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ABSTRACT 

 

ADVANCED MATERIAL CHARACTERIZATION AND MODELING 

THE FOREIGN BODY IMPACT DAMAGE INITIATION AND 

PROGRESSION OF A LAMINATED CARBON COMPOSITE 

 

The coupon level composite sample tests and the accompanying numerical models 

were carried out to predict the response of woven carbon fiber composite structures 

against impact. The numerical models of the coupon-level tests were implemented in 

LSDYNA software using the MAT_162 and MAT_58 composite material models. The 

results obtained by both quasi-static and dynamic tests were used to determine their 

constants. In addition to the tests that were used for the determination and calibration of 

the material model parameters, separate tests and their models were performed for the 

validation, including punch shear tests and low-velocity impact tests. It could be said that 

the material models examined were considered comprehensive and precise as the 

experimental results were well predicted by the numerical models. Also, the rate 

sensitivity of the woven carbon composite in the in-plane and thickness directions was 

investigated experimentally and numerically. In the tests, the DIC method was employed 

in the determination of the displacement and strain of the specimen. Based on the results 

obtained, it was concluded that the in-plane tensile properties are rate insensitive. Besides, 

the simulations of the component level tests, such as bird strike and drone impact, were 

established to investigate the damage initiation and propagation within the composite. It 

was found that the drone impact results in more severe damage compared to the bird 

impact. It is worth noting that the development of such precise composite material models 

to simulate dynamic loadings will definitely shorten the time between the beginning of 

designing and the component testing. 
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ÖZET 

 

KATMANLI KARBON KOMPOZİTİN İLERİ MALZEME 

KARAKTERİZASYONU VE YABANCI CİSİM ÇARPMA HASAR 

BAŞLANGICININ VE İLERLEYİŞİNİN MODELLENMESİ 

 

Örgülü karbon fiber kompozit yapıların darbeye karşı tepkisini belirlemek 

amacıyla kupon seviyesi kompozit numune testleri ve beraberinde nümerik modeller 

gerçekleştirilmiştir. Kupon seviyesindeki testlerin nümerik modelleri, MAT_162 ve 

MAT_58 kompozit malzeme modelleri kullanılarak LSDYNA programında 

gerçekleştirildi. Hem yarı statik hem de dinamik testlerden elde edilen sonuçlar malzeme 

sabitlerini belirlemek amacıyla kullanıldı. Malzeme modeli parametrelerinin belirlenmesi 

ve kalibrasyonu için kullanılan testlere ek olarak, doğrulama için zımba kesme testlerinin 

ve düşük hızlı çarpma testlerinin de bulunduğu ayrı testler ve bu testlerin nümerik 

modelleri yapılmıştır. Deneysel sonuçların nümerik modeller tarafından doğru bir şekilde 

tahmin edilmiş olmasından dolayı incelenen malzeme modellerinin kapsamlı ve doğru 

olduğu söylenebilmektedir. Ayrıca, örgülü karbon kompozitin düzlem-içi ve kalınlık 

yönlerindeki gerinim hızı hassasiyeti deneysel ve nümerik olarak incelenmiştir. Testlerde, 

numunenin yer değiştirmesinin ve geriniminin hesaplanmasında Dijital Görüntü 

Korelasyonu (DGK) yöntemi kullanılmıştır. Elde edilen sonuçlara dayanarak, düzlem-içi 

malzeme özelliklerin gerinim hızı hassasiyetinin olmadığı sonucuna varılmıştır. Bunlara 

ek olarak, kuş çarpması ve drone çarpması gibi komponent seviyesi testlerin 

simülasyonları, kompozit içindeki hasarın başlangıcını ve ilerleyişini gözlemlemek 

amacıyla oluşturulmuştur. Drone çarpmasının kuş çarpmasına göre daha ağır hasarla 

sonuçlandığı sonucuna ulaşılmıştır. Dinamik yüklemeleri modellemek amacıyla bu tür 

hassas kompozit malzeme modellerinin geliştirilmesinin, tasarımın başlangıcı ile 

komponent testi arasındaki süreyi kısaltacağına dikkat edilmelidir. 

 

 

 

 



vi 

 

TABLE OF CONTENTS 

 

TABLE OF CONTENTS ................................................................................................. vi 

 

LIST OF FIGURES .......................................................................................................... x 

 

LIST OF TABLES ........................................................................................................ xvii 

 

CHAPTER 1.  INTRODUCTION .................................................................................... 1 

1.1. Aim and Scope of the Study ................................................................. 20 

 

CHAPTER 2.  EXPERIMENTAL METHODOLOGY ................................................. 22 

2.1. Material ................................................................................................ 22 

2.2. Digital Image Correlation (DIC) .......................................................... 24 

2.3. Density and Volume Fraction Calculations ......................................... 25 

2.3.1. Density Calculation ........................................................................ 25 

2.3.2. Volume Fraction Calculation ......................................................... 26 

2.3.3. Tensile Tests ................................................................................... 27 

2.3.3.1. Standard Tensile Tests .......................................................... 27 

2.3.3.2. Quasi-static Strain Rate Tests ............................................... 28 

2.3.3.3. High Strain Rate Tests ........................................................... 30 

2.3.4. Compression Tests ......................................................................... 32 

2.3.4.1. Standard Compression Tests ................................................. 32 

2.3.4.2. Quasi-static Strain Rate Tests ............................................... 33 

2.3.4.3. Dynamic Compression Tests ................................................. 34 

2.3.5. Shear Tests ..................................................................................... 36 

2.3.5.1. Tensile Tests of ±45° Carbon Fiber Composite .................... 36 

2.3.5.2. Quasi-static Strain Rate Tests ............................................... 37 

2.3.5.3. High Strain Rate Tests ........................................................... 38 

2.3.5.4. V-Notched Beam Test Method ............................................. 39 

2.3.6. Elastic Constant Determination Test .............................................. 40 

2.3.7. Laterally Constrained Compression Tests ...................................... 41 

2.3.8. Out-of-plane Off-Axis Compression Tests .................................... 43 



vii 

 

2.3.9. Quasi-static Punch Shear Tests ...................................................... 45 

2.3.10. Flexural Tests ............................................................................... 46 

2.3.11. Open-Hole Tests ........................................................................... 48 

2.3.12. Ice Impact Tests ............................................................................ 49 

2.3.13. Low-Velocity Impact Tests .......................................................... 51 

 

CHAPTER 3.  NUMERICAL METHODOLOGY ........................................................ 53 

3.1. Composite Material Models ................................................................. 53 

3.1.1. MAT_58 Material Model ............................................................... 54 

3.1.1.1. Failure Criteria ...................................................................... 54 

3.1.1.2. Damage Model ...................................................................... 55 

3.1.1.3. MAT_58 inputs ..................................................................... 56 

3.1.2. MAT_162 Material Model ............................................................. 58 

3.1.2.1. Failure Criteria ...................................................................... 58 

3.1.2.2. Damage Model ...................................................................... 60 

3.1.2.3. MAT_162 inputs ................................................................... 63 

3.2. Modeling of Delamination ................................................................... 65 

3.3. Simulation of Tensile Tests .................................................................. 69 

3.3.1. Standard Tensile Test Model .......................................................... 70 

3.3.2. Quasi-static Tensile Test Model ..................................................... 70 

3.3.3. Dynamic Tensile Test Model ......................................................... 72 

3.4. Simulation of Compression Tests ........................................................ 73 

3.5. Simulation of In-plane Shear Tests ...................................................... 74 

3.5.1. Standard In-plane Shear Test Model .............................................. 74 

3.5.2. Quasi-static In-plane Shear Test Model ......................................... 76 

3.5.3. Dynamic In-plane Shear Test Model .............................................. 77 

3.6. Simulation of Out-of-plane Off-axis Compression Tests .................... 77 

3.6.1. Simulation of Quasi-static Compression Tests of  

                      Out-of-plane Off-axis Samples ...................................................... 78 

3.6.2. Simulation of Dynamic Compression Tests of 

                      Out-of-plane Off-axis Specimens ................................................... 79 

3.7. Simulation of Quasi-static Punch Shear Tests ..................................... 80 

3.8. Simulation of Flexural Test Models ..................................................... 81 

3.9. Simulation of Ice Impact Tests ............................................................. 82 



viii 

 

3.10. Simulation of Low-velocity Impact Tests .......................................... 83 

3.11. Foreign Body Impact Simulations ...................................................... 88 

 

CHAPTER 4.  EXPERIMENTAL RESULTS ............................................................... 90 

4.1. Density and Volume Fraction Calculation Results .............................. 90 

4.1.1. Density Test Results ....................................................................... 90 

4.1.2. Volume Fraction Calculation Results ............................................. 91 

4.2. Tensile Test Results ............................................................................. 91 

4.2.1. Standard Tensile Test Results ........................................................ 91 

4.2.2. Quasi-static Strain Rate Test Results ............................................. 96 

4.2.3. High Strain Rate Test Results ........................................................ 96 

4.3. Compression Test Results .................................................................... 96 

4.3.1. Standard Compression Test Results ............................................... 96 

4.3.2. Quasi-static Strain Rate Test Results ............................................. 98 

4.3.3. High Strain Rate Test Results ...................................................... 106 

4.4. Shear Test Results .............................................................................. 110 

4.4.1. Tensile Test Results of ±45° Carbon Fiber Composite ................ 110 

4.4.2. Quasi-static Strain Rate Test Results ........................................... 113 

4.4.3. High Strain Rate Test Results ...................................................... 115 

4.4.4. V-Notched Shear Test Results ..................................................... 115 

4.5. Elastic Constant Determination Test Results ..................................... 118 

4.6. Laterally Constrained Compression Test Results .............................. 120 

4.7. Out-of-plane Off-Axis Compression Test Results ............................. 120 

4.8. Quasi-static Punch Shear Test Results ............................................... 123 

4.9. Flexural Test Results .......................................................................... 125 

4.10. Open-Hole Test Results ................................................................... 126 

4.11. Ice Impact Test Results .................................................................... 127 

4.12. Low-velocity Impact Test Results .................................................... 128 

4.13. Summary of The Experimental Study .............................................. 128 

 

CHAPTER 5.  NUMERICAL RESULTS .................................................................... 131 

5.1. Numerical Tensile Test Results.......................................................... 131 

5.2. Numerical Compression Test Results ................................................ 142 

5.3. Numerical In-plane Shear Test Results .............................................. 142 



ix 

 

5.4. Numerical Out-of-plane Off-axis Compression Test Results ............ 145 

5.5. Numerical Quasi-static Punch Shear Test Results ............................. 150 

5.6. Numerical Flexural Test Results ........................................................ 151 

5.7. Numerical Ice Impact Test Results .................................................... 152 

5.8. Numerical Low-velocity Impact Test Results .................................... 154 

5.9. Foreign Body Impact Simulation Results .......................................... 166 

 

CHAPTER 6.  CONCLUSIONS .................................................................................. 169 

 

REFERENCES ............................................................................................................. 171 

 

APPENDICES 

APPENDIX A.  ASTM DOCUMENTS AND FAILURE  

                           IDENTIFICATION TABLES ........................................................... 186 

APPENDIX B.  FAILED SPECIMENS ....................................................................... 192 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 

 

LIST OF FIGURES  

 

Figure                         Page 

Figure 1.1. Extending Building Block Approach ............................................................. 1 

Figure 1.2. SEM photograph of axial section of 8-harness satin composite .................... 4 

Figure 1.3. Through-thickness tensile test methods ......................................................... 6 

Figure 1.4. Through-thickness tensile properties of different composites ....................... 6 

Figure 1.5. Dimensions of the through-thickness specimen ............................................. 7 

Figure 1.6. Flatwise tensile test specimen ........................................................................ 8 

Figure 1.7. Classification of foreign objects ................................................................... 12 

Figure 1.8. Drone and bird model ................................................................................... 13 

Figure 1.9. CAD and Finite Element Model of UAV ..................................................... 14 

Figure 1.10. UAV materials and corresponding material models .................................. 14 

Figure 1.11. The mass and material of the drone components ....................................... 15 

Figure 1.12. (a) The damage occurred on (a) windshield and (b) wing after  

   the drone collision ...................................................................................... 16 

Figure 1.13. Damage initiation and final damage results of the windshield  

   obtained from (a) drone impact and (b) bird impact .................................. 17 

Figure 1.14. Damage caused by drone impact and bird strike ........................................ 18 

Figure 1.15. Damaged structure after the collision (a) drone and (b) bird ..................... 19 

Figure 2.1. Top view of the five-harness satin weave carbon composite ....................... 22 

Figure 2.2. (a) Warp face and (b) Weft face of the carbon composite ........................... 23 

Figure 2.3. (a) Average fiber diameter and (b) cured ply thickness ............................... 23 

Figure 2.4. Equipment used in specimen preparation for DIC ....................................... 24 

Figure 2.5. Density measurement system ....................................................................... 25 

Figure 2.6. (a) Dimensions of the through-thickness tensile test specimen  

 and (b) the specimen prepared for test ......................................................... 28 

Figure 2.7. Quasi-static tensile testing system ................................................................ 29 

Figure 2.8. Quasi-static and dynamic tensile test specimen ........................................... 29 

Figure 2.9. Tensile test of composite samples having (a) [0/90]n ply   

 orientation and (b) [±45]n  ply orientation .................................................. 30 

Figure 2.10. Schematic representation of split Hopkinson tension bar .......................... 31 

Figure 2.11. Compression Test ....................................................................................... 32 



xi 

 

Figure                         Page 

Figure 2.12. Quasi-static compression tests on cubic samples ....................................... 34 

Figure 2.13. Schematic representation of split Hopkinson pressure bar ........................ 34 

Figure 2.14. Cubic and cylindrical specimen dimensions .............................................. 35 

Figure 2.15. Tensile test of ±45° Carbon Fiber Composite ............................................ 36 

Figure 2.16. Quasi-static shear test equipment and specimen ........................................ 38 

Figure 2.17. V-notched shear test fixture and specimen ................................................. 39 

Figure 2.18. Elastic constant determination test equipment ........................................... 41 

Figure 2.19. Laterally constrained compression test equipment and  

  specimen ..................................................................................................... 42 

Figure 2.20. Shear failure planes .................................................................................... 43 

Figure 2.21. Cubic samples to be tested in different out-of-plane direction .................. 43 

Figure 2.22. Out-of-plane off-axis compression test system (a) camera-1,                            

   (b) specimen, and (c) camera-2 .................................................................. 44 

Figure 2.23. Quasi-static Punch Shear test fixture .......................................................... 46 

Figure 2.24. Flexural test fixture .................................................................................... 47 

Figure 2.25. Open-Hole Tensile Tests ............................................................................ 48 

Figure 2.26. Open-Hole compression tests ..................................................................... 49 

Figure 2.27. Manufacturing steps followed in the production of ice .............................. 49 

Figure 2.28. Ice impact test system and test equipment ................................................. 50 

Figure 2.29. Low-velocity impact test set-up ................................................................. 51 

Figure 3.1. The effect of stress limit factor on (a) shear stress96 and                            

 (b) tensile/compressive stress ...................................................................... 61 

Figure 3.2. The effect of OMGMX and SFFC parameters on a stress-strain  

 curve ............................................................................................................. 64 

Figure 3.3. The bilinear constitutive law in Mode I and Mode II and III ....................... 66 

Figure 3.4. The bilinear constitutive law in mixed-mode loading .................................. 67 

Figure 3.5. (a) Standard tensile test model and (b) its ply orientation ............................ 71 

Figure 3.6. Quasi-static tensile test model ...................................................................... 72 

Figure 3.7. High-strain rate tensile test model ................................................................ 73 

Figure 3.8. Standard compression test model ................................................................. 74 

Figure 3.9. (a) Standard shear test model and (b) its ply orientation .............................. 75 

Figure 3.10. Quasi-static tensile test model of ±45-degree composite coupon .............. 76 

Figure 3.11. Dynamic tensile test model of ±45-degree composite coupon ................... 77 



xii 

 

Figure                         Page 

Figure 3.12. Numerical quasi-static compression tests of out-of-plane off- 

   axis samples ............................................................................................... 78 

Figure 3.13. Simulation of dynamic compression tests of out-of-plane off- 

   axis samples ............................................................................................... 79 

Figure 3.14. Quasi-static punch shear test models .......................................................... 80 

Figure 3.15. 3-point bending test models using solid elements ...................................... 81 

Figure 3.16. 3-point bending test models using shell elements ...................................... 82 

Figure 3.17. Single and Multiple Ice Impact Models ..................................................... 83 

Figure 3.18. Numerical solid element model of low-velocity impact tests .................... 84 

Figure 3.19. Numerical solid element model of low-velocity multi-hit  

   impact tests ................................................................................................ 85 

Figure 3.20. Numerical shell element model of low-velocity impact tests .................... 86 

Figure 3.21. (a) Drone impact model and (b) Bird strike model .................................... 89 

Figure 4.1. Tensile stress versus strain curves of composite in the weft  

 direction ....................................................................................................... 93 

