy absorbing 
capacity of hybrid composite tubes made of unidirectional pultrud- 

i, 12 a�0°(MPa) 

Table 1 
Material properties of the woven (a) Unidirectional-CFRP and (h) Woven CFRP composite materials. 

E, (GPa) El (GPa) G, ý (GPa) 

(a) 

138±12 10.5±1 6.3±0.4 

(b) 
61±5 5816 3.4 ± 03 

0.1 

xt 

Xý 
Yt 
Y, 
Q1 
az 

Qiz 

Cu 

17b 
Ts 

ß 
, 41amp 

No. of Pegs* 13, Mods15G 

longitudinal tensile strength (MPa) 
longitudinal compressive strength (MPa) 
transverse tensile strength (MPa) 
transverse compressive strength (MPa) 
longitudinal stress (MPa) 
transverse stress (MPa) 
transverse shear stress (MPa) 
ultimate tensile stress (MPa) 
Flexural strength (MPa) 
shear strength (MPa) 
weight factor 
Poisson's ratio 
end-clamp correction factor 

ed tube over wrapped with ±45° braided fibre-reinforced plastic 
(FRP). They found that the pultruded tube with the highest stiff- 
ness among the tubes considered, produced the highest magnitude 
of energy absorption capacity. Hufenbach et al. 110] investigated 
the strain rate dependent material properties and failure behaviour 

of composites with hybrid multi-layered flat bed weft knitted fibre 

reinforcements consisting of different fibre combinations such as 
glass-glass, glass-aramid and glass-polyethylene. They demon- 
strated that the material phenomena of textile reinforced compos- 
ites under highly dynamic loading as well as the determination of 
time dependent deformation and fracture characteristic affected 
by different knitting materials. 

In this paper the effects of delamination failure of hybrid 

composite box structures in their crashworthy behaviour are 
studied and their performance are compared with non-hybrid 
ones. The combination of twill-weave and unidirectional CFRP 

composite materials are used to laminate the composite boxes. 
Delamination study in Mode-I and Mode-I1 with the same lay- 

ups was carried out to investigate the effect of delamination 

crack growth on energy absorption of hybrid composite box 

structures. The end-loaded split (ELS) and double-cantilever 
beam (DCB) standard test methods were chosen for delamination 

studies. It is shown that hybrid laminate design can significantly 
increase the interlaminar fracture toughness and consequently 
energy absorbing capability of composite material structures. 
The crushing process of hybrid composite box was of laminate 
design of ]TO/UO17 also simulated by finite element software 

330±14 

0.2 634 115 

Table 2 
Interlaminar fracture toughness obtained from UCB tests for various interface fibre orientations. 

Laminate lay-up Fracture plane interface GK (MCC) (im') GK (MVT) UIm') 

ITO/U0J, 
fTO/U90J, 
IT90/uoJ, 
[T90/U901, 
IT901, o 
IU90116 

To//uo 
TO//ueo 
T90//Uo 
T90//U90 
T90/n, 90 
u9o//U90 

480 t 20 
510 ± 20 
500± 20 
440. t 20 
620 120 
350 t 20 

MCC: Modified Cornph. m<<° GaIibiation Method and 118T 0lodificd Be. un Theo t% 

450 ± 20 
530 ± 20 
480 ± 20 
430 ± 10 
610 ± 20 
340±10 

a. 90* (MPa) r, (MPa) Vj (%) 

32±4 147±14 42 

560±21 94±11 55 

G"p. (MCC) (Jlmz) Gjýn. (MBT) (jlm2) 

400±20 
420± 20 
430 ± 30 
400 ± 20 
600 ± 20 
400 t 20 

400±20 
420±20 
430 ± 20 
400± 10 
600 ± 20 
400 ± 10 

113 

114 

115 

116 

117 

118 

119 

120 

121 

122 

123 

124 

125 

126 

127 

128 

129 

130 

131 

132 

133 

134 

135 

136 

137 

138 

139 
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LS-DYNA and the FE result is verified by relevant experimental 
result. 