Figure 4.2. Tensile stress versus strain curves of composite in the warp  

 direction ....................................................................................................... 94 

Figure 4.3. Specimen pictures taken from (a) the valid test and (b) the  

 invalid test, and (c) Tensile stress-tensile strain versus  

 displacement curve ...................................................................................... 95 

Figure 4.4. Compressive stress versus strain curves of composite in the weft                         

 direction ....................................................................................................... 97 

Figure 4.5. Compressive stress versus strain curves of composite in the warp                       

 direction ....................................................................................................... 98 

Figure 4.6. Compressive stress versus strain curves in the weft direction at   

 (a) 10-4 s-1, (b) 10-3 s-1 and (c) 10-2 s-1 strain rates ...................................... 101 

Figure 4.7. Compressive stress versus strain curves in the warp direction at  

 (a) 10-4 s-1, (b) 10-3 s-1 and (c) 10-2 s-1 strain rates ...................................... 102 

Figure 4.8. Compressive stress versus strain curves in the through-thickness  

 direction at (a) 10-4 s-1, (b) 10-3 s-1 and (c) 10-2 s-1 strain rates ................... 105 

Figure 4.9. Compression test results of (a) the weft, (b) the warp samples  

 with end-caps, and (c) the weft samples adhered to end-caps ................... 107 

 



xiii 

 

Figure                         Page 

Figure 4.10. The effect of strain rate on (a) failure stress, (b) the elastic  

   modulus and (c) the failure strain ............................................................ 109 

Figure 4.11. In-plane shear results ................................................................................ 110 

Figure 4.12. Shear test results generated from extensometer and DIC strains  

   according to ASTM standard ................................................................... 112 

Figure 4.13. Comparison of the results obtained from the standard test  

   method and strain rate tests ...................................................................... 114 

Figure 4.14. Shear stress versus shear strain curves at different quasi-static  

   strain rates ................................................................................................ 115 

Figure 4.15. V-notched shear test results for (a) 1-3 plane and (b) 2-3 plane .............. 116 

Figure 4.16. Elastic constant determination test results (a) 10-4 s-1,  

   (b) 10-3 s-1 and (c) 10-2 s-1 strain rate ........................................................ 119 

Figure 4.17. Out-of-plane off-axis compression test results ......................................... 121 

Figure 4.18. (a) Failure stress variation with log strain rate and (b) the effect  

   of strain rate on the friction function and the interlaminar shear  

   strength ..................................................................................................... 122 

Figure 4.19. Quasi-static punch shear test results for (a) SPR=1.1 and (b)  

   SPR=2 ...................................................................................................... 124 

Figure 4.20. The back surface displacement measurement of the carbon  

   composite with a thickness of 0.88 mm (a) Test-1 and  

   (b) Test-2 .................................................................................................. 127 

Figure 4.21. The back surface displacement measurement of the carbon  

   composite with a thickness of 2.3 mm ..................................................... 128 

Figure 5.1. (a) The effect of mesh size, (b) comparison of the numerical and                         

 experimental results of the tensile tests and (c) experimental and                        

 numerical results at quasi-static and dynamic ........................................... 132 

Figure 5.2. Experimental and numerical bar stress of weft specimens (a) 350  

 s-1 and (b) 1150 s-1 ..................................................................................... 133 

Figure 5.3. Numerical stress-strain curves of weft specimens calculated at a  

 strain rate of (a) 350 s-1 and (b) 1150 s-1 .................................................... 134 

Figure 5.4. Experimental and numerical stress-strain rate-strain curves of  

 weft specimens at (a) 350 s-1 and (b) 1150 s-1 ........................................... 135 

 



xiv 

 

Figure                         Page 

Figure 5.5. Experimental stress-strain curves obtained in the weft direction  

 at quasi-static and dynamic strain rates ..................................................... 136 

Figure 5.6. Strain distribution on the front surface at (a) 0 sec, (b) 30 sec, (c)  

 70 sec, (d) 115 sec, (e) 180 sec and (b) 260 sec......................................... 137 

Figure 5.7. Strain distribution on the front surface at (a) 0 μsec, (b) 50 μsec,  

 (c) 75 μsec, (d) 90 μsec, (e) 110 μsec and (b) 140 μsec............................. 138 

Figure 5.8. Strain-time curves calculated from Hopkinson theory, DIC  

 method and numerical model ..................................................................... 139 

Figure 5.9. Experimental and numerical deformation on the specimen  

 surface at the different loading stages ........................................................ 140 

Figure 5.10. Failure stress variation with log strain rate .............................................. 141 

Figure 5.11. Comparison of the experimental and numerical stress-strain  

   curves ....................................................................................................... 142 

Figure 5.12. Optimization results for TAU and GAMMA parameters of  

   MAT_58 ................................................................................................... 143 

Figure 5.13. Experimental and numerical shear stress-shear strain curves  

   obtained from (a) the standard tests and (b) quasi-static and  

   dynamic tests ............................................................................................ 144 

Figure 5.14. Numerical and experimental quasi-static compression test  

   results obtained from the specimen having an off-axis  

   angle of 0° ................................................................................................ 145 

Figure 5.15. Numerical and experimental quasi-static and dynamic  

   compression test results obtained from the specimen having an  

   off-axis angle of (a) 15° and (b) 30° ........................................................ 146 

Figure 5.16. Numerical and experimental quasi-static and dynamic  

   compression test results obtained from the specimen having an  

   off-axis angle of (a) 45° and (b) 60° ........................................................ 147 

Figure 5.17. Numerical and experimental quasi-static and dynamic  

   compression test results obtained from the specimen having an  

   off-axis angle of 75° ................................................................................ 148 

Figure 5.18. Comparison of numerical and experimental results of punch  

   shear tests, (a) SPR 2 and (b) SPR 1.1 ..................................................... 149 

Figure 5.19. Numerical model of the punch shear test with the SPR 1.1 ..................... 150 



xv 

 

Figure                         Page 

Figure 5.20. Numerical and experimental 3-point bending test results ........................ 151 

Figure 5.21. Numerical results of the multiple ice impact test ..................................... 152 

Figure 5.22. Force displacement curves of 0.88 mm and 2 mm composite  

   plates ........................................................................................................ 153 

Figure 5.23. Comparison of the results obtained from the experiments and    

   numerical models with solid element sizes of 0.5, 1 and 2 mm .............. 154 

Figure 5.24. Comparison of the results obtained from the experiments and  

   numerical models with shell element sizes of 0.28, 1.25 and  

   2.5 mm ..................................................................................................... 155 

Figure 5.25. Experimental and numerical force-displacement curves for                             

   (a) perforation case and (b) penetration case ........................................... 156 

Figure 5.26. Longitudinal and transverse damages on the front and back  

   surface of the composite occurring after impacting, (a)  

   experimental, (b) solid model and (c) shell model .................................. 157 

Figure 5.27. Longitudinal and transverse damages on the front and back  

   surface of the composite occurring after impacting,  

   (a) experimental, (b) solid model and (c) shell model ............................. 158 

Figure 5.28. Force-displacement curves obtained from the composite  

   subjected to (a),(b) multiple impacts at the same location and  

   (c) impacts at the different locations ........................................................ 159 

Figure 5.29. Longitudinal and transverse damages on the front and back  

   surface of the composite occurring after the first impact, the  

   second impact and the third impact in Test-1 .......................................... 160 

Figure 5.30. Longitudinal and transverse damages on the front and back  

   surface of the composite occurring after the first impact, the  

   second impact and the third impact in Test-2 .......................................... 161 

Figure 5.31. Longitudinal and transverse damages on the front and back  

   surface of the composite occurring after the first impact, the  

   second impact and the third impact in Test-1 .......................................... 162 

Figure 5.32. Fiber and matrix damage obtained after (a) the first impact, (b)  

   the second impact and (c) the third impact .............................................. 164 

 

 



xvi 

 

Figure                         Page 

Figure 5.33. (a) The amount of the delamination damage occurred through  

   low-velocity multiple impacts and (b) Comparison of the  

   experimental and numerical results of the composite subjected  

   low-velocity multiple impacts ................................................................. 165 

Figure 5.34. Longitudinal and Transverse damage occurred in the composite  

   specimen after (a) the bird impact and (b) the drone impact ................... 167 

Figure 5.35. Comparison of force vs time curves of the bird and drone  

   impact ....................................................................................................... 168 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvii 

 

LIST OF TABLES 

 

Table                              Page 

Table 2.1. The typical neat resin properties .................................................................... 24 

Table 3.1. Composite material models available in LSDYNA material 

library ............................................................................................................ 53 

Table 3.2. Failure surface types ...................................................................................... 55 

Table 3.3. Non-smooth failure surface (FS = -1) ............................................................ 56 

Table 3.4. Required material constants for MAT_58 ..................................................... 57 

Table 3.5. MAT_162 inputs ............................................................................................ 64 

Table 3.6. Damage onset and propagation criterion in mixed mode .............................. 68 

Table 3.7. Interface properties ........................................................................................ 69 

Table 4.1. Density calculation results ............................................................................. 90 

Table 4.2. Datasheet of carbon fiber epoxy composite ................................................... 90 

Table 4.3. Weight and volume fraction determination results ........................................ 91 

Table 4.4. Tensile test results of the coupons in the weft direction ................................ 92 

Table 4.5. Tensile test results of the coupons in the warp direction ............................... 93 

Table 4.6. Compression test results of the coupons in the weft direction ...................... 96 

Table 4.7. Compression test results of the coupons in the warp direction ..................... 99 

Table 4.8. Compression test results of the cubic samples in the weft  

  direction at different quasi-static rates ........................................................... 99 

Table 4.9. Compression test results of the cubic samples in the weft  

  direction at different quasi-static rates ......................................................... 100 

Table 4.10. Compression test results of the cubic samples in the through  

 thickness direction at different quasi-static rates ....................................... 103 

Table 4.11. Compression test results of the (a) weft, (b) warp samples with  

 end-caps and (c) weft samples adhered to end-caps .................................. 104 

Table 4.12. High strain rate compression test results obtained (a) in the weft                         

 direction, (b) in the warp direction and (c) in the through- 

 thickness direction ..................................................................................... 108 

Table 4.13. In-plane shear test results: (a) Shear Strength, (b) Strain gage  

 strain and (c) DIC strain ............................................................................. 111 

Table 4.14. In-plane shear test results at different quasi-static strain rates .................. 113 



xviii 

 

Table                              Page 

Table 4.15. Interlaminar shear properties (1-3 plane) obtained from V- 

 notched tests ............................................................................................... 115 

Table 4.16. Interlaminar shear properties (2-3 plane) obtained from V- 

 notched tests ............................................................................................... 117 

Table 4.17. Through-thickness properties of the cubic sample compressed at  

 a strain of 10-4 s-1 ....................................................................................... 118 

Table 4.18. Through-thickness properties of the cubic sample compressed at  

 a strain of 10-3 s-1 ....................................................................................... 118 

Table 4.19. Through-thickness properties of the cubic sample compressed at  

 a strain of 10-2 s-1 ....................................................................................... 120 

Table 4.20. Laterally constrained compression test results .......................................... 120 

Table 4.21. The determination of the punch shear strength .......................................... 123 

Table 4.22. Three-point bending test results ................................................................. 125 

Table 4.23. Open-hole compression test results ........................................................... 126 

Table 4.24. Open-hole tensile test results ..................................................................... 127 

Table 4.25. Material properties of the five-harness satin weave carbon  

 composite ................................................................................................... 129 

 

 

 

 

 

 

 

 

 

 



1 

CHAPTER 1 

 

INTRODUCTION 

 

The components of aircraft must be tested in accordance with regulations written 

by Federal Aviation Administration (FAA) and European Aviation Safety Agency 

(EASA), and the airworthiness of aircraft must be approved before aircraft begin to 

operate in the sky. Thus, the component level tests are essential in demonstrating the 

airworthiness of aircraft, but they are costly to implement as the components to be tested 

have to be transported to testing facility location and conducted by using large, heavy 

equipment and tools. For the purpose of validation through modeling, component tests 

are also requiring too many real-time measurements taken on the component tested by 

means of strain gages, load cells, etc.  

   

 

 

 

 Figure 1.1. Extending Building Block Approach 

 

Extending Building Block Approach in Figure 1.1 is widely used in the design of 

composite structures in the aerospace industry. It includes coupon level tests, element 

level tests, component level tests and full model tests. According to this approach, the 

component level tests are in the third level while the coupon level tests are in the first 

level. Therefore, it is essential to carry out coupon level tests extensively since an 

accurately simulated model may reduce the cost of the component level tests or may 

eliminate this type of tests. 
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The mechanical properties of composites are investigated via a set of standard and 

non-standard experimental tests. The former includes tensile tests, compression tests, 

shear tests, flexural tests, open-hole tests and low-velocity impact tests while the latter is 

the tests performed to determine material constants required for modeling composite 

material in finite element solver such as elastic constant measurement tests, laterally 

constrained compression tests, off-axis compression tests and punch shear tests. The 

studies investigating the mechanical properties of woven carbon epoxy composites 

through the standard and non-standard test methods will be mentioned here. 

In the determination of the in-plane and through-thickness properties of composite 

materials, tensile tests are performed in the in-plane directions (warp and weft directions) 

and through-thickness direction, respectively. The studies investigating these properties 

in accordance with the related standard and non-standard test methods will be explained 

in the next. 

Naik et al.1 investigated the notched and unnotched tensile strength of plain weave 

carbon composites with single layer and six-layer according to ASTM 30392. The failure 

stress and strain of the six-layer carbon composite were found to be about 500 MPa and 

0.02 mm/mm for the warp direction and 400 MPa and 0.018 mm/mm for the weft 

direction, respectively. The reason why a lower strength in the weft direction was 

obtained compared to the warp direction was explained by the use of the unbalanced plain 

weave composite. It was reported that the strength value for the single layer composite 

was lower compared to that of the composite laminate.  

Hou and Ruiz3 determined the tensile properties of woven carbon composite, 

which had a commercial code of T300/914. The specimen having a non-standard 

geometry were tested at low (1.2x10-4 s-1), intermediate (4 s-1) and high strain rates (600 

s-1). At quasi-static strain rates the tensile strength and modulus in the warp direction were 

calculated as 539.5 MPa and 73.5 GPa while they were calculated as 550 MPa and 63 

GPa in the weft direction. The reason that the warp modulus was higher than the weft 

modulus was explained by the more fibers introduced in the warp direction compared to 

the weft one. Besides, Poisson’s ratio was calculated as 0.055. It was reported that as the 

strain rate increased the in-plane properties such as tensile strength and modulus remained 

unchanged. 

The tensile strength and modulus in the warp and weft direction of five-harness 

satin weave carbon composite were investigated by Kumagai et al.4 in accordance with 

ASTM 30392. The tensile strengths were found to be 844 MPa and 790 MPa while the 
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elastic moduli were measured as 72.8 GPa and 76 GPa for the warp and weft (fill) 

direction. Poisson’s ratio (𝜗𝑤𝑓) was also determined as 0.074 from the axial and 

transverse strains measured by the strain gages attached to the specimen. 

Tensile properties of the different composites reinforced with plain weave (PW) 

and 8-harness satin weave (8HS) were investigated by Paiva et al.5 according to ASTM 

D30392. Two epoxy types were used as matrix material in the fabrication of the 

composite, namely diglycidil-ether of bisphenol-A epoxy (F155TM) and modified epoxy 

(F584TM).  The tensile strength was calculated as 950.05 MPa, 810 MPa, 1185.4 MPa and 

985.9 MPa for F155/PW, F155/8HS, F584/PW and F584/8HS composites while the elastic 

modulus was found to be 57.8 GPa, 67.8 GPa, 65.6 GPa and 71.5 GPa, respectively. It was 

specified that the F584 matrix type showed better mechanical properties compared to F155 

one, and the tensile strength of plain weave composite was higher than those of satin weave 

composite while the elastic modulus of satin weave was found to be higher compared to those 

of plain weave composite. 

The unnotched tensile properties of carbon fiber reinforced thermoplastic and 

thermoset composites were examined by Vieille and Taleb6 in accordance with EN 6035. 

The five-harness satin weave was selected as reinforcement fabric while polyphenylene 

sulfide (PPS) and epoxy were employed as thermoplastic and thermoset resin, 

respectively. The tensile strength and modulus of the thermoset composite in the in-plane 

direction were calculated as 690 MPa and 63.3 GPa, and the Poisson’s ratio was 

determined as 0.04. 

Tensile properties of the carbon fiber composite, AGP370-5H/3501-62, in the 

warp and weft direction7 were examined in accordance with ASTM D3039. The density 

and fiber volume fraction of the composite investigated was 1600 kgm-3 and 60%, 

respectively. The strain gages attached to the test coupon were employed to measure 

strain in the axial and transverse directions. The warp and weft elastic moduli were 

determined to be 77 GPa and 75 GPa while 963 MPa and 838 MPa were calculated as the 

tensile strength in these directions. Besides, the strain at failure and the Poisson’s ratio 

were found to be 0.013 and 0.07 in both directions. 