142 2. Experimental studies 

2.1. Determination of Mode-I interlaminar fracture toughness 

The mechanical characteristics of carbon/epoxy twill-weave 
and unidirectional fabrics were obtained in accordance with the 

143 

144 
145 

3 

relevant standards 111-151. These tests were tensile, shear, fibre 146 
volume fraction, coefficient of friction (see Table 1), double-canti- 147 
lever beam (DCB) (Table 2 and Fig. 3), end-loaded split (ELS) (Table 148 
4 and Fig. 6) and quasi-static crush box. 149 

All specimens were manufactured from unidirectional and 150 
twill/weave fabric CFRP materials of density 1.4 g/cm3 and 1.8 g/ 151 
cm3 with epoxy resin. For twill/weave composite it was observed 152 
that crack propagation along the weft yarns is associated with 153 
more resistance than propagation along the warp direction. For 154 

Fig, 1. Optical micrograph from -i jig fibre breakage of in[ra-Iaminar IU UU MI ri lace, a lraciure surlace of 10 and (b) fracture 

surface of U0. 

a ///////////// 

b 

Adjacent layer 

Fracture plane interface 
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Fig. 3. Resistance curve (R-curve) in DCB specimens with various fracture plane interfaces using MBT and MCC methods. 

Table 3 
Various lay-ups of hybrid composite box structures. 

Hybrid composite box lay-ups 

[TO/UOJ, 

[TO/U90J, 

[T90/UOJ, 

[T90/U901, 

'JT90J10 

a[U90J16 

T-Twill-weave and U= Unidirectional CFRP materials. 
' Non-hybrid CFRP composite box. 
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determining the Mode-I interlaminar fracture toughness G, c, BS ISO 155 
15024 standard 141 was followed together with the corrections 156 
developed elsewhere to take into account for the end-block, DCB 157 
arm bending and root rotation 116-191. The recommended speci- 158 
men size is at least 125 mm long and 20-25 nun wide with an ini- 159 
tial crack length (i. e. length of the insert from the load line) of 160 
50 mm. Loading was carried out at a constant crosshead displace- 161 
ment rate of 2 mm/min. The position of the crack tip was moni- 162 
tored through the travelling microscope as the crack advanced. 163 
When the crack first visibly propagated, the displacement of the 164 

crosshead was recorded. As the crack propagation past the subse- 165 
quent marked lines, the crack length and crosshead displacement 166 

were recorded. For each test configuration four specimens were 167 
tested. For all interface planes of DCB specimens the development 168 

Table 4 
Interlaminar fracture toughness obtained from EIS tests for various interface fibre orientations. 

Laminate lay-up Fracture plane interface 

[TO/UO]i TO//UO 
[TO/U90J7 TO//U90 
[1'90/h0]7 T90//UO 
[T9O/U9017 T9o//U9o 
[T901, o T90//T90 
[U90J, 2 U90//U90 

Gnc (ECM) (Ilm') Guc (CBT) Ulm') Gum,, (ECM) U/m') Gurro,. (CBT) Ulmz) 

800±30 1200±40 1300±30 1700±40 

900±30 1000±40 2500±30 2600±40 
1200±40 1300± 30 2500±40 2700±30 

900 ± 30 1500± 40 2000 ± 20 3000± 40 
1100±30 1300±40 3200±30 3300±40 
800 ± 30 1000 ± 30 1200 ± 30 1300 ± 30 

ECM Expert mentaI Ca Ii hratiun Method and CRl Corrected Beam Ihemy 
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of transverse cracking also caused the force to show several contin- 
uous increases after initial crack propagation resulting in a rising R-curve. Various reasons such as intra-laminar delamination, 
mixed mode fracture, fibre bridging, micro-cracking, residual stres- 
ses, or a combination of these effects of s-oriented lamina at inter- 
face caused the development of transverse intra-laminar and 
unstable crack propagation in DCB tests (see Fig. 1). Transverse 
cracking for interface planes of T90//U90, TO//UO, T90//T90, T90// 
UO and TO//U90 happened at the beginning of delamination growth 
(see Fig. 2a) while this process for interface plane of U90//U90 hap- 
pened at the end of delamination crack growth (see Fig. 2b). The 
results of Mode-I delamination fracture toughness, G�c, using 
non-linearity (NL) for each interface, were presented in Fig. 3 and 
Table 2. 

For comparison between the energy absorption of hybrid com- 
posite box and non-hybrid one, two types of composite box were 
made from twill-weave and unidirectional CFRP materials. The 
lay-ups of different hybrid composite boxes are presented inTable 3. 

2.2. Determination of Mode-11 interlaminar fracture toughness using 
EIS specimen 

The Mode-11 interlaminar fracture toughness, GQc, can be mea- 
sured by three-point- end-notched flexure (3ENF), the end-loaded 
split (ELS) and the four-point-end-notched flexure (4ENF) tests 
1201. Measuring the Mode-11 fracture toughness from film inserts 
yields a higher toughness than from precracks. This is in contrast 
to Mode-I testing where fibre bridging causes higher fracture 
toughness from precracks 121 ]. The fabrication of hybrid twill- 
weave and unidirectional CFRP ELS specimens were laid-up 
according to the laminate design of each hybrid composite crush 
box. The mid-plane interface of hybrid CFRP ELS specimens were 
TO//U0, TO//U90, T90//UO and T90//U90, and for non-hybrid CFRP 
ELS specimens were T90//T90 and U0//U0 to determine the 
Mode-11 interlaminar fracture toughness. In twill-weave specimens 
the weft direction was defined as 0" direction. 

The ELS specimens were made and tested according to ESIS pro- 
tocol 115] with the width of 20 mm and the total length of 160 mm, 
while the thickness varied from 5 to 6 mm. This thickness is re- 
quired to avoid large displacement, plastic deformation and intra- 
ply damage. A precrack length of 60 mm from the free end of 
specimen was inserted using a Teflon film of thickness 13 lun 
(see Fig. 4). The position of the crack tip was monitored through 
the travelling microscope as the crack advanced. Loading was car- 
ried out at a constant crosshead displacement rate of 2 mm/min. 
Force at each crack length was retrospectively obtained from the 
recorded force-displacement diagram to calculate GQc (see Figs. 5 
and 6). For each test configuration four specimens were tested. 
Three different methods to determine crack length for the initia- 
tion values from the precrack as the distance between the force- 
displacement and the precrack are considered. The first non-linear- 
ity (NL) method determines the point of deviation from linearity, 
by sketching a straight line from the origin. The second uses the vi- 
sual observation (VIS) which is the first point at which the crack is 
observed to move from the tip of the Teflon insert. The last is the 
MAX/5%, a point on the force-displacement curve at which the 
compliance has increased by 5% of its initial value. In this work 
the visual observation (VIS) was chosen to determine the initiation 
crack length. Due to the difficulties in defining the exact position of 
crack initiation, the non-linearity (NL) and the 5% offset are used to 
find the crack initiation. The slop of plot of the compliance versus 
the cube of the delamination length (a3) is used to find the inter- 
laminar fracture toughness using ECM. 

In this work Corrected Beam Theory (CBT) and Experimental Cal - 
ihration Method; ECM were used to determine the Mode-II IractUre 

S 

232 

233 
toughness. The CBT method was calculated from Eq. (1), 
respectively: 

9F6 (p + 4,1)2 f 
Gil 

28 3(U + Ap)3 +(L + Acmmv)3]' N 

234 

(1) 
236 

where Ocramp = 2Allis the end-clamp effect and f and N are the cor- 237 
rection factors for large displacement and end-block effects [ 18,221.238 

Because of some difficulties in curve fitting in ECM some unde- 239 
sirable discrepancies were found between the R-curve obtained 240 
from two methods for interface layers of (TO//UO) and (T90//U90). 241 