According to ASTM 3039, a uniaxial tensile load was applied to five-harness and 

eight-harness carbon fiber composite to measure in-plane properties at quasi-static strain 

rate8. It was explored that damage occurred in the weft yarns at the interlacing points as 

matrix cracking and multiple cracks were observed before failure. It was reported that at 

the failure an extensive delamination was not observed, and fiber fracture occurred 
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instantly. The picture taken by scanning electron microscopy (SEM) through the axial 

section of the sample can be seen in Figure 1.2 in which multiple cracks in the weft yarn 

were observed after the fracture. In addition, in-plane tensile strength, elastic modulus 

and failure strain were calculated as 835 MPa, 69.8 GPa and 0.017, respectively.  

 

 

Figure 1.2. SEM photograph of axial section of 8-harness satin composite 

(Source: Montesano et al.8) 

 

Lu et al.9 performed a study on plain weave carbon composite to characterize the 

in-plane properties at quasi-static and dynamic strain rates. The in-plane tensile strength, 

modulus and failure strain at the quasi-static rate were determined as 588.73 MPa, 49.14 

GPa and 0.0133, respectively. It was reported that the in-plane tensile properties increased 

with increasing strain rates, showing strain rate dependence.  

Tensile properties and open-hole tensile properties of a five-harness carbon fiber 

composite were investigated in accordance with ASTM D3039 and ASTM D5766, 

respectively10. It was concluded that the failure in tensile specimens without the hole 

occurred around the middle section of the test coupon. 739.8 MPa, 62.9 GPa and 0.059 

were calculated to be the tensile strength, tensile modulus and the Poisson ratio of the 

carbon composite tested. The open-hole tensile strength was calculated as 508.8 MPa, 

corresponding to a reduction of 31% in material tensile strength. 

Zhou et al.11 conducted an experimental study on woven carbon composites 

including plain and twill weave to investigate their mechanical behavior under in-plane 

tensile loading. The tensile strength and modulus were determined as 723 MPa and 61.4 
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GPa in the warp direction while they were calculated to be 462 MPa and 52.1 GPa for the 

weft direction. For twill-660 and twill-400 composites, the warp strength (and modulus) 

were 805 MPa (and 62.8 GPa) and 978 MPa (and 64.6 GPa) while the weft ones were 

559 MPa (and 59.5 GPa) and 898 MPa (and 65.2 GPa), respectively. It was reported that 

the crimp ratio had an enormous influence on the determination of mechanical properties. 

With increasing the crip ratio, smaller strength and modulus values were obtained, and 

the stress versus strain curve showed bi-linear behavior. 

In addition to the in-plane standard tests, the investigation of strain rate sensitivity 

of the carbon composite in the in-plane directions is of notable importance. So far, many 

efforts have been made to investigate whether the unidirectional and/or woven carbon 

composites are strain-rate sensitive12–35 or strain-rate insensitive3,36–49. However, a certain 

answer for that question is not found. Different mechanisms that are considered to be 

effective on strain rate effect have been proposed. In woven composites, the weave type 

of the composite is thought to be a reason for the strain rate sensitivity since when the 

composite is subjected to the tensile load, the matrix resists the straightening of the fiber 

material during the course of the deformation, meaning that the matrix carries a 

significant portion of the applied load 35,50. On the other hand, this mechanism is not 

effective in unidirectional composites because of the limited deformation of the matrix 

material. Besides, the bond between the resin and the reinforcement material is considered 

to be effective in the strain rate behavior of the composite before the loss of integrity 

occurs between the constituents50.   

On the methods used in the determination of the through-thickness tensile 

properties of composite (Figure 1.3), a comprehensive research was performed by 

Lodeiro et al51. It was reported that the parallel-sided, circular wasted, and RARDE short 

block geometries could be used in the calculation determination of the out-of-plane tensile 

properties while C-shaped composite was not recommended due to the complex failure 

modes (tensile and shear failure mode) occurred during the course of the loading. 

To determine out-of-plane tensile properties of tape, woven and braided carbon 

fiber epoxy composites, Jackson and Ifju performed four-point bending tests on L- shaped 

composite 52. Each L-shaped tape, woven and braided composites were also tested using 

a hinged loading mechanism for comparison of the results obtained from the four point 

point bending test method. It was reported that the composite was subjected to different 

stress fields. In case the composite was tested using a four-point bending fixture, the stress 

field occurred due to stress related to the bending moment. While, in the hinged loading  
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Figure 1.3. Through-thickness tensile test methods  

(Source: Lodeiro et al.51) 

 

 

Figure 1.4. Through-thickness tensile properties of different composites 

(Source: Jackson et al.52) 
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mechanism a stress field having two components due to the moment and end force arose 

around the angle. It was concluded that the strength determined by both test methods was 

found to be similar (Figure 1.4), and the through-thickness tensile strength of plain weave 

was lower compared to that of unidirectional composite. Also, the average through-

thickness tensile strength of the five-harness satin weave composite was calculated as 34 

MPa. 

A numerical and experimental study on investigation of the through-thickness 

tensile properties of a carbon composite reinforced with twill weave was carried out by 

Chen et al.53.  The density and fiber volume fraction of the carbon composite was 1.42 

g/cm3 and about 60%, respectively. A specimen of the thin-waist section (Figure 1.5) was 

employed to measure strength, modulus and failure strain at quasi-static and high strain 

rates. The through-thickness tensile strength, modulus and failure strain were calculated 

at quasi-static loading rate as 2.82 MPa, 1.25 GPa and 0.0022 mm/mm, respectively. It 

was reported that the tensile strength and modulus in the out-of-plane direction increased 

as the loading rate increased. 

 

 

Figure 1.5. Dimensions of the through-thickness specimen  

(Source: Chen et al.53) 

 

Abot and Daniel54 carried out a study to examine the through-thickness properties 

of a woven carbon composite having a commercial code of AGP370-5H/3501-6S. A 

flatwise tensile specimen adhered to aluminum shanks (Figure 1.6) was subjected to 

tensile load to determine the through-thickness tensile properties. It was concluded that 

the out-of-plane tensile stress increased linearly up to fracture, and the failure of the 

specimen took place in the specimen’s middle section. The out-of-plane strength and 

modulus were calculated as 59.8 MPa and 12.8 GPa, respectively while strain at failure 

was found to be 0.005. Besides, it was emphasized that the elastic properties obtained 
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from the through-thickness tensile specimen were similar to those of the unidirectional 

and fabric composites. 

Nakai et al.55 conducted an experimental study in which waisted composite 

specimens reinforced with unidirectional and cross-ply carbon fabrics were tested to 

analyze the influence of reinforcement type on the tensile properties. The tensile strength 

and strain were determined sequentially as 16.2 MPa and 0.003 mm/mm for the cross-ply 

composite at quasi-static strain rate. It was reported that as the strain rate increased the 

tensile strength increased while the tensile strain at facture decreased. Besides, the tensile 

properties of the unidirectional composite were found to be higher than those of the cross-

ply composite.  

The compressive properties of carbon composite are determined through 

compression tests in the in-plane directions (warp and weft directions) and out-plane 

direction. The studies investigating these properties according to the standard (ASTM 

D664156) and non-standard test methods will be explained in the next. 

 

 

Figure 1.6. Flatwise tensile test specimen  

(Source: Abot et al.54) 

 

The in-plane compressive properties of woven carbon composite were determined 

using a non-standard specimen at low, intermediate and high strain rates by Hou and 

Ruiz3. The compressive strength, modulus and failure strain in the weft direction were 

calculated as 550 MPa, 60 GPa and 0.0093, respectively. The compressive strength was 

found to increase with increasing strain rate. 

A modified IITRI test fixture by which the compressive load was applied through 

the end compression was employed to determine the compressive properties of the carbon 
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composite in the warp and weft direction7. The compressive strength and compressive 

modulus were found to be nearly similar for both in-plane directions, 870 MPa and 69 

GPa, while the failure strain in the warp and weft direction was determined as 0.016 and 

0.013, respectively. 

Liu et al.57 performed an experimental study on a five-harness carbon composite 

to determine its mechanical properties. The weft and warp compressive properties were 

determined according to GB-3352-82 (Chinese test standard) that are similar to ASTM 

D3410.  Besides, the effect of the resin content on the compressive properties was 

investigated. It was reported that for the resin content of 40 % the compressive strength 

and modulus were calculated as 353.1 MPa and 40.3 GPa in the warp direction and 635.5 

MPa and 54 GPa in the weft direction. The compressive strength was reported to increase 

with increasing resin content up to 40 % while the compressive modulus decreased. 

Beyond that amount of resin content, the strength and modulus values decreased with 

increasing resin content. This was explained by the fact that as the resin content increased, 

the interfacial strength increased.  

A study on a plain weave carbon composite was performed to characterize the 

carbon composite at quasi-static and dynamic strain rates58. In the study, the in-plane 

compressive properties of the composite were performed in accordance with ASTM 

D341059. The average compressive strength, modulus and failure strain were calculated 

as 438.5 MPa, 51.82 GPa and 0.00775 mm/mm, respectively. 

The in-plane shear properties of the composite can be determined from the tensile 

test results of [±45]ns composite specimen according to ASTM D351860 while the out-of-

plane shear properties are calculated from the notched composite specimens in 

accordance with ASTM D537961. The studies investigating these properties will be 

explained in the next. 

A series of tests were carried out at different strain rates to measure the in-plane 

shear properties of T300/914 carbon composite material 3. The shear strength, modulus 

and strain were determined as 128 MPa, 4.8 GPa and 0.14 mm/mm, respectively. The 

shear properties were found to be dependent on the strain rate since these properties were 

dominated by the matrix. 

The in-plane shear properties of five-harness satin woven carbon composite4, 

which was named commercially as T800H/3633, were determined according to ASTM 

D351860. The in-plane strength and modulus were found to be 74 MPa and 4.69 GPa 

while 0.0327 mm/mm was calculated as the shear strain at failure. It was stated that the 
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in-plane shear behavior of the composite depended on the matrix properties due to the 

contribution of the matrix to the load carried by the composite. 

Abot et al.7 carried out a study on the investigation of the in-plane properties of a 

woven carbon composite. To measure in-plane shear properties, a test coupon with a ply 

orientation of [±45]ns was tested in accordance with ASTM D3518. Also, two strain gages 

in the axial and transverse directions bonded on the test specimen to calculate shear strain. 

In-plane shear strength, shear modulus and shear strain were reported to be 70 MPa, 6.5 

GPa and 0.034 mm/mm, respectively. It was specified that the shear stress increased 

linearly with shear strain up to a shear strain of 0.004, and a stress softening occurred. 

Thereafter, shear stress remained unchanged with increasing shear strain up to the facture.  

An experimental study on the determination of the in-plane properties of a cross-

ply carbon composite at quasi-static and high strain rates was performed by Lu et al9. A 

tensile load was applied to a [±45]6 carbon specimen via Shimadzu testing machine at 

quasi-static strain rates and split Hopkinson tensile bar at high strain rates. The quasi-

static shear strength, shear modulus and shear strain at failure were calculated as 153.43 

MPa, 10.84 GPa and 0.14 mm/mm, respectively. It was stated that due to the scissoring 

effect (rotation of the fibers through the load axis) the strain at failure in shear tests was 

found to be higher than that in tensile tests of [0/90]6 specimen. Besides, it was reported 

that the in-plane shear properties improved with increasing strain rates.  

To examine the out-of-plane share properties on 3-1 and 3-2 planes a V-notched 

test specimen was tested via a modified Iosipescu test fixture54. It was reported that the 

shear stress increased linearly and then showed a stress-softening behavior. Thereafter, 

the shear stress remained unchanged until the fracture. The properties on the 3-1 plane 

were calculated to be 74.8 MPa, 5.1 GPa and 0.08 mm/mm for the shear strength, shear 

modulus and shear strain while they were determined on the 3-2 plane as 65.4 MPa, 4.1 

GPa and 0.08 mm/mm, respectively.  

In addition to the standard tests mentioned above, there are other tests to determine 

the material constants of composite materials. These parameters are required to model 

composite materials using solid material models in LSDYNA, especially material model 

162. These non-standard tests include Punch Shear Tests, Out-of-Plane Off-axis 

Compression Tests and Low-velocity Impact Tests. The studies in which the non-standard 

test types were performed were reviewed and explained in the next. 

In 2014, high-velocity impact and perforation simulations of a plain weave carbon 

composite were established by Tehrani et al.62. A series of non-standard tests as well as 
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standard tests were performed. To calculate fiber crush strength and fiber shear strength, 

a quasi-static punch shear test was performed. The results were also employed in the 

calibration and verification of damage parameters (m1, m2, m3 and m4) of material model 

162. After the calibration, the fiber crush strength and fiber shear strength were found to 

be 900 MPa and 120 MPa, respectively.  

In 2021, an extensive study on quasi-static and dynamic characterization of plain 

weave carbon composite was performed by Shi et al.58. In the study, non-standard test 

methods like double-shear-test and Brazilian tests were performed to determine fiber 

shear strength (497 MPa) and through-thickness tensile strength (45 MPa) of composite, 

respectively. Strain rate parameters (Craten) and damage parameters (AMn) were 

calculated by comparing the numerical results and high strain rate compression test 

results. Besides, the modulus reduction parameter (OMGMX) was determined as 0.999 

via the Low Velocity Impact Test carried out in the Drop Tower testing device.  

 In addition to coupon level tests mentioned, component level tests are required in 

the certification of an aircraft. One of them is the foreign object impact test, especially 

the bird strike test. Foreign objects, which is defined as any object that does not belong 

to the aircraft or its system, are the serious threat that an aircraft may encounter during 

take-off, climb, cruise, descent and landing phase. The damage from these objects to the 

aircraft may result in the aircraft crash, malfunctioning the aircraft’s sub-systems or 

equipment, or may cause crew injury and/or dead. The definition of Foreign Object 

Damage given by the Federal Aviation Administration is that “Any damage attributed to 

a foreign object that can be expressed in physical or economic terms which may or may 

not downgrade the product’s safety or performance characteristics”63.  

The foreign object types can be seen in Figure 1.7. It consists of inanimate objects 

such as hail and animate objects like birds. In recent years, drones have been begun 

appearing in the sky due to advancements in unmanned aerial vehicle (UAV) technology 

and their use in different operations and/or activities (search operation, photography, 

filming, etc.). Their significantly increased use results in collision events between aircraft 

and drones. For instance, in 2017 a UH-60M Blackhawk helicopter was impacted by a 

DJI Phantom 4 quadcopter64. That’s why, the drone has been classified as an inanimate 

foreign object. While many studies have been performed to investigate bird strike and 

hail impact until now, a few attempts have been made to characterize the mechanical 

behavior of the materials that make up drones and to observe the damage induced by 
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drones on aircraft components. In some, the aircraft components impacted by equally 

weighted drones and birds were examined. 

 

 

Figure 1.7. Classification of foreign objects 

(Source: Civil Aviation Safety Authority65) 

 

In 2013, a pioneering study on damage potential of drones was performed by Civil 

Aviation Safety Authority65. Through damage assessment in the collision events between 

the densest and heaviest parts of a UAV and the engine, airframe, and windscreen of a 

manned aircraft it was concluded that catastrophic damage might not be observed in case 

of drone ingestion by engine. The collision between the drone and airframe at a velocity 

of above 200 kts may result in airframe penetration. It was also reported that a drone 

impact on the windshield of a commercial aircraft in landing and/or cruise phase may 

cause the penetration of the windscreen. 

In 2017, a turbojet engine was numerically impacted by drones and birds to 

observe the damage on the engine fan blades and to compare the extent of the damage 

caused by both the drone and bird66. The mass of the drone and bird was selected as 2.5 

kg in accordance with the regulations followed in bird strike certification tests. It was 

stated that due to the fact that the drone is made up of different rigid materials like battery, 

motor and payload (gimbal and camera), a different procedure is followed in the modeling 

of the drone compared to the bird as shown in Figure 1.8. It was found out that the drone 
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impact caused more severe damage to fan blades compared to bird impact because of the 

rigid components (battery, motor and payload) of the drone. In a later study67, the carbon 

fiber and titanium fan blades were impacted by drones different in size and mass (hobby 

and professional drones) to classify the risk levels presented by these drones. It was 

reported that titanium and composite blades are not significantly damaged in the hobby 

drone ingestion event while the professional drone ingestion results in extensive damage 

of both fan blade types investigated. 

 

 

Figure 1.8. Drone and bird model  

(Source: Song et al.66) 

 

In the same year, the Federal Aviation Administration (FAA) performed a study 

on the collision between an aircraft and a UAV and between an aircraft and a bird68. 