The Mode-11 interlaminar fracture toughness of the interface 242 
layer of (T90//T90) and (T90//UO) CFRP composite material showed 243 
the highest values of Guc for all specimens, and for interface layers 244 
of (UO//UO) unidirectional CFRP composite material showed the 245 
lowest value. The experimental resistance curves of hybrid CFRP 246 
composite materials of Gnc versus crack length are presented in 247 
Fig. 7. The results of Mode-11 delamination fracture toughness. Guc. 248 
using non-linearity (NL) for each interface, were presented in Table 249 
3. The propagation value of fracture toughness in Mode-11 was also 250 
measured from obtained R-curve of each ELS specimen. This value 251 
for fracture interface planes of U90//U90 and T90//T90 was found 252 

as an average of R-curve. 253 

2.3. Composite crush box 254 

The crush box specimens were made of the hybrid woven and 255 
unidirectional carbon/epoxy by hand lay-up with fibre orientations 256 
in accordance to those used in DCB and ELS tests as described in 257 
the previous section. The 0° direction which coincided with the ax- 258 
ial axis of the crush box was parallel to weft direction. Each spec- 259 
imen was crushed at the rate of 2 mm/min between two parallel 260 
platens for 50 mm stroke using a Universal Testing Machine with 261 
500 kN load cell. For each test configuration three specimens were 262 
tested. The force-crush distance diagrams were recorded automat- 263 
ically for each test. 264 

Fig. 4.1 LS penmen for Mode-II dclanun. uwn Irtilin, C IS Jima ntiinm ui 111(11 
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2.4. Progressive crushing process of hybrid composite crush box The comparison of force-crush distance behaviour of hybrid 
composite boxes together with non-hybrid ones from twill-weave 

For all hybrid composite crush boxes the lamina bending crush- and unidirectional CFRP materials are compared in Fig. 9. This 
ing mode was observed. The lamina bending mode is shaped with comparison shows that hybrid composite boxes absorb higher en- long inter laminar, intra-laminar, and parallel to fibre cracks. This ergy than non-hybrid unidirectional CFRP composite boxes, while 
mechanisms cause the formation of continuous fronds which in some cases this energy absorption capability is lower than the 
spread inwards and outwards. Friction and inter/intra-laminar relevant capability in non-hybrid woven CFRP composite box. 
fracture controls the energy absorption of lamina bending mode. The hybrid boxes with laminate designs of ITO/U017 and 1T90/ 
In lamina bending crushing modes higher energy absorption is ob- U017 absorbed the highest crushing energy in all hybrid composite 
served in comparison with the other observed modes. This high en- boxes. On the other hand, energy absorption of hybrid boxes with 
ergy absorption is caused by a larger crush area and therefore a lay-ups of PTO/U9017 and [T90/U9017 was almost the same as pure 
higher potential to absorb energy by bending and frictional effects unidirectional CFRP composite box. It should be emphasised that, 
at the platen/specimen interface (see Fig. 8). the weight of all composite boxes is the same i. e., 158 ±2 gr. 
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Comparing the mean force results of all hybrid boxes to non-hy- 
brid composite box indicates that the mean force for pure compos- 
ite box made of Unidirectional CFRP is the lowest value (i. e., 
Fm=78 kN), while the mean force of hybrid boxes with laminate 
designs of ]T90/U0]7 and [T0/UOJ7 are about 120 and 138 kN, 
respectively. The non-hybrid composite box with laminate design 
of IT90J10 showed higher energy absorption capability in compar- 
ison with composite boxes with laminate design of [T0/U90]7. 
JT90/U90J7 and [U90116. 

In all composite boxes the lamina bending crushing mode was 
observed. In this case the main central interwall crack which is sim- 
ilar to Mode-I crack delamination starts to propagate at four side- 
walls of each composite box. This situation causes to shape lamina 
bundles and resistance against the crushing load. In lamina bending 
mode, the main central crack causes to shape lamina bundles which 
has a significant role on absorbing the crushing energy. Earlier it was 
shown that the fibre orientation at the interface planes has a signif- 
icant effect on Mode-I interlaminar fracture toughness. 

Also in this failure mode the fronds splitting due to lamina bun- 308 
dle bending is similar to interlaminar crack propagation in Mode-II 309 
(see Fig. 10). 310 

The G, c and G�C of initiation are more influential than the G, c 311 
and G�c of propagation in the energy absorption mechanism 161.312 
The Mode-I and Mode-11 initiation values were chosen to quantify 313 
the effect of Mode-I and Mode-II fracture toughness on energy 314 
absorption of composite box. Regarding the delamination study 315 
of hybrid DCB and ELS the variation of SEA versus summation of 316 
G, c and GQc and a root mean square of G( + 2GnC were plotted 317 
in Fig. 11 to combine the effect of Mode-I and Mode-11 interlaminar 318 
fracture toughness on the SEA. The values of G�c were doubled as 319 
during the lamina bending two crack propagations in Mode-11 were 320 
observed in internal and external fronds. 321 