Three-dimensional CAD models of a DJI Phantom 3-quadcopter were first obtained 

through reverse engineering and the finite element model of the quadcopter (Figure 1.10) 

was formed in LSDYNA finite element software. Then, to use in the validation and 

verification of numerical model of UAV, a single component-level and full-scale tests on 

UAV were carried out. The calibrated UAV model was employed to model the collision 

event between the UAV and the horizontal stabilizer, vertical stabilizer, windshield and 

wing of an aircraft. It was reported that the tail took severe damage after the drone 

collision while less damage was observed on the windshield compared to the components 

examined. Also, a vertical stabilizer subjected to bird impact was simulated, the bird 

impact damage was then compared to that obtained from the drone of equivalent mass. It 

was seen that compared to the bird strike, the simulated part of the aircraft took more 

severe damage in the drone collision event. Due to the hard parts of the drone (camera, 

gimbal and battery), penetration occurred. In another study, the damage severity of a col 

lision between a UAV and the engine of an aircraft was investigated69. It was concluded 

that the engine of the aircraft in the take-off phase took severe damage from the drone 

impact due to the fact that the maximum rotational speed of the fan was reached. 
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Figure 1.9. CAD and Finite Element Model of UAV 

 (Source: Olivares et al.68) 

 

In 2019, experimental and numerical studies on the horizontal stabilizer subjected 

to drone impact were performed by Meng et al.70. Also, a bird impact simulation of the 

horizontal stabilizer was formed to assess the severity of the damage in the collision 

between the drone and the aircraft structure investigated. The mass of the drone (Figure 

1.11) and the bird were 3.4 kg and 3.6 kg, respectively. It was found that the horizontal 

stabilizer took more severe damage in the drone impact scenario compared to the bird 

striker. Also, the hard part of the drone, especially the battery, penetrated the structure.   

 

 

Figure 1.10. UAV materials and corresponding material models  

(Source: Olivares et al.68) 
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In that year, a numerical study was performed on the wing fixed leading edge of 

an aircraft to improve its strength against UAV impacts by using a triangular 

reinforcement structure71. A drone with a mass of 1.2 kg and an impact velocity of 127 

m/s was employed in the impact study. It was concluded that the reinforcement type 

investigated reduced the severity of the damage and the penetration of the battery into the 

airframe as well as the fuel tank were prevented. 

 

 

Figure 1.11. The mass and material of the drone components  

(Source: Meng et al.70) 

 

In 2020, a numerical study was performed on drone-engine collision72. The 

number of damaged fan blades as well as damage size were investigated at different 

impact positions and drone postures with the aid of the finite element method. The 

forward speed of the drone and the rotational speed of the engine were selected as 92.6 

m/s and 523.6 rad/s to correspond to the aircraft take-off velocity and the maximum thrust 

level of the engine. It was reported that both drone position and posture have a significant 

influence on the number of fan blades damaged. Especially, more damage on fan blades 

was observed as the drone posture was getting complex.    

In the same year, a report on damage assessment after the collision between a 

drone and a windshield and between a drone and the leading edge of a wing was published 

by Dadouche et al73. In the experiments, the drone hold in the barrel via sabot was fired 

on the windshield and leading edge fixed on the test fixture. It was concluded that after 

the drone impact at a velocity of 128.6 m/s, all the glass layers were severely damaged 
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and were broken into fragments propagating through the cabin (Figure 1.12 (a)) while 

skin fracture and penetration occurred on the leading edge of the wing (Figure 1.12 (b)).  

 

 
 

(a) (b) 

Figure 1.12. (a) The damage occurred on (a) windshield and (b) wing after the drone  

                     collision (Source: Dadouche et al.73) 

 

 In 2020, a study on the windshield of a helicopter subjected to both bird and drone 

impact was numerically carried out74. The impact velocity of the drone, DJI Phantom III, 

and bird, which had a mass of 1 kg, was selected to be 80 m/s that is the maximum speed 

for the helicopter in the cruise phase. It was found out that in both cases the windshield 

sustained severe damage (Figure 1.13), but in the drone impact event, the load 

concentrated where the component of the drone made contact with the windshield, and 

penetration then occurred. While, the bird impact caused the damage of the top parts of 

the windshield to which a clamped boundary condition was applied. After that the bird 

flowed over the surface of the windshield and released into the cockpit. 

In 2020, the windshield of an aircraft was impacted by a different type of light 

drone to assess whether the existing regulations for the bird impact are valid for the drone 

impact or not75. To verification and modification of the numerical models, full-scale 

drone impact tests were also performed. Besides, numerical models for the bird strike 

scenario and the drone impact were established to observe the damage difference between 

them. To make a comparison of damages caused by the drone and the bird, special care 

was taken to ensure that their kinetic energies were the same. The mass of the drone and 

bird was 1.36 kg and 1.8 kg while their impact velocities were 152. m/s and 132.73 m/s, 

respectively. It was concluded that compared to the bird strike, more damage was induced 

to the windshield by the drone strike (Figure 1.14) and the maximum force value obtained 
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during the course of the impact was found to be more in the drone strike due to denser 

and harder components of the drone.  

 

 

(a) (b) 

Figure 1.13. Damage initiation and final damage results of the windshield obtained  

                     from (a) drone impact and (b) bird impact (Source: Jonkheijm74) 

 

In 2021, an experimental and numerical study on the collision between a 1.36 kg 

drone, Phantom 4, and an aircraft nose was performed by Lu et al.76. The structure also 

collided with a bird with a mass of 1.8 kg under the same condition to make comparison 

damages caused by both foreign object types. It was concluded that the structure sustained 

severe damage as impacted by the drone due to the hard components of the drone (motor, 

camera and battery) while the bird caused only the deformation of the structure and 

skimmed over the test component. Unlike the bird strike, the impact of the hard parts of 

the drone caused the structure to tear at the contact points and they penetrated through the 

structure (Figure 1.15). 
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Figure 1.14. Damage caused by drone impact and bird strike  

(Source: Lu et al.75) 

 

In 2021, a collision simulation between a drone categorized as harmless, which 

have a mass of 250 g, and an aircraft engine having titanium fan blades was established 

to assess whether the drone impact had an influence on the operation of the engine or 

not77. In addition to the impact of the harmless drone, the engine impacted by a drone 

with a mass of 0.75 kg was also examined to make a damage comparison. It was 

concluded that no damage was observed on the fan blades in the harmless drone impact 

simulations. While, the impact of the heavier drone resulted in the damage of the fan 

blades. Another numerical study on titanium fan blades impacted by drones of 0.5 kg, 

1kg and 2 kg mass was performed by Sivakumar et al.78. Damage severity was 

investigated for different phases of the flight by selecting an appropriate impact speed 

and engine rotational speed i.e., rotational speed was varied from 3000 RPM to 5000 

RPM while 145 knots, 200 knots and 250 knots were selected as the impact velocity. It 

was found out that as contact force exerted by the drone increased with increasing the 

rotational speed and impact velocity. In the critical case in which the engine with a 

rotational speed of 5000 rpm collided with a 2 kg drone at an impact velocity of 145 

knots, it was observed that some fan blades were fractured and displaced.  Another 

numerical study on the engine subjected to drone impact was performed to investigate the 

thrust loss after collision79. To assess damage severity, the effect of different factors such 

as collision configuration, position and flight phases was considered. The damage and 

thrust loss were found to be more as the drone collision occurred near the root of the fan 

blades of the engine. The collision was found to be more severe when the aircraft was 

impacted during the take-off phase. 
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(a) (b) 

Figure 1.15. Damaged structure after the collision (a) drone and (b) bird  

(Source: Lu et al.76) 

 

  In 2021, a simulation of the windshield of a helicopter, which was impacted by 

two types of foreign objects, a drone and bird, was performed to observe and compare the 

damage caused by them80. The effect of the different parameters (the thickness and 

material type of the windshield and the impact velocity) on the damage performance of 

the windshield was also examined. It was found that as in the bird impact cases, the 

thinner and thicker polycarbonate windshields were not penetrated by both types of the 

drone at impact velocities considered. However, the increase in the thickness of the 

acrylic windshield did not improve its fracture performance since the drones and the birds 

penetrated through thinner and thicker acrylic windshields at all the impact velocities 

investigated.  

 In 2021, a report on the simulation of a wing leading edge subjected to single and 

multiple hits of drones with different weights as well as bird strikes was published81. It 

was reported that as the weight of the drone increased, the leading edge was penetrated, 

which caused the deformation of the spar. The damage in the leading edge was found to 

be more in the multiple impact case compared to the single impact case.  Also, unlike in 

the bird strike, skin failure and penetration were observed in the impact event of the drone 

with the same weight. 

 In 2022, a radome made of quartz fibers and honeycomb core was impacted by a 

drone known as DJI Mavic 2 Zoom to investigate its damage resistance to drone 

collision82. It was concluded that the radome was penetrated when impacted by the drone 
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at lower velocities compared to the bird strike. However, at that impact velocity the bird 

flowed over the radome and no penetration occurred. 

 In 2022, a numerical study on the titanium fan blades of an aircraft engine was 

carried out to assess the damage severity of drones and birds 83. The effect of the impact 

energy on the damage of the engine was examined by using drone (and bird) types in 

different weights. It was concluded that the severity of the damage increased with 

increasing rotation speed of the engine under the same impact velocity. Compared to the 

bird strike, the fan blades of the engine sustained severe damage. Also, the engine was 

damaged severely as impacted by the drone having a mass of greater than 1500 g. The 

position of the drone at the impact instant was found to be important since the collision 

position of 75% was reported to cause the highest damage severity among the impact 

positions examined.  

 In 2022, the collision severity of the wing leading edges and the windscreen of a 

helicopter under a drone impact was investigated through a numerical study84. The limit 

impact velocity for the perforation of the wing and windscreen was found to be about 80 

m/s and 90m/s, respectively. A collision between the drone and wing at a velocity of 150 

m/s resulted in the perforation of the wing spar. The skin sustained severe damage as 

impacted at the velocities between the limit velocity and 150 m/s. The boundary condition 

was found to play an essential role in the assessment of the damage severity since the 

clamped boundary condition caused the damage to concentrate along boundaries while 

the use of the real boundary condition resulted in center damage. 

 

1.1. Aim and Scope of the Study 

 

Although woven carbon fiber composites are used in many fields such as defense 

and aviation, literature review shows that few studies have been focused on the detailed 

mechanical characterization of the woven carbon composite. Thus, there needs to be fully 

validated and calibrated material models used in modeling carbon fiber composite using 

the shell element and solid element in finite element software, especially in LSDYNA, in 

the existing literature. Therefore, the first aim of the study is to accurately characterize 

the quasi-static and dynamic behavior of carbon fiber composite material through a series 

of quasi-static and high strain rate tests and to obtain the validated and calibrated material 

model parameters for the shell element and solid element. Also, from the previous studies 
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investigating the strain rate sensitivity of carbon composites, it has been found that there 

is strong debate on the rate sensitivity of the composite material, whether it is rate 

sensitive or not. Thus, the study aims to answer that question by performing quasi-static 

and high-strain rate tensile tests by means of the strain gages and DIC system.  

The second aim is to numerically predict damage initiation and progression on the 

carbon composite structure subjected to foreign body impact, especially drone impact 

since the literature review shows that drone collision causes more severe damage to the 

components of an aircraft. In addition to that, according to the literature survey, there are 

many studies on metallic and glass components of the aircraft. Therefore, it is aimed to 

fill a gap in the literature by investigating the damage behavior of carbon composites 

subjected to drone impacts and bird strikes.  
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CHAPTER 2 

 

EXPERIMENTAL METHODOLOGY 

 

In this chapter, test methodologies, equipment and conditions were introduced. 

The required calculations to find the mechanical properties of carbon composite are also 

presented such as tensile, compressive and shear strength. Besides, to explore the effect 

of strain rate on the mechanical properties of carbon composite quasi-static and dynamic 

tests to be performed are presented. Test methodologies employed to examine the 

influence of foreign object damage such as ice impact and low-velocity impact on the 

behavior of the composite plate are explained. 

 

2.1. Material 

 

 

Figure 2.1. Top view of the five-harness satin weave carbon composite 

 

In this study, a five-harness satin weave composite consisting of AS4-3K carbon 

fiber and epoxy resin was used. The woven architecture can be seen in Figure 2.1. There 

are two directions, which are the weft and warp directions. The weft direction represents 

0-degree while the warp one is 90-degree. In the satin type, the weft fiber floats over four 
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warp yarns and under one. In the warp face, the warp fiber floats over the weft fibers 

while in the weft face the weft fibers floats over the warp fibers (Figure 2.2(a) and (b)).  

The composite plates with different thicknesses were cured in an autoclave at a 

pressure of 7 bar and at a temperature of 180°C, and the process took 8 hours. The test 

coupons and/or specimens to be used in mechanical characterization and impact tests 

were further cut via a water jet and CNC router. 

  

 
 

(a) (b) 

Figure 2.2. (a) Warp face and (b) Weft face of the carbon composite 

  

Figure 2.3 shows the optical image results. The average fiber diameter was 

calculated as 7.19 𝜇𝑚 (Figure 2.3 (a)) and cured ply thickness was determined as 0.28 

mm (Figure 2.3 (b)). In addition, the neat resin properties can be seen in Table 2.1. 

 

  

(a) (b) 

Figure 2.3. (a) Average fiber diameter and (b) cured ply thickness 
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Table 2.1. The typical neat resin properties  

(Source: HexPly 85) 

 

 

2.2. Digital Image Correlation (DIC) 

 

Ncorr86, which is open-source digital image correlation MATLAB software, is 

used to determine displacement and strain fields within a region of interest (ROI) for a 

deformed material sample. It employs image processing techniques for this purpose. 

Basically, the reference picture (initial undeformed image) is divided into small 

subsections, referred to as subsets, and their respective locations in the current 

(subsequent deformed image) configurations are then calculated. Displacement and strain 

values are determined for each subset via the transformation employed to fit the subset's 

location in the current configuration. Finally, the grid including displacement and strain 

values relative to the reference configuration is obtained. 

Equipment used in specimen preparation for DIC can be seen in Figure 2.4. The 

first step followed in the preparation of test samples for DIC is that the surface of the 

specimen is sanded using sandpaper with fine grit, and the sanded area is then cleaned by 

an industrial tissue or cloth. Thereafter, the surface is sprayed with white spray paint to 

obtain a white background on the sample. Random black speckle patterns are sprayed 

onto the white surface of the specimen by airbrush. 

   

 

 

 

Figure 2.4. Equipment used in specimen preparation for DIC 
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2.3. Density and Volume Fraction Calculations 

 

The Density and volume fraction of the composite were investigated in 

accordance with ASTM Test Methods. These test methods were explained in detail in the 

following sections. 

 

2.3.1. Density Calculation 

 

 

Figure 2.5. Density measurement system 

 

ASTM D792-2087 Standard Test Method was employed to determine the density 

of carbon composite. The measurement system used in density calculation can be seen in 

Figure 2.5. It consists of a mass measurement system, a glass crucible, suspension wire 

and fluid (water). Archimedes' principle is employed in this system. It is stated that when 

an object is immersed in water, the buoyant force on the object is equal to the weight of 

water displaced. The volume of water displaced by the object is therefore equal to the 

volume of the object. It is then employed to calculate the density of the object. Formulas 

used in the calculation are shown in Equation (2-1). All measurements were performed at 

room temperature. Three cubic samples with dimensions of 12.7x12.7x12.7 mm were 

weighted in air, and all samples were then immerged into water by means of a suspension 

wire. Following recording the mass of the samples, they were dried. Their masses were 

measured and re-recorded. The density of the composite was determined based on the 

recorded volumes and weights. 
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 𝜌𝑐 = (
𝑚1

𝑚3 −𝑚2
) 𝜌𝑤 

(2-1) 

  

            𝜌𝑐 = the density of the composite (g/cm3) 

𝑚1 = apparent mass of specimen, without wire or sinker, in air 

𝑚2 = apparent mass of specimen (and of sinker, if used) completely     

   immersed and of the wire partially immersed in liquid 

𝑚3 = dried mass of the specimen after immersion 

𝜌𝑤 = density of water, (1 g/cm3) 

 

2.3.2. Volume Fraction Calculation 

 

The volume fraction of carbon composite laminates was determined by the acid 

digestion method according to ASTM D3171-15 (PROCEDURE-A)88. Cubic composite 

samples were cut 12.7x12.7x127 mm in size by waterjet, and three samples were prepared 

for volume fraction calculation. In this method, each sample was weighed and recorded, 

then they were placed into a separate glass crucible containing nitric acid. They were 

heated by a hot plate heater for at least 4 hours. After the matrix was fully digested, all 

samples were washed with distilled water to remove nitric acid, samples were then dried 

in an oven. Subsequent to being weighted and recorded all samples, percentage weight 

and volume fractions of the reinforcement material, which is carbon fiber, were calculated 

using the following formulas.   

 

 𝑊𝑟(%) =
𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑚𝑓𝑖𝑏𝑒𝑟
100 

(2-2) 

   

𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = initial mass of the sample 

           𝑚𝑓𝑖𝑏𝑒𝑟 = final mass of the sample after digestion 

  

 

 𝑉𝑟 (%) =  𝑊𝑟(%)
𝜌𝑐
𝜌𝑟

 (2-3) 
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𝜌𝑟 = density of the reinforcement, (1.79 g/cm3) 89 

𝜌𝑐 = density of the specimen, g/cm3 

 

2.3.3. Tensile Tests 

 

The in-plane and out-of-plane tensile properties of the composite were 

investigated according to ASTM standards. Also, the strain rate effect was examined by 

performing tensile tests at quasi-static and dynamic strain rates.  

 

2.3.3.1. Standard Tensile Tests 

 

Tensile tests were performed in accordance with ASTM 30392. A Shimadzu 

machine equipped with a 300 kN load cell was used in these tests. Five composite samples 

were tested for each in-plane direction, namely warp and weft directions. End-tabs were 

not used, but emery cloth was placed on the interface between tensile specimens and the 

test grip instead. Furthermore, the crosshead velocity was set to 2 mm/min, and the gage 

length was selected as 50 mm. Extensometer markers were placed on tensile samples by 

considering the selected gage length. Strain gages were also attached in the middle of the 

samples to determine Poisson’s ratio (𝜗12 𝑜𝑟 𝜗12). Moreover, Young’s modulus was 

calculated from the elastic region in the stress-strain curves drawn for those samples with 

extensometer markers and strain gages. Tensile strength for both warp and weft directions 

were calculated using the following equation. 

 

 𝐹𝑡𝑢 = 𝑃𝑚𝑎𝑥/𝐴 (2-4) 

   

         𝐹𝑡𝑢 = ultimate tensile strength, MPa 

𝑃𝑚𝑎𝑥 = maximum force before failure, N 

    𝐴 = average cross-sectional area, mm2 

 

In addition to the in-plane tensile test mentioned above, the through-thickness 

tensile test was conducted to determine the tensile properties of the composite in the 

through-thickness direction in accordance with ASTM D729190. The dimension of the 
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tensile test specimen and the specimen to be tested can be seen in Figure 2.6. The 

specimen was adhered to aluminum shanks using epoxy adhesive, and a strain gage 

bonded on the test specimen to measure strain. The measured strain was further employed 

to determine the elastic modulus of the composite in the thickness direction. According 

to the test standard, the specimen was tested with a cross-head velocity of 0.1 mm/min. 

More information on the test procedure and calculations can be found in the related test 

standard. 

  

 

 
 

(a) (b) 

Figure 2.6. (a) Dimensions of the through-thickness tensile test specimen and  

                     (b) the specimen prepared for test 

 

2.3.3.2. Quasi-static Strain Rate Tests 

 

Quasi-static behavior of carbon composite was investigated using Shimadzu 

testing device (Figure 2.7). In quasi-static tests, the composite specimen (Figure 2.8) was 

adhered to the steel fixtures by epoxy metal adhesive, it then fixed to the fixtures by bolts. 

During tensile tests, deformation of the composite was recorded to observe the damage 

within it during the loading and to calculate the strain distribution by Digital Image 

Correlation (DIC) method. 
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Figure 2.7. Quasi-static tensile testing system 

 

The quasi-static tensile tests were performed at two different strain rates, namely 

10-5 and 10-4 s-1. The cross-head velocity of the machine corresponding strain rate was 

determined using Equation (2-5) (𝜀̇ strain rate, V cross-head velocity and 𝑙0 gage length). 

Displacement was measured by using a synchronized video extensometer and the 

machine stroke. It was also calculated from video record by using DIC method. The video 

extensometer markers were placed on the steel fixtures. The displacements calculated 

from the ways were then compared to each other. 

   

 
𝜀̇ =

𝑉

𝑙0
 (2-5) 

 

 

 

Figure 2.8. Quasi-static and dynamic tensile test specimen 
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2.3.3.3. High Strain Rate Tests 

 

Split Hopkinson tensile bar (SHTB) is employed to load composite specimens at 

high strain rates. Figure 2.9 shows a picture of the bar system and test equipment. A high-

speed video camera with a light source was used to record the deformation of tensile and 

shear test samples. Frames taken from the recorded videos were also employed to 

calculate the displacement and strain of samples by the DIC method. 

   

 

Figure 2.9. Tensile test of composite samples having (a) [0/90]n ply orientation and  

                   (b) [±45]n  ply orientation 

 

A schematic representation of the bar can be seen in Figure 2.10. The SHTB test 

system involves a striker tube, an incident bar, a transmitter bar, and a test specimen that 

is fixed to the incident and transmitter bars by using an epoxy adhesive and bolts. The bar 

material is 316 L whose density and elastic modulus are 7990 kgm-3 and 193 GPa, 

respectively.  

The striker bar is propelled by the release of pressurized gas. A single elastic wave 

of tension is generated when the striker tube hits the anvil. It then propagates along the 

incident bar towards the specimen-incident bar interface. When the pulse reaches the 
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interface, some part of it reflects back through the incident bar as a compressive pulse, 

and the rest propagates along the transmitter bar. Using Equation (2-6), the stress and 

strain of a tensile specimen tested can be calculated. 

   

 

Figure 2.10. Schematic representation of split Hopkinson tension bar 

 

 

 
𝜎𝑠 =

𝐴𝑏𝐸𝑏
𝐴𝑠

𝜀𝑡 
 

(2-6) 
 

𝜀𝑠 = 2
𝑐𝑏
𝑙0
∫ 𝜀𝑟𝑑𝑡
𝑡

0

 
 

    

where    

 𝜎𝑠 , tensile stress of the composite sample,  

 𝐴𝑏 , cross-sectional area of the bar,  

 𝐸𝑏 , elastic modulus of the bar,  

 𝐴𝑠 , cross-sectional area of the specimen,  

 𝜀𝑡 , transmitter strain, mm/mm 

 𝜀𝑠 , tensile strain of the sample, mm/mm 

 𝑐𝑏 , wave-velocity of the bar,  

 𝑙0 , initial length (gage length) of the specimen,  

 𝜀𝑟 , reflected strain, mm/mm 

   

[0/90]n carbon specimen s were tested in two different in-plane directions, the weft 

and the warp directions, at two different strain rates. By the results obtained the strain rate 



32 

sensitivity of the carbon composite was investigated as well as deformation. Besides, 

pulse shapers with a thickness of 2 mm were employed so that the carbon test coupons 

were deformed at a nearly constant strain rate and in stress equilibrium. They were placed 

between the striker tube and the incident bar. By doing so, the pulse shaper was first 

crushed by the striker tube and then hit the anvil.  Aluminum was selected as pulse 

shaping material, and dynamic tensile tests were performed at two strain rates by using 

one quarter and one-half pulse shapers. Pulse shapers used in tests and their position on 

the incident bar can be seen in Figure 2.9 (a). 

 

2.3.4. Compression Tests 

 

The in-plane compressive properties of the composite were investigated according 

to the ASTM standard. Also, the strain rate effect was examined by performing 

compression tests at quasi-static and dynamic strain rates.  

 

2.3.4.1. Standard Compression Tests 

 

 

 

 

Figure 2.11. Compression Test 

 

Standard compression tests (Figure 2.11) on samples in warp and weft directions 

were carried out according to ASTM 664156. Five compression test coupons without end-

tabs were tested for each direction. Strain gages were placed on the coupons to determine 
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Poisson’s ratio while the elastic modulus was calculated from the stress strain curves 

generated using both strain gages and the Digital Image Correlation (DIC) system because 

of position of the video camera; the video camera was placed in an angled position rather 

than perpendicular to the coupon surface. 

 

 
𝐹𝑐𝑢 =

𝑃𝑓

𝑤ℎ
 (2-7) 

   

 𝐹𝑐𝑢 = laminate compressive strength, MPa 

 𝑃𝑓 = maximum load to failure, N 

 𝑤 = specimen gage width, mm 

 h = specimen gage thickness, mm 

  

 The crosshead displacement rate of 1.3 mm/min was utilized to fail the coupons 

under compressive loading. This load was transferred to the coupons in shear and end 

loading. That’s why, this method is called as a combined loading testing method. 

Moreover, the failure mode, area and location of tested coupons were determined based 

on the three-part code defined by ASTM (Figure A.2). Compressive strength Equation 

(2-7) and modulus, Poisson’s ratio, and strain-at-failure were determined by performing 

this standard test method.  

 

2.3.4.2. Quasi-static Strain Rate Tests 

 

The effect of quasi-static strain rates on carbon composites was investigated using 

cubic samples with dimensions of 10x10x10 mm at crosshead displacement rates of 10-3 

mm/sec, 10-2 mm/sec and 10-1 mm/sec. Cubic samples were compressed in the warp, weft, 

and thickness directions. Besides, end-caps made of Inconel inserts were employed in 

compression tests to prevent the ends of samples in both warp and weft directions from 

splitting axially. Cubic specimens were inserted into these end-caps together with and 

without Bison epoxy metal adhesive. In this way, the effect of confinement on the 

splitting mechanism and compressive response of in-plane cubic samples was 

investigated. By this test, compressive strength and modulus of carbon composite were 

calculated at different quasi-static strain rates. 
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Figure 2.12. Quasi-static compression tests on cubic samples 

 

2.3.4.3. Dynamic Compression Tests 

 

Figure 2.13 show a schematic representation of the split Hopkinson pressure bar 

(SHPB). This testing method involves a gas gun, a striker bar that sits in the barrel, an 

incident bar and a transmitter bar. All the bars are of a diameter of 19.4 mm and made of 

Inconel having a density of 8394 kgm-3 and an elastic modulus of 204 GPa. 

   

 

Figure 2.13. Schematic representation of split Hopkinson pressure bar 

   

As shown in the figure above, the composite sample to be tested is placed and 

sandwiched between the incident and transmitter bar. After releasing the pressurized gas, 

the striker bar moves in the barrel towards the incident bar. When the striker bar hits the 

incident bar, a compressive elastic pulse, the incident pulse, occurs, and it propagates 
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throughout the incident bar. On reaching the interface between the specimen and the 

incident bar, some part of it reflects back along the incident bar, which is called as the 

reflected wave and the rest goes through the transmitter bar, which is called as the 

transmitted wave. By using strain gages attached to the incident and transmitter bars, 

elastic straining of the bars is obtained. The stress versus strain curve of the specimen is 

then determined by using the following equations. 

 

 
𝜎𝑠 =

𝐴𝑏𝐸𝑏
𝐴𝑠

𝜀𝑡 
 

(2-8) 
 

𝜀𝑠 = 2
𝑐𝑏
𝑙0
∫ 𝜀𝑟𝑑𝑡
𝑡

0

 
 

    

where    

 𝜎𝑠 , compressive stress of the composite sample,  

 𝐴𝑏 , cross-sectional area of the bar,  

 𝐸𝑏 , elastic modulus of the bar,  

 𝐴𝑠 , cross-sectional area of the specimen,  

 𝜀𝑡 , transmitter strain, mm/mm 

 𝜀𝑠 , tensile strain of the sample, mm/mm 

 𝑐𝑏 , wave-velocity of the bar,  

 𝑙0 , initial length (gage length) of the specimen,  

 𝜀𝑟 , reflected strain, mm/mm 

 

 

Figure 2.14. Cubic and cylindrical specimen dimensions 
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Cubic and cylindrical in-plane, through-thickness and out-of-plane off-axis 

composite specimens were tested at dynamic strain rates to investigate the influence of 

strain rate. In the testing of cubic composite specimens, the incident pulse was shaped by 

copper with a thickness of 1 mm and a square cross-sectional area of 25 mm2. While, 

cylindrical composites were tested without using pulse shapers. The dimensions of cubic 

and cylindrical specimens can be seen in Figure 2.14. 

 

2.3.5. Shear Tests 

 

The in-plane shear properties of the composite were investigated according to the 

ASTM standard. In addition, the strain rate effect was examined. The related test methods 

were explained in the following sections. 

 

2.3.5.1. Tensile Tests of ±45° Carbon Fiber Composite 

 

 

 

Figure 2.15. Tensile test of ±45° Carbon Fiber Composite 

 

The in-plane shear properties were investigated using a standard test method 

covered by ASTM D351860. Tensile test coupons of carbon composites with a fiber 

orientation of ±45-degree were tested at a displacement rate of 2 mm/min. The 

dimensions of the coupon were the same as those used in tensile tests. Longitudinal and 

transverse strains were monitored using strain gages to calculate shear strain. Strain gages 
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attached on a test coupon, extensometer system, video camera as well as loading system 

are shown in Figure 2.15. Besides, the deformations of test coupons were recorded to 

determine shear strain by digital image correlation (DIC), and shear strains calculated 

from DIC were verified by those obtained from strain gages. Briefly, in this testing 

method, a uniaxial tensile load is applied to the composite test specimen, shear stress and 

strains at failure are then calculated using the following equations based on Mohr-

Coulomb theory or by Mohr’s circle.   

 

 
𝜏12 =

𝑃

2𝐴
       ,    𝜎𝑎 =

𝑃

𝐴
 (2-9) 

   

 𝑃 = maximum load, N 

 𝐴 = cross-sectional area , mm2 

 𝜎𝑎 = axial stress, MPa 

 

 

 𝛾12 = 𝜀𝑥 − 𝜀𝑦               𝜀12 =
𝛾12
2

 (2-10) 

   

 𝛾12 = engineering shear strain, mm/mm 

 𝜀𝑥 = longitudinal normal strain, mm/mm 

 𝜀𝑦 = lateral normal strain, mm/mm 

 𝜀12 = engineering strain, mm/mm 

   

2.3.5.2. Quasi-static Strain Rate Tests 

 

The shear strength of the carbon composite was investigated at different quasi-

static strain rates by non-standard testing method. Compared to the test coupon specified 

in ASTM D3518 the coupons in this test were smaller in size and had two notches, one at 

each side. BISON epoxy adhesive was employed to adhere test coupons to the testing 

fixture, it was then connected to the grips. The fixed fixture together with a test coupon 

and video camera are depicted in the following figure while, the test fixture, composite 

sample and BISON epoxy metal adhesive for bonding can be seen in the inset figure. The 

tensile load was applied to coupons at crosshead velocities of 0.112 mm/min and 1.12 
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mm/min corresponding to 10-5 s-1 and 10-4 s-1 strain rates. From this test, shear strength 

and shear strain were calculated at different quasi-static strain rates. DIC was also used 

to calculate shear strain and to monitor the deformation of composite test specimens. 

   

 

 

 

Figure 2.16. Quasi-static shear test equipment and specimen 

 

2.3.5.3. High Strain Rate Tests 

 

The shear properties of the carbon composite at high strain rates were investigated 

by applying tensile loads to [±45]n carbon specimens in the split Hopkinson tension bar 

(Figure 2.9 (b)). Unlike tensile tests of [0/90]n composites, the incident pulse was not 

shaped in [±45]n carbon specimen tensile tests, and tests were performed at just one 

dynamic strain rate. Shear stresses were calculated according to the following equation 

while shear strain and shear modulus were calculated by the DIC method. 

 

  
𝜎𝑠 =

𝐴𝑏𝐸𝑏
2𝐴𝑠

𝜀𝑡 
 

(2-11) 

    

where    

 𝜎𝑠 , in-plane shear stress of the composite sample,  

 𝐴𝑏 , cross-sectional area of the bar,  

 𝐸𝑏 , elastic modulus of the bar,  

 𝐴𝑠 , cross-sectional area of the specimen,  

 𝜀𝑡 , transmitter strain, mm/mm 
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2.3.5.4. V-Notched Beam Test Method 

 

The interlaminar shear strength of the carbon composite was determined by the v-

notched beam method in accordance with ASTM 537991. Test equipment and v-notched 

beam composite coupon can be shown in Figure 2.17. There are two identical parts of the 

test fixture which are fixed and moving. The former limits the translational and rotational 

movement of a composite beam while the latter moves along the bearing post. The 

compressive load is transferred from the moving halve to the composite beam as the shear 

load.  

By the application of compression force to the moving part, pure shear stress is 

obtained in the region between the notch roots of a composite beam. The moment is, 

therefore, zero at that region. This can be shown in the diagram of shear force and bending 

moment diagram. These diagrams are depicted in Figure A.3. According to the test 

standard, crosshead velocity was set to 2 mm/min. Two strain gages in an orientation of 

±45° were placed between the notch roots of the composite beam to calculate shear strain 

and shear modulus. The DIC measurement system was also employed in these 

calculations. Failure of composite beams was identified according to failure codes defined 

by the ASTM standard. These failure codes can be found in Figure A.4. 

   

 

 

 

Figure 2.17. V-notched shear test fixture and specimen 
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Shear stresses (𝜏13 𝑎𝑛𝑑 𝜏23) and shear strains (𝛾13 𝑎𝑛𝑑 𝛾23) were calculated using 

the following equations. Shear moduli (𝐺13 𝑎𝑛𝑑 𝐺23) were determined from these shear 

stress strain curves generated. 