From these relationships it is found the hybrid laminate designs 322 
which showed higher fracture toughness in Mode-I and Mode-II 323 
delamination tests, will absorb more energy as a composite box 324 
in crushing process. However, other mechanisms such as bending 325 

[Ty') "_ . 
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AL- 

and friction are significantly contributing to energy absorption. For 
hybrid box with laminate design of [TO//UO]7 these mechanisms 
are more dominant in absorbing the crushing energy. 

As a result, delamination crack growth in Mode-I and Mode- 
ll cannot far outweigh the bending and friction mechanisms in 
energy absorption. Many other intra-laminar fracture mecha- 
nisms such as fibre/matrix debonding, fibre breakage and ma- 
trix cracking are also contributing in dissipating the crushing 
energy. 
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3. Finite element studies 335 

The hybrid composite box was modelled with various lay-ups 336 
using finite element software LSDYNA 117]. The size of outer cross 337 
section of the composite box was 80 t 80 mm with a thickness of 338 
3 mm. Trigger mechanism was modelled by reducing the thickness 339 
of the first row of shell elements at the top of each box. 340 

The hybrid composite box model was based on Belytschko-Lin- 341 
Tsay quadrilateral shell elements. This shell element is based on a 342 
combined co-rotational and velocity strain. All surfaces of the 343 
model were meshed using quadratic shell element and the size 344 
of an element was 2.5 . 2.5 mm. The striker was modelled as a ri- 345 
gid block using solid element. 346 

The delamination failure mode needs three-dimensional rep- 347 
resentation of the constitutive equation and kinematics, and 348 
cannot be treated in thin shell theory. The delamination failure 349 
mode requires micro-mechanical modelling of the interface be- 350 
tween layers and cannot be treated in thin shell theory that 351 
deals with stresses at macro levels. Thus, debonding and delam- 352 
ination are usually ignored when thin shell element are used to 353 
model failure in composite modelling. In this work the delami- 354 
nation behaviour in Mode-I (discussed previously) was mod- 355 
elled with two layers of shell elements in the box wall. The 356 
thickness of each layer is equal to half of the total box wall 357 
thickness. The surface-to-surface tiebreak contact was used to 358 
model the bonding between the bundles of plies in the box 359 
walls. In this contact algorithm, the tiebreak works for nodes 360 
which are initially in contact. The failure of the bonding be- 361 
tween these bundles takes place when the following failure cri- 362 
terion is fulfilled: 363 

IQnI z+ 
IQsI 

I, 

I [NFLSJ [SFLS] (2) 
365 

where a� and as are normal and shear stress, respectively acting on 366 

the interface surface while NFLS and SFLS are the normal tensile and 367 

shear stresses at failure. 368 

Material model 54 of LS-DYNA was selected to model the 369 
damage of hybrid composite box. The Chang-Chang failure crite- 370 
rion which is the modification of the Hashin's failure criterion 371 
was chosen for assessing lamina failure. The post-failure condi- 372 
tions in the Material 54 model are somewhat different from 373 
the original Chang Chang equations. In this model four failure 374 
modes are categorised. These failure indicators are appointed 375 

on total failure for the laminas. where both the strength and 376 
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377 

378 

379 

380 

381 

the stiffness are set equal to zero after failure is encountered. In 
this model as described below all material properties of lamina 
are checked using the following laws to determine the failure 
characteristic 1231. 

. Tensile fibre failure mode: (fibre rupture) 

382 Ifa1 >0 

then 6j 2 )2 f ej >0 failed 
384 el = 

(X, ý 
+#(! 

112 
is /I Sl 

eJ <0 elastic 
385 

386 

387 

388 

389 

where Jf is a weighting factor for shear term in tensile fibre 
mode and its range is 01 and or, is stress in the fibre direction 
and '712 is transverse shearing stress. When lamina failure occurs, 
all material constants are set to zero. 