 

 
𝜏 =

𝑃

𝐴
   ,    𝐴 = 𝑏𝑤 (2-12) 

   

 𝜏 = shear strength, MPa 

 𝑃 = maximum load, N 

 𝐴 = cross-sectional area, mm2 

 w =coupon width (between notch roots), mm 

 h =coupon thickness, mm 

 

   

  𝛾 = |𝜀+45| + |𝜀−45|   (2-13) 

    

 𝛾 = engineering shear strain, mm/mm 

 𝜀+45 = + 45° normal strain, mm/mm 

 𝜀−45 = −45° normal strain, mm/mm 

   

2.3.6. Elastic Constant Determination Test 

 

To calculate Poisson’s ratios (𝜗31 𝑎𝑛𝑑 𝜗32) and Elastic modulus (𝐸3) as well as 

failure strain elastic constant determination tests, which is a non-standard test method, 

were performed. Cubic samples with the size of 12.7x12.7x12x7 mm were subjected to 

compressive loading at different displacement rates (0.0127 mm/sec, 0.127 mm/sec and 

1.27 mm/sec) to investigate strain rate effects. Three strain gages were attached on the 

cubic samples loaded along the thickness direction to record strains in loading direction 

and transverse directions (strains in warp and weft directions). Besides, in some tests, 

DIC speckle patterns were painted on samples instead of strain gages to monitor their 

deformation and to determine Poisson’s ratio. The tests were recorded by two video 

cameras simultaneously.  

Test equipment can be seen in Figure 2.18. Stress, transverse strain, and axial 

strain curves were generated from these recorded data. Using transverse strain versus 
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axial strain curves a region was selected between 0.01 and 0.06 axial strain, that region 

was then fitted linearly. After that, Poisson’s ratio was calculated from the intercept value 

of obtained linear fit equation. In the same way, the elastic modulus was also determined 

from the stress versus axial strain curves generated. 

   

 

 

 

Figure 2.18. Elastic constant determination test equipment 

 

2.3.7. Laterally Constrained Compression Tests 

 

Fiber crush strength, fiber shear strength and frictional coefficient were 

determined by laterally constrained compression test on cubic composite samples with 

12.7x127.7x12.7 mm in dimension. This method is a non-standard testing method, and 

more detailed information can be found in the study performed by Parkow et al92.  The 

test fixture consists of two parts, namely a fixed hardened steel jig that constrains cubic 

samples laterally during compressive loading and a hardened steel pillar that transfers the 

applied force from the load cell of the device to samples. Test equipment and test fixture 

can be seen in Figure 2.19. 

Tests were performed at different crosshead velocities, namely 0.00127 mm/sec, 

0.0127 mm and 0.127 mm/ sec to determine the effect of strain rate on the aforementioned 

material properties. Through-thickness cubic samples placed within the test fixture were 

compressed until failure. Due to lateral confinement of samples during loading, failure 

occurred a shear plane through the material. The normal and shear stress components on 

that shear plane as well as fiber crush strength were calculated as follows, 
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 𝑆𝐹𝐶 = 𝐹𝑚𝑎𝑥/𝐴 (2-14) 

   

 𝑆𝐹𝐶 = Fiber crush strength, MPa 

 𝐴 = cross-sectional area, mm 

 𝐹𝑚𝑎𝑥 = the peak force, N 

 

 𝑆𝑁 = 𝑆𝐹𝐶 cos
2 𝜃  ,  𝑆𝑁𝐹𝑆 =

1

2
𝑆𝐹𝐶 sin 2𝜃 (2-15) 

   

 𝑆𝑁 , 𝑆𝑁𝐹𝑆 = the normal and shear stress component 

 𝜃 = failure plane angle, degree 

   

 

 

 

Figure 2.19. Laterally constrained compression test equipment and specimen 

 

The relation between these stress components and fiber shear strength can be seen 

in the following figure. 
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Figure 2.20. Shear failure planes (Source: Pankow and Yen92) 

 

Fiber shear strength was calculated from Mohr’s circle transformation by 

considering the fact that one of the principal stresses is 𝑆𝐹𝐶 while the other is 0 and the 

following equations.  

 𝑆𝐹𝑆 = 𝑆𝑁𝐹𝑆 + 𝜇𝑆𝑁 

𝜇 = 𝑡𝑎𝑛(∅) 

∅ = 90 − 2𝜃 

(2-16) 

   

 𝜇 = friction coefficient 

 ∅ = friction angle, degree 

 

2.3.8. Out-of-plane Off-Axis Compression Tests 

 

 

 

 

Figure 2.21. Cubic samples to be tested in different out-of-plane direction 



44 

Another non-standard testing method is the out-of-plane off-axis compression 

test. The tests were performed to determine the interlaminar shear strength and Coulomb 

friction factor of composite laminate. By using this testing method, Gillispie et al.93 

investigated the interlaminar shear strength and Coulomb friction factor of S2-glass 

composite material. More detailed information about the methodology can be found in 

that study.  

To determine interlaminar shear strength in the 1-3 plane, composite samples were 

rotated around the y-axis. Figure 2.21 depicts cubic samples to be tested in the out-of-

plane directions of 0°,15°, 30°, 45°, 60°,75° and 90°. These samples with dimensions of 

15x15x15 mm were first sandwiched between two hardened steel pillars, compression 

loads with crosshead velocities of 0.0015 mm/sec, 0.015 mm/sec and 0.15 mm/sec were 

then applied to them by means of the top pillar. 

  

 

Figure 2.22. Out-of-plane off-axis compression test system (a) camera-1,                                 

                          (b) specimen, and (c) camera-2 

 

Extensometer markers were placed on these pillars to measure the displacement 

of samples. By using two video cameras the deformation of test specimens was recorded 

during tests (Figure 2.22). These recorded videos were also used for DIC measurement 

to measure the displacements and strains on both faces of cubic composite, which are 

perpendicular to warp and weft directions. For each out-of-plane loading direction three 

samples were tested at each quasi-static strain rate. After all tests were performed, failure 

stress values were calculated for each strain rate and each loading direction. Stress values 
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in the corresponding plane were then calculated using stress transformation equations, as 

shown below. 

 

 𝜎1 = 𝜎𝑧 cos
2(𝜃) (2-17)  

   

 𝜎3 = 𝜎𝑧 sin
2(𝜃) (2-18)  

   

 𝜏13 = 𝜎𝑧𝑠𝑖𝑛(𝜃)𝑐𝑜𝑠(𝜃) (2-19) 

   

 𝜎𝑧 = maximum stress, MPa 

   

The calculated interlaminar shear stress values (𝜏13) and transverse stress values 

(𝜎3) were fitted with a linear equation Then interlaminar shear strength and Coulomb 

friction factor were calculated by equating the following equation to the obtained linear 

fit equation. 

 

 𝜏13 = 𝑆130 + 𝜎3𝑡𝑎𝑛(𝜑) (2-20) 

   

 𝜑 = The Coulomb’s friction angle 

 𝑆130 = reference interlaminar shear strength, MPa 

 

2.3.9. Quasi-static Punch Shear Tests 

 

Quasi-static punch shear test method was found by the University of Delaware 

Center for composite materials to calculate the fiber shear strength of composites94. The 

parts of test fixture can be seen in Figure 2.23. They are the top and bottom support rings, 

punch, bottom support and cover plate. Two different bottom support rings are available 

to obtain different support span-to-punch ratios (SPR), such as SPR=1.1 and SPR=2.0. 

SPR is defined as the ratio of the support span diameter to punch diameter. To achieve 

SPR=1.1, a bottom support ring with a central circular hole of 8.36 mm and a punch with 

a diameter of 7.6 mm while the same punch and a bottom support ring with a circular hole 

of 15.2 mm are used for SPR=2.0. Quasi-static punch shear strength was calculated from 

SPR=1.1 at quasi-static strain rates of 10-4 s-1, 10-3 s-1 and 10-2 s-1 while it was determined 
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for SPR=2.0 at only one strain rate of 10-3 s-1. The equation used in calculation of fiber 

punch shear strength (FPS) is as follows. 

 

 FPS =
𝐹𝑃𝐸𝐴𝐾

𝐴𝑃𝐿𝑈𝐺
⁄  , 𝐴𝑃𝐿𝑈𝐺 = 𝜋𝐷ℎ𝑝𝑙𝑢𝑔 (2-21) 

   

 𝐹𝑃𝐸𝐴𝐾 = the peak load, N 

 𝐷 = punch diameter, mm 

 ℎ𝑝𝑙𝑢𝑔 = Plug thickness, mm (ℎ𝑝𝑙𝑢𝑔=ℎ𝑠𝑝-ℎ𝑙𝑖𝑝) 

 ℎ𝑠𝑝 = Specimen thickness 

 ℎ𝑙𝑖𝑝 = lip thickness 

  

 

 

 

Figure 2.23. Quasi-static Punch Shear test fixture 

 

2.3.10. Flexural Tests 

 

The flexural strength of the carbon composite was determined from the three-point 

bending test in accordance with ASTM D79095. Carbon composites were tested until 

fracture occurred in the outer surface subjected to tensile loading. In Figure 2.24 a failed 

test coupon can be seen. The dimension of composite coupons is 127 mm in length, 12.7 

mm in width and 3.2 mm in thickness. A support span-to-thickness of 16 was selected, 
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and the span distance was set to 50 mm. Crosshead velocity was calculated from 

Procedure A expressed in ASTM D790 standard test method. For a support span length 

of 50 mm, it was calculated as 1.3 mm/min.  Bending stress and bending strain were 

determined using the following equations. 

 

 
𝜎𝑓 =

3𝑃𝐿

2𝑏𝑑2
 

(2-22) 

   

 𝜎 = stress in the outer fibers at midpoint, MPa 

 𝑃 = load, N 

 𝐿 = support span, mm 

 𝑏 = width of beam tested, mm 

 𝑑 = depth of beam tested, mm 

   

 

 

 

Figure 2.24. Flexural test fixture 

 

 

 
𝜀𝑓 =

3𝐷𝑑

𝐿2
 

(2-23) 

   

 𝜀 = strain in the outer surface, mm/mm 

 𝑃 = maximum deflection of the center of the beam, mm 

 𝐿 = support span, mm 

 𝑑 = depth of beam tested, mm 
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2.3.11. Open-Hole Tests 

 

Open-hole tensile (Figure 2.25) and compression (Figure 2.26) tests are performed 

to investigate the influence of a notch on the mechanical properties of carbon composite. 

It is also used to calculate one of the material constants of the Material Model 162 card 

in the LSDYNA finite element code, which is scale factor residual compressive strength.  

   

 

 

 

Figure 2.25. Open-Hole Tensile Tests 

 

Both open-hole tensile and compression tests were performed at different 

crosshead velocities to examine the loading rate. In the former one, displacement rates of 

0.5 mm/sec and 2 mm/min were employed while the latter one was carried out at 

crosshead velocities of 0.5 mm/sec and 1.3 mm/min. One of the crosshead velocities of 

open-hole tensile and compression tests was selected as the same that used in the standard 

tensile and compression tests, respectively. Strength reduction for both open-hole tests 

was calculated using the following equation. 

   

 𝑆𝐹𝑅 =
𝜎𝑛𝑜𝑡𝑐ℎ𝑒𝑑
𝜎𝑢𝑛𝑛𝑜𝑡𝑐ℎ𝑒𝑑

 (2-24) 

  

 𝑆𝐹𝑅 = strength reduction factor 
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 𝜎𝑛𝑜𝑡𝑐ℎ𝑒𝑑 = notched strength, MPa 

 𝜎𝑢𝑛𝑛𝑜𝑡𝑐ℎ𝑒𝑑 = unnotched strength, MPa 

   

 

 

 

Figure 2.26. Open-Hole compression tests 

 

2.3.12. Ice Impact Tests 

 

The mechanical behavior of carbon composite subjected to single or multiple ice 

impacts was investigated by using a modified split Hopkinson pressure bar testing device. 

 

 

Figure 2.27. Manufacturing steps followed in the production of ice 

 

In the production of the ice with a diameter of 16 mm, a polylactic acid (PLA) 

mold created by a 3D printer was employed. The mold and the pictures taken from the 

production steps of ice can be seen in Figure 2.27.  
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The mold consists of two parts. Each part has four cavities having the same 

diameter and eight holes to fix the parts of the mold each other by bolts. Also, each part 

has four small holes to fill water into cavities of the mold. A thermoplastic polyurethane 

(TPU) layer is employed between the two parts of the mold as a water leakage prevention 

layer.  

The steps followed in the production of ice was listed as follows. 

• applying Wax to the cavities into the mold for easy separation of ice from the 

mold, 

• placing a TPU layer between the halves of the mold, 

• fixing bolts, 

• filling water into the cavities, 

• holding the mold in the freezing of a refrigerator for an hour, 

• removing of the ice from the mold, 

• keeping the ice in the freezing for nearly twenty-four hours. 

 

 

Figure 2.28. Ice impact test system and test equipment 

 

Sabot, which was made of polyurethane by using a suitable steel mold, was 

employed to prevent ice from damaging into the barrel and to provide a central impact on 

composite plates. The sabot and ice to be used in tests were kept in the freezing until the 

impact tests, and at the time of testing sabot were weighed, then ice was placed into the 

cavity of the sabot. After the total mass had again weighed and noted to determine the 

mass of the ice, the impact test was performed. All the single and multiple ice impact tests 
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were performed on the composite specimens of 0.8 mm and 2 mm thickness at a velocity 

of 95 m/s. Sabot and ice prepared for one of the impact tests can be seen in Figure 2.27. 

For ice impact tests the split Hopkinson pressure bar test system was modified. 

Figure 2.28 shows test system and equipment employed during ice tests. It consists of a 

gas tank to pressurize nitrogen gas, a barrel to propel ice towards composite plates, a pair 

of laser barriers to measure the velocity of the ice, a high-speed camera and light source 

to record impact events, a holder to clamp composite plates, an anvil to prevent sabots 

from impacting composite plates, and aluminum foil cone to determine the displacement 

of the rear face of the composite plate at the end of the impact. The position of the foil 

during the test can be also seen in Figure 2.28. 

 

2.3.13. Low-Velocity Impact Tests 

 

 

Figure 2.29. Low-velocity impact test set-up 

 

Low-velocity impact tests were performed using the drop weight test system 

(Figure 2.29). The system involves a striker with a gage to carry out impact events and to 

measure the force applied to specimens, photocells to measure the impact velocity of the 

striker and the bottom support fixture to fix and clamp the specimen to be tested. In 

addition to that, a high-speed video camera and a light source was employed to record the 

impact events: the camera and the light source were positioned in a way that it records 

the damage occurring at the back surface of the specimen. The striker having the 

capability to measure the maximum force of 90 kN was selected for the impact tests. In 

the impact tests different impact energies were investigated by selecting the suitable 

additional mass or the striker velocity. For both penetration and perforation cases the 
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impact tests were carried out. In the perforation test, a composite specimen was impacted 

by the striker with an impact velocity of 7 m/s and a total mass of 2.8 kg, corresponding 

to an impact energy of 68.6 Joule. In the penetration case, composite laminates were 

subjected to single and multiple impacts to investigate the effect of single and multiple 

impacts on the mechanical behavior of the carbon composite. The specimen was impacted 

with an impact velocity of 3.5 m/s and a total mass of 2.8 kg, corresponding to an impact 

energy of 17.16 Joule. Besides, the total mass of the system was increased to from 2.8 kg 

to 5.8 kg by holding the impact velocity constant, and the composite was impacted with 

a corresponding impact energy of 35.525 Joule. In this case, the striker did not completely 

pass through the composite as well and rebounding of the striker took place. 
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CHAPTER 3 

 

NUMERICAL METHODOLOGY 

 

In this chapter, composite material models and their theories as well as numerical 

models of the tests are explained in detail.  

 

3.1. Composite Material Models 

 

Table 3.1. Composite material models available in LSDYNA material library96,97 

Material ID Architecture Damage Element Type 
Rate 

sensitivity 

 UD Woven  Shell Tshell Solid  

MAT_22                         

MAT_54                         

MAT_55                         

MAT_58                           

MAT_59                            

MAT_158                            

MAT_161/162                           

MAT_213                      

MAT_219                     

MAT_261                      

MAT_262                      

        

LSDYNA finite element software has a wide range of material libraries, so it 

enables many different materials to be modeled. Some of them are especially used to 

model composite materials. Commonly employed composite material models are 

summarized as shown in Table 3.1. From this table, it can be understood that MAT_162 

material model has many advantages over other material models examined. One of these 

advantages is delamination. This material model has a stress-based delamination failure 
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model; therefore, there is no needed to strive to set additional failure criteria for 

delamination in comparison to the other composite material models studied. Another 

advantageous is that the strain rate effect is taken into account by a strain rate dependent 

function. However, for complex and huge composite structures the MAT_162 for solid 

elements can be insufficient due to the fact that it takes considerable time in the solution 

of problems. In this case, MAT_58 for unidirectional and woven composites or MAT_54 

for unidirectional composites can be employed. The former is based on the continuum 

damage model while the latter is based on the progressive damage model. In addition to 

that, the former can predict pre- and post-softening of composites but the latter cannot. 

This is the advantage of MAT_58 over MAT_54&55. 

As stated in detail before, in the numerical parts of the study the simulation of the 

solid elements was performed using MAT_162 material model while Mat_58 was 

employed to model shell elements. 

 

3.1.1. MAT_58 Material Model 

 

MAT_LAMINATED_COMPOSITE_FABRIC material model was implemented 

in LSDYNA finite element solver by Matzenmiller et al98. The material model is also 

called as MLT composite material model. As shown in Table 3.1, this material model is 

commonly employed to model unidirectional and fabric laminates by shell and thick shell 

elements. The failure modes and damage mechanics implemented is explained in the next 

sections. 

3.1.1.1. Failure Criteria 

 

Depending on the fiber architecture -unidirectional and fabric composites- to be 

modeled, it is possible to simulate the composite by using different failure surface types 

available in MAT_58. Failure criteria invoked by the failure surface types can be seen in 

Table 3.2. Compared to the other failure types, non-smooth failure surface type (faceted 

failure surface, FS = -1) is commonly used to simulate the fabric composites since all 

failure criteria invoked by this failure surface type are considered as independent of each 

other. The hardening behavior in a shear stress-shear strain curve can be easily predicted 

by the material model. The shear stress versus strain curves of the carbon fiber 

investigated in this study showed the non-linear behavior, so the non-smooth failure 
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surface type was selected in the modeling. In the table below stress components are 

expressed in terms of effective stresses since voids and microcracks is presented in the 

damaged regions of composites, and load is borne by the region that was not affected by 

damage. 

   

Table 3.2. Failure surface types 

FS = 0 FS = 1 FS = -1 

Fiber Tensile/Compressive Failure 

(
�̌�11
𝑋𝑇,𝐶

)

2

= 1 (
�̌�11
𝑋𝑇,𝐶

)

2

+ (
�̌�12
𝑋𝑆
)
2

= 1 (
�̌�11
𝑋𝑇,𝐶

)

2

= 1 

Matrix Tensile/Compressive Failure 

(
�̌�22
𝑌𝑇,𝐶

)

2

+ (
�̌�12
𝑆𝐶
)
2

= 1 (
�̌�22
𝑌𝑇,𝐶

)

2

+ (
�̌�12
𝑆𝐶
)
2

= 1 (
�̌�22
𝑌𝑇,𝐶

)

2

= 1 

Shear Failure 

  (
�̌�12
𝑆𝐶
)
2

= 1 

• The subscripts of T, C and S represent Tensile, Compression, and Shear, respectively. 

• �̌� represents effective stress 

 

3.1.1.2. Damage Model 

 

The components of effective stress tensor (�̌�) in the Table 3.2 are expressed in 

terms of the nominal (true) stress (𝜎) and the damage operator as follows. 

   

 

{

�̌�11
�̌�22
�̌�12

} =  

[
 
 
 
 
 
 

1

1 − 𝜔11
0 0

0
1

1 − 𝜔22
0

0 0
1

1 − 𝜔12]
 
 
 
 
 
 

{

𝜎11
𝜎22
𝜎12

} 

�̌� = 𝑴𝜎 

(3-1) 

   

where 𝜔11, 𝜔22 and 𝜔12 are named as damage evolution variables, and corresponds to 

matrix, fiber and shear damage, respectively. The damage operator, M, is equivalent to 
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the identity matrix before any damage initiation or evolution, therefore �̌� = 𝜎. The 

damage variable is defined by the following equation. 

   

 𝜔𝑖𝑗 = 1 − exp [−
1

𝑚𝑒
(
𝜀

𝜀𝑓
)

𝑚

]  
(3-2) 

 

   

where 𝜀 is the current strain, 𝜀𝑓 is the nominal failure strain and m expresses the strain-

dependent evolution of tension, compression, and shear failure modes. The material 

response (σ=C(ω)*ε) is then determined by the following elastic matrix that considers 

damage. It is calculated from the inverse of the compliance tensor 98. 

   

𝐶(𝜔)  =
1

𝐷
 [

(1 − 𝜔11)𝐸1 (1 − 𝜔11)(1 − 𝜔22)𝐸1 0
(1 − 𝜔11)(1 − 𝜔22)𝐸1 (1 − 𝜔22)𝐸2 0

0 0 𝐷(1 − 𝜔12)𝐺
] 

(3-3) 

 

 

where 𝐷 = 1 − (1 − 𝜔11)(1 − 𝜔22)𝜗12𝜗21. The components of effective stress tensor in 

the failure criteria of the non-smooth failure surface are then rearranged as follows. 

   

Table 3.3. Non-smooth failure surface (FS = -1) 

Longitudinal Tensile/Compressive Failure 

𝑓𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 = (
𝜎11

(1 − 𝑤11,𝐶,𝑇)𝑋𝑇,𝐶
)

2

− 𝑟𝑇,𝐶
𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 = 0 

Transverse Tensile/Compressive Failure 

𝑓𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒 = (
𝜎22

(1 − 𝑤22,𝐶,𝑇)𝑌𝑇,𝐶
)

2

− 𝑟𝑇,𝐶
𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 = 0 

Shear Failure 

𝑓𝑠ℎ𝑒𝑎𝑟 = (
𝜏12

(1 − 𝑤12)𝑆𝐶
)
2

− 𝑟𝑠ℎ𝑒𝑎𝑟 = 0 

 

3.1.1.3. MAT_58 inputs 

 

The required inputs for MAT_58 material model is summarized as shown in Table 

3.4. The inputs in red color are elastic constants of the material, and they are directly 
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calculated from the results of mechanical characterization tests expect TAU1 and 

GAMMA1 (Figure 3.1 (a)).  TAU1 and GAMMA1 parameters are not specified in 

LSDYNA user manual. Therefore, they were calculated by using LSOPT optimization 

software by comparing the experimental and numerical shear test results. Besides, the 

purple inputs are a stress values to which the stress drops after it reaches its maximum. 

The effect of these parameters on shear stress-strain curves and tensile/compression 

stress-strain curves can be seen in Figure 3.1. FS parameter, shown in green color in the 

Table 3.4, is employed to invoke the failure surface type explained in Section 3.1.1.1. 

Whilst, ERODS parameter, shown in orange in the table, is the maximum effective strain, 

and a layers of the element is utterly eroded or failed after its effective strain reaches the 

maximum effective strain defined in ERODS. It is determined by comparing the 

experimental and numerical results.   

 

Table 3.4. Required material constants for MAT_58 

 R0 EA EB (EC) PRBA TAU1 GAMMA1 

GAB GBC GCA SLIMT1 SLIMC1 SLIMT2 SLIMTC2 SLIMS 

AOPT TSIZE ERODS SOFT FS EPSF EPSR TMSD 

XP YP ZP A1 A2 A3 PRCA PRCB 

V1 V2 V3 D1 D2 D3 BETA  

E11C E11T E22C E22T GMS    

XC XT YC YT SC    

 

 The inputs in red color are elastic constants of the material, and they are directly 

calculated from the results of mechanical characterization tests expect TAU1 and 

GAMMA1 (Figure 3.1 (a)).  TAU1 and GAMMA1 parameters are not specified in 

LSDYNA user manual. Therefore, they were calculated by using LSOPT optimization 

software by comparing the experimental and numerical shear test results. Besides, the 

purple inputs are a stress values to which the stress drops after it reaches its maximum. 

The effect of these parameters on shear stress-strain curves and tensile/compression 

stress-strain curves can be seen in Figure 3.1. FS parameter, shown in green color in the 

Table 3.4, is employed to invoke the failure surface type explained in Section 3.1.1.1. 

Whilst, ERODS parameter, shown in orange in the table, is the maximum effective strain, 

and a layers of the element is utterly eroded or failed after its effective strain reaches the 
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maximum effective strain defined in ERODS. It is determined by comparing the 

experimental and numerical results.   

 

3.1.2. MAT_162 Material Model  

 

This material model has been developed by Materials Sciences Corporation 

(MSC). Fiber failure, matrix damage and delamination behavior can be successfully 

predicted by MAT_162. The effect of the strain rate on the progressive failure of 

composites is also taken into consideration by the strain rate dependent functions. Its 

progressive failure model is based on the Hashin failure criteria99, and it also includes the 

damage model based on damage mechanics found by Matzenmiller et al.98 to simulate the 

softening behavior of composites after damage initiation. Moreover, MAT_162 includes 

a stress-based delamination failure model; therefore, it enables to simulate the 

delamination damage within composites. 

 

3.1.2.1. Failure Criteria 

 

In the failure criteria, a, b and c directions corresponding X, Y and Z principal 

directions are designated as the in-plane fill, in-plane warp and out-of-plane directions 

for fabric composites, respectively. The failure criteria invoked in the simulation of 

composite materials by MAT_162 material model is as follows. 

• The Fill and Warp Fiber Tensile/Shear Failure Modes,  𝜎𝑎 , 𝜎𝑏 > 0 

 

 
𝑓6 − 𝑟6

2 = (
〈𝜎𝑎〉

𝑆𝑎𝑇
)

2

+
(𝜏𝑎𝑏
2 + 𝜏𝑐𝑎

2 )

𝑆𝑎𝐹𝑆
2 − 𝑟6

2 = 0 
(3-4) 

  

𝑓7 − 𝑟7
2 = (

〈𝜎𝑏〉

𝑆𝑏𝑇
)

2

+
(𝜏𝑎𝑏
2 + 𝜏𝑏𝑐

2 )

𝑆𝑏𝐹𝑆
2 − 𝑟7

2 = 0 
(3-5) 

   

 𝑆𝑎𝐹𝑆 = 𝑆𝐹𝑆 and  𝑆𝑏𝐹𝑆 = 𝑆𝐹𝑆 ∗ 𝑆𝑏𝑇/𝑆𝑎𝑇 (3-6) 

 

where SFS is the fiber mode shear strength, 𝑆𝑎𝑇 and 𝑆𝑏𝑇 are the axial tensile strengths, 

and 𝑆𝑎𝐹𝑆 and 𝑆𝑏𝐹𝑆 are the layer shear strengths due to fiber shear failure. 
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• Compressive Failure in The Fill and The Warp Directions,  𝜎𝑎 , 𝜎𝑏 < 0 

 

 
𝑓8 − 𝑟8

2 = (
〈𝜎𝑎

′ 〉

𝑆𝑎𝐶
)

2

− 𝑟8
2 = 0 , 𝜎𝑎

′ = −𝜎𝑎 + 〈−𝜎𝑐〉 (3-7) 

  

𝑓9 − 𝑟9
2 = (

〈𝜎𝑏
′ 〉

𝑆𝑏𝐶
)

2

− 𝑟9
2 = 0 , 𝜎𝑏

′ = −𝜎𝑏 + 〈−𝜎𝑐〉 (3-8) 

   

 
𝑓10 − 𝑟10

2 = (
〈𝑝〉

𝑆𝐹𝐶
)

2

− 𝑟10
2 = 0 , 𝑝 =

𝜎𝑎 + 𝜎𝑏 + 𝜎𝑐
3

 (3-9) 

 

where 𝑆𝑎𝐶 and 𝑆𝑏𝐶 are the axial compressive strengths, p is the hydrostatic pressure, and 

𝑆𝐹𝐶 is the layer strength related to the fiber crush failure. 

• In-Plane Shear Stress Failure 

 

 
𝑓11 − 𝑟11

2 = (
𝜏𝑎𝑏
𝑆𝑎𝑏

)
2

− 𝑟11
2 = 0 (3-10) 

 

where 𝑆𝑎𝑏 is the layer shear strength 

• Delamination Failure 

 

 𝑓12 − 𝑟12
2 = 𝑆2 {(

〈𝜎𝑐〉

𝑆𝑐𝑇
)

2

+ (
𝜏𝑏𝑐
𝑆𝑏𝑐
)
2

+ (
𝜏𝑐𝑎
𝑆𝑐𝑎
)
2

} − 𝑟12
2 = 0 (3-11) 

   

 {
𝑆𝑐𝑎
𝑆𝑏𝑐
} = {

𝑆𝑐𝑎
(0)

𝑆𝑏𝑐
(0)
} + tan (𝜑)〈−𝜎𝑐〉 (3-12) 

   

where 𝑆𝑐𝑇 is the through thickness tensile strength, 𝑆𝑏𝑐, and 𝑆𝑐𝑎 are the shear strengths, 

𝜎𝑐 is the compressive normal stress, and 𝜑 is the coulomb friction angle. 

In fabric composites, the fill and warp fiber tensile/shear failure are defined by the 

quadratic interaction between axial and shear stresses as mentioned above. In case a layer 

fails in this failure mode, it cannot withstand any loads in the loading direction.  
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The maximum stress criterion is employed to determine the in-plane compressive 

failure in both fill and warp directions. As the failure within a layer is predicted by this 

failure mode, it is presumed that a residual axial compressive load (𝑆𝑎𝑅𝐶 = 𝑆𝐹𝐹𝐶 ∗ 𝑆𝑎𝐶  

or 𝑆𝑏𝑅𝐶 = 𝑆𝐹𝐹𝐶 ∗ 𝑆𝑏𝐶) is carried by the layer in the direction along which the damage 

propagates. Contrary to the failure behavior in the damaged direction, the load capacity 

in the direction that is the perpendicular to the damage direction (the transverse direction) 

is not affected by the damage (𝜎𝑎 = −𝑆𝑎𝐶𝑅 or 𝜎𝑏 = −𝑆𝑏𝐶𝑅). 

Besides, the failure model of a composite laminate subjected to compressive 

pressure (p) is predicted by the crush failure mode (Equation (3-9)). On the failure, it is 

presumed that the composite shows elastic behavior while it cannot withstand any tensile 

loads. The in-plane shear failure occurring without fiber breakage is determined by the 

failure mode which is the designated by 𝑓11 in Equation (3-10). As this failure mode 

occurs, the failed element can continue to carry loads in the axial direction while it cannot 

bear in-plane shear stress anymore. The matrix damage in through-thickness direction is 

calculated by the delamination failure mode. When a damage is predicted by this failure 

mode, the specimen behaves elastically in the in-plane directions, and the shear strengths 

in (ca) and (bc) are reduced to zero. For tensile mode, the specimen cannot bear any 

tensile load whilst in compressive mode it behaves elastically. 

 

3.1.2.2. Damage Model 

 

The softening behavior after the initiation of damage is simulated by the damage 

model based on the MLT damage mechanic approach. To calculate elastic response of 

the material, the stiffness matrix [C] is determined by inverting the compliance matrix [S] 

that includes the damage variable defined in Equation  (3-13).  

   

 �̅�𝑖 = 1 − exp (
1

𝑚𝑗
(1 − 𝑟

𝑗

𝑚𝑗))           𝑟𝑗 ≥ 1                              

(3-13) 

   

where 𝑟𝑗 and 𝑚𝑗 are the damage threshold shown in Equation (3-4) - (3-12) and 

material damage parameter, respectively. The initial value of the damage threshold is 

equal to one, meaning that the damage variable (�̅�𝑖) initially equals to zero. It corresponds  
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 (a)   

 

 

 

 (b)  

Figure 3.1. The effect of stress limit factor on (a) shear stress96 and  

                        (b) tensile/compressive stress 
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a linear elastic behavior. As the damage occurs (𝑟𝑗 ≥ 1), the linear elastic response of the 

material is calculated by the stiffness matrix including the damage variable (the inverse 

of the compliance matrix, [𝑆]−1 ). 

  

  

[𝑆] =

[
 
 
 
 
 
 
 
 
 
 
 
 
 

1

(1 − �̅�1)𝐸𝑎

−𝜗𝑏𝑎
𝐸𝑏

−𝜗𝑐𝑎
𝐸𝑐

0 0 0

−𝜗𝑎𝑏
𝐸𝑎

1

(1 − �̅�2)𝐸𝑏

−𝜗𝑐𝑏
𝐸𝑐

0 0 0

−𝜗𝑎𝑐

𝐸𝑎

−𝜗𝑏𝑐

𝐸𝑏

1

(1 − �̅�3)𝐸𝑐
0 0 0

0 0 0
1

(1 − �̅�4)𝐺𝑎𝑏
0 0

0 0 0 0
1

(1 − �̅�5)𝐺𝑏𝑐
0

0 0 0 0 0
1

(1 − �̅�6)𝐺𝑐𝑎]
 
 
 
 
 
 
 
 
 
 
 
 
 

 (3-14) 

  

Elastic modulus reduction in kth direction is expressed by the following equations. 

   

 𝐸𝑘 = (1 − �̅�𝑘)𝐸𝑘0 = 𝐸𝑘0 exp(
1

𝑚𝑘
(1 − 𝑟𝑘

𝑚𝑘)) , 𝑟𝑘 =
𝜀𝑘

𝜀𝑘𝑦
  (3-15) 

   

where 𝐸𝑘 is the initial elastic modulus, 𝑟𝑘 is the damage threshold, 𝜀𝑘 is the current strain, 

and 𝜀𝑘𝑦 is the yield strain in that direction. For the damaged material, the stress-strain 

relationship can be considered as follows. 