" Compressive fibre failure mode: ; fibre buckling) 

(3) 

390 If (7, <0 

392 
then eý = 

ýXcý 
ý-1 eý2 30 failed { 

e< < OJ elastic 
4 

393 
394 

395 
396 

After lamina failure by fibre buckling E, 
. v, z and 121 are set to zero. 

" Tensile matrix failure: (matrix cracking under transverse ten- 
sion and in-plane shear` 

397 ºfö2>0 

199 

100 

101 
102 
103 
104 

e;;, >0 failed 
then em-(a`) 012) 

-1 151 Yt is ezm <0 elastic 

where a2 is stress in normal to the fibre direction. After lamina fail- 
ure by matrix cracking, E2, v21 and G12 are set to zero. 

. Compressive matrix failure mode: (matrix cracking under trans- 
verse compression and in-plane shear) 

05 If oz <0 

then =(2TS)2+ý(2TS)ýýýýYý Tsýýýýý 

{ 

a<0 elastic 

ýc 

D7 ,6 

38 In this work the weight factor # which is defined as the radio he- 
1s tween shear stress and shear strength is set to 1. The material prop- 
10 erties of unidirectional and woven CFRP were obtained from 
It experimental work reported in Table 1. 
12 The contact between the rigid plate and the specimens was 
3 modelled using a nodes impacting surface with a friction coefficient 
4 of 0.35 which was measured experimentally to avoid lateral 
5 movements. 
6 To prevent the penetration of the crushed box boundary by it 
7 own nodes, a single surface contact algorithm without friction 
e was used. To simulate the quasi-static condition, the loading velor- 
s ity of 1 m/s was applied to the rigid striker. However, the real 
0 crushing speed was too slow for the numerical simulation. The e. - 
I plicit time integration method is only conditionally stable, au 
Z therefore by using real crushing speed, very small time increment 
3 was required. In this study to decrease the time step increment the 
t mass density of all materials was scaled-up by factors of 100 and 
i 1000 with the same applied velocity. In both cases the response 

of internal energy was very similar with one another and the ki- 

netic energy was negligible in comparison to internal energy. For 
satisfying quasi static condition not only the total kinetic energy 

ii 

has to be very small compared to the total internal energy over 42! 
the period of the crushing process but also the crushing force-dis- 43( 
placement response must be independent from the applied 431 
velocity. 43: 

In Fig. 12 the force-crush distance of hybrid box with laminate 433 
design of PTO//UO]7 which was extracted from FEA model is com- 434 
pared with the experimental result. The termination of the FEA 435 
was set when the crosshead displacements reach the value of 436 
20 mm. However, the experimental crush distance was about 437 
50 mm. This setting was applied to get the convergence between 438 
experimental and FE results in minimum overall calculation time. 439 
The difference in mean force and energy absorption between the 440 
FEA models and experiment is less than 10%. The comparison be- 441 
tween final element deformation from FE and relevant experimen- 442 
tal results are presented in Fig. 13.443 

Fig. 13. t,,., ,,,, ui nr lav-up box in 
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In present work the delamination study in Mode-I and Mode-11 
was carried out to investigate the effect of delamination crack 
growth on energy absorption of hybrid composite box structures. 
In all hybrid composite boxes the lamina bending crushing mode 
was observed. In this case the main central interwall crack which 
is similar to Mode-I crack delamination starts to propagate at four 
sidewalls of each composite box. In lamina bending mode, the 
main central crack causes to shape lamina bundles which has a sig- 
nificant role on absorbing the crushing energy. Earlier it was 
shown that the fibre orientation at the interface planes has a signif- 
icant effect on Mode-I interlaminar fracture toughness. Also in this 
failure mode the fronds splitting due to lamina bundle bending is 
similar to interlaminar crack propagation in Mode-I1. The G, c and 
GQc of initiation are more influential than the G, c and GQc of prop- 
agation in the energy absorption mechanism. The Mode-I and 
Mode-11 initiation values were chosen to quantify the effect of 
Mode-I and Mode-II fracture toughness on energy absorption of 
composite box. From this relationship it is found the hybrid lami- 
nate designs which showed higher fracture toughness in Mode-1 
and Mode-I1 delamination tests, are able to absorb more energy 
as a composite box in crushing process. 
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