 

 𝜎𝑘 = 𝐸𝑘𝜀𝑘 = 𝐸𝑘0 exp(
1

𝑚𝑘
(1 − (

𝜀𝑘
𝜀𝑘𝑦

)

𝑚𝑘

)) (3-16) 

   

Equation (3-16) is updated by considering that 𝜎𝑘𝑦 = 𝐸𝑘0𝜀𝑘𝑦, then the following 

equation is obtained. 

   

 
𝜎𝑘
𝜎𝑘𝑦

=
𝜀𝑘
𝜀𝑘𝑦

exp(
1

𝑚𝑘
(1 − (

𝜀𝑘
𝜀𝑘𝑦

)

𝑚𝑘

)) (3-17) 
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As considering the equation above, it can be said that when the damage threshold 

(𝑟𝑘 = 𝜀𝑘/𝜀𝑘𝑦) is bigger than one, the equation defines the post-yield damage softening 

part of the stress versus strain curve. Contrary to the above statement, when the damage 

threshold is lower than one, the equation describes the linear elastic part of the stress 

versus strain curve. 

The strain effect in MAT_162 is taken into consideration for the strength and 

elastic moduli by the following equations. 

   

{𝑆𝑅𝑇} = {𝑆0} (1 + 𝐶𝑟𝑎𝑡𝑒1 ln
{�̇�}

𝜀0̇
)   (3-18) 

  

{𝐸𝑅𝑇} = {𝐸0} (1 + 𝐶𝑟𝑎𝑡𝑒 ln
{�̇�}

𝜀0̇
) (3-19) 

   

{𝑆𝑅𝑇} =

{
 
 

 
 
𝑆𝑎𝑇
𝑆𝑎𝐶
𝑆𝑏𝑇
𝑆𝑏𝐶
𝑆𝐹𝐶
𝑆𝐹𝑆}

 
 

 
 

  and {�̇�} =

{
  
 

  
 

|𝜀�̇�|

|𝜀�̇�|

|𝜀�̇�|

|𝜀�̇�|

|𝜀�̇�|

(𝜀�̇�𝑎
2 + 𝜀�̇�𝑐

2 )1/2}
  
 

  
 

 
 (3-20) 

 

  

{𝐸𝑅𝑇} =

{
 
 

 
 
𝐸𝑎
𝐸𝑏
𝐸𝑐
𝐺𝑎𝑏
𝐺𝑏𝑐
𝐺𝑐𝑎}

 
 

 
 

 , {�̇�} =

{
  
 

  
 
|𝜀�̇�|

|𝜀�̇�|

|𝜀�̇�|

|𝜀�̇�𝑏|

|𝜀�̇�𝑐|

|𝜀�̇�𝑎|}
  
 

  
 

 and {𝐶𝑟𝑎𝑡𝑒} =

{
 
 

 
 
𝐶𝑟𝑎𝑡𝑒2
𝐶𝑟𝑎𝑡𝑒2
𝐶𝑟𝑎𝑡𝑒4
𝐶𝑟𝑎𝑡𝑒3
𝐶𝑟𝑎𝑡𝑒3
𝐶𝑟𝑎𝑡𝑒3}

 
 

 
 

 (3-21) 

 

3.1.2.3. MAT_162 inputs 

 

MAT_162 material model involves thirty-four material model constants including 

elastic properties, erosion parameters, damage parameters and strain rate parameters. 

These parameters can be seen in Table 3.5. 

Elastic properties in red color in the table above are directly calculated from the 

results of mechanical characterization tests. They include the tensile and compressive in 
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the principal directions, and shear strengths as well as the elastic moduli and shear moduli. 

The SFFC constant is named as scale factor for residual compressive strength, and the 

function or effect of that parameter is the same as SLIM parameters of the MAT_58 

explained in Section 3.1.1.3. Its effect on a stress-strain curve is illustrated in Figure 3.2. 

 

Table 3.5. MAT_162 inputs 

 R0 EA EB EC PRBA PRCA PRCB 

GAB GBC GCA AOPT MACF    

XP YP ZP A1 A2 A3   

V1 V2 V3 D1 D2 D3 BETA  

SAT SAC SBT SBC SCT SFC SFS SAB 

SBC SCA SFFC AMODEL PHIC E_LIMT S_DELM  

OMGMX ECRSH EEXPN CREATE1 AM1    

AM2 AM3 AM4 CRATE2 CRATE3 CRATE4   

  

 

 

 

 

 

Figure 3.2. The effect of OMGMX and SFFC parameters on a stress-strain curve 

(Source: Gama et al.103) 

 

The erosion parameters in purple color are employed to erode an element by 

considering the tensile strain (E_LIMT), compressive relative volume (ECRSH) and 
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expansive relative volume (EEXPN). The parameters related to the strain rate can be seen 

in blue color in Table 3.5. The effect of each rate parameter on strength or elastic/shear 

modulus can be found in Equations (3-18) and  (3-20). Other parameters such as 

OMGMX, S_DELM and BETA are employed to limit the damage variable for the 

reduction in elastic moduli (Figure 3.2), to obtain the delamination damage close to the 

damage observed in experiments and to define fiber orientation angle, respectively. The 

green parameters are invoked to simulate the post-softening behavior of composite as 

explained in detail in Section 3.1.2.2. They are calculated from the experimental and 

numerical results of the punch-shear tests. The procedure to find the damage parameters 

are explained in detail in other studies101,102. 

 

3.2. Modeling of Delamination 

 

In LSDYNA the decohesion between the layers of composites, delamination 

failure, is modeled by either material model itself, using cohesive zone modeling or using 

tiebreak contact types between the layers. The material model including delamination 

failure is the one that is explained in detail in Section  3.1.2.1 while in cohesive zone 

modeling cohesive elements are defined between the layers of a composite Besides, 

automatic tie-break contact types together with the MAT_162 material model were 

employed to model delamination in LSDYNA in few studies 104–106.  Either automatic 

surface to surface tiebreak or automatic one-way surface to surface tie-break contacts can 

be selected. For both contacts, the coincide nodes of the layers of a composite plate is tied 

until a failure criterion is reached. After the criteria is met, the tied contact fails. With the 

scope of this study the former one, automatic surface to surface tiebreak, was selected in 

the simulation of the cohesion between the plies of the composite. This contact type is 

employed with an option, and the commonly used ones are 7,9 and 11 for solid elements. 

The tie-break contact with these options uses a bilinear constitutive law. The bilinear 

constative law valid in tensile loading (double cantilever beam test) and shear loading 

(end notched flexure test) is illustrated in Figure 3.3. The tensile loading corresponds 

Mode-I while shear loading corresponds Mode II and Mode III, depending on the relative 

displacement between the nodes with respect to the crack orientation.   

The relative displacements of 𝛿1
0 and 𝛿2,3

0  correspond the onset of damage. When 

the material subjected to the load before these relative displacements, it behaves 
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elastically, there is no permanent damage on the cohesion. Beyond these displacement 

values (the maximum normal or shear forces are exceeded), damage occurs, it then 

propagates. The damage propagation lasts until it reaches the relative displacement values 

of 𝛿1
𝑓
 and 𝛿2,3

𝑓
. Once these displacements are reached, the debonding between the layers 

takes place, meaning that the permanent damage occurs. The area under the curve 

obtained in the tensile loading corresponds to the fracture energy of Mode I. While, it 

corresponds to the facture energy of Mode II and Mode III in the shear loading. In Mode 

II, the layers slide relative to each other in the 2 direction (in-plane shear) while in Mode 

III they slide relative to each other in the 3 direction (out-of-plane shear). It is worth 

noting that the Mode I fracture toughness is lower than Mode II and III fracture toughness. 

Since Mode II components exists in Mode III tests, Mode III fracture toughness values is 

not calculated correctly. Therefore, in the delamination analysis Mode III fracture 

toughness is assumed to be equal Mode II fracture toughness. 

 

 

Figure 3.3. The bilinear constitutive law in Mode I and Mode II and III  

 

For the combined loading including the tensile and shear loading a mixed-mode 

interaction occurs. The mixed-mode behavior is illustrated for the bilinear constitutive 

law in Figure 3.4.  In this case, the propagation of the damage can take place the damage 

onset value that described in the previous section. The relative displacement attained in 

the shear loading is calculated from the two relative displacement values in 2 and 3 
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directions shown in Figure 3.3. The equation for the total shear relative displacement 

value is as follows. 

   

 𝛿𝑆ℎ𝑒𝑎𝑟 = √(𝛿2)2 + (𝛿3)2 (3-22) 

   

Then the total mixed mode relative displacement is defined as 

 

   

 𝛿𝑚 = √(𝛿1)2 + (𝛿𝑆ℎ𝑒𝑎𝑟)2 (3-23) 

   

The contribution of the different modes is expressed as  

   

 𝛽 =
𝛿𝑆ℎ𝑒𝑎𝑟
𝛿1

 (3-24) 

 

The damage onset criterion and the damage propagation criterion in the mixed 

mode is summarized in the following table. In the damage onset criterion, a quadratic 

delamination criterion is used. 

 

 

Figure 3.4. The bilinear constitutive law in mixed-mode loading  

(Source: Jiang et al.107) 
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Table 3.6. Damage onset and propagation criterion in mixed mode 

D
am

ag
e 

in
it

ia
ti

o
n

 (
𝑡1
𝑁
)
2

+ (
𝑡𝑠ℎ𝑒𝑎𝑟
𝑆

)
2

= 1 

 

𝛿𝑚
0 = {

𝛿𝑆
0𝛿𝑁

0√
1+ 𝛽2

(𝛿𝑆
0)2 + (𝛽𝛿𝑁

0)2
   ←  𝛿1 > 0

1 ←  𝛿1 ≤ 0

   

D
am

ag
e 

p
ro

p
ag

at
io

n
 

P
o
w

er
 l

aw
 c

ri
te

ri
o
n

 

(
𝐺𝐼
𝐺𝐼𝑐
)
𝛼

+ (
𝐺𝑠ℎ𝑒𝑎𝑟
𝐺𝑆𝑐

)
𝛼

= 1 

 

𝛿𝑚
𝑓
= {

2(1 + 𝛽2)

𝑘𝛿𝑚
0 ((

1

𝐺𝐼𝑐
)
𝛼

+ (
𝛽2

𝐺𝑆𝑐
)

𝛼

)

−1/𝛼

   ←  𝛿1 > 0

𝛿𝑠
𝑓
 ←  𝛿1 ≤ 0

 

B
en

ze
g
g
ah

 a
n
d
 

K
ar

n
an

e’
s 

cr
it

er
io

n
 

𝐺𝐼𝑐 + (𝐺𝑆𝑐 − 𝐺𝐼𝑐) (
𝐺𝑠ℎ𝑒𝑎𝑟

𝐺𝐼𝑐 + 𝐺𝑠ℎ𝑒𝑎𝑟
)
𝜂

= 𝐺𝐼 + 𝐺𝑠ℎ𝑒𝑎𝑟 

 

𝛿𝑚
𝑓
= {

2

𝑘𝛿𝑚
0 (𝐺𝐼𝑐 + (𝐺𝑆𝑐 − 𝐺𝐼𝑐) (

𝛽2

1 + 𝛽2
)

𝜂

)    ←  𝛿1 > 0

𝛿𝑠
𝑓
 ←  𝛿1 ≤ 0
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Table 3.7. Interface properties 

Interface Strength 

Normal Strength (MPa) 40  

Shear Strength (MPa) 78 

Fracture Toughness 

Mode I fracture toughness (N/m) 108 375 

Mode II and III fracture toughness (N/m) 108 1467 

Other parameters 

The B-K criterion constant, 𝜂 108 2.25 

Penalty stiffness (MPa) 108 108 

  

For the damage propagation prediction there are two criteria in LSDYNA, namely 

the power law criterion and Benzeggah and Karnane’s criterion. The B-K criterion is used 

to appropriately represent for the variation of fracture toughness as a function of mode 

mixity ratio (
𝐺𝑠ℎ𝑒𝑎𝑟

𝐺𝐼𝑐 + 𝐺𝑠ℎ𝑒𝑎𝑟
⁄ ). The B-K criterion fitting parameter,𝜂, is determined 

by a curve fit to the fracture toughness values. These toughness values are calculated 

experimentally using mixed mode bending tests at different mode mixity ratios, the 

double cantilever beam tests for pure mode I (
𝐺𝑠ℎ𝑒𝑎𝑟

𝐺𝐼𝑐 + 𝐺𝑠ℎ𝑒𝑎𝑟
⁄ = 0) and the end-

notched flexure tests for pure mode II (
𝐺𝑠ℎ𝑒𝑎𝑟

𝐺𝐼𝑐 + 𝐺𝑠ℎ𝑒𝑎𝑟
⁄ = 1). Depending on the 

mode mixity ratio investigated, the mixed-mode response, blue shaded area in Figure 3.4,  

might be closer to mode-I or mode-II responses. 

 In this study, the B-K criterion was used to model delamination failure by the 

automatic surface to surface contact type with an option 9. The required parameters for 

this cohesion contact type were directly taken from a study108 in literature except the ones 

that are interface strengths, namely normal strength and shear strength. These strength 

values were calculated from mechanical characterization tests. These parameters can be 

found in Table 3.7. 

 

3.3. Simulation of Tensile Tests 

 

The modeling of tensile test involves the modeling of the standard tensile test 

coupons at quasi-static strain rates and the numerical model of the dynamic tensile 
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specimen at quasi-static and high strain rates. These models are explained in detail in the 

next sections. 

 

3.3.1. Standard Tensile Test Model 

 

Numerical model of the standard tensile test coupon can be seen in Figure 3.5 (a). 

The model includes only test coupon that has nine layers through the thickness. 

Orientations of these layers are illustrated in Figure 3.5 (b). For each layer the fiber 

orientation angle was defined as 0 or 90-degree using BETA property of MAT_162 

material model. The same boundary conditions as the experiment were applied to the 

tensile model by using BOUNDARY_SPC_SET card. Nodes fixed by grips of test fixture 

were defined in SET_NODE card as moving and fixed side. The translational and 

rotational motion of nodes in the fixed side were constrained.  

While, those in the moving side was allowed to only move along x-axis. A section 

plane was specified in the middle section of the coupon by 

DATABASE_CROSS_SECTION_PLANE card to calculate the stress in the composite 

coupon. For strain calculation, two nodes having a distance of 0.1 meter along x axis were 

defined in DATABASE_HISTORY_NODE card. A constant velocity was applied to the 

nodes in the moving side by using BOUNDARY_PRESCRIBED_MOTION_SET card. 

Settings used in quasi-static tensile models simulated using shell elements were 

the same as that employed in solid elements. Different from the solid element models, in 

the shell models the effect of element size on the response of composite were investigated 

by using different mesh sizes, 0.5x0.5 mm, 1x1 mm, 1.5x1.5 mm, 2x2 mm and 2.5x2.5 

mm. Besides, the layers of composite were modeled as a single layer, and the fiber 

orientation and the number of the layers were defined in PART_COMPOSITE card. 

 

3.3.2. Quasi-static Tensile Test Model 

 

A numerical tensile test model was also formed by using a dynamic tensile test 

specimen (Figure 3.6). The model consists of steel fixtures defined as RIGID material 

and the dynamic tension test coupon. Coinciding nodes of fixtures and the bottom and the 

top layers of composite were merged to transfer the applied load to one side of the spec- 
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(a) 

 

(b) 

Figure 3.5. (a) Standard tensile test model and (b) its ply orientation 
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imen and to fix the other side. The fixed and moving motions of the top and the bottom 

rigid parts were specified in BOUNDARY_PRESCRIBED_MOTION_RIGID card. A 

finer quad-mesh with a size of 0.28x0.28 mm was preferred in the gage section of the 

specimen while the part of the specimen that placed in fixtures and the fixtures itself were 

meshed with a coarser quad-mesh with a size of 1x1 mm. Two nodes in the gage section 

(DATABASE_HISTORY_NODE) and section plane in the middle section of the 

composite specimen (DATABASE_CROSS_SECTION_PLANE) were defined for 

strain and stress calculations of the composite, respectively. Because of erosion of solid 

elements during loading, ERODING_SINGLE_SURFACE between composite layers 

were defined. It is also employed to provide interaction between the layers of composite 

after delamination. 

 

 

Figure 3.6. Quasi-static tensile test model 

 

3.3.3. Dynamic Tensile Test Model 

 

The numerical model of dynamic tensile tests can be found in Figure 3.7. The 

model involves an incident bar, a transmitter bar and a composite specimen. The 

dimensions of the specimen are the same as those used in the quasi-static tensile model. 

The model was constructed without a striker bar. Instead, the incident pulse obtained from 

the test was defined in DEFINE_CURVE card and the segments on the front surface (the 
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farthest surface from the composite-incident bar interface) of the incident bar were 

specified in SET_SEGMENT card. The load defined was then applied to the segments by 

using LOAD_SEGMENT_SET card. Tensile strain and stress of the composite were 

calculated from the nodes in DATABASE_HISTORY_NODE and the section specified 

in DATABASE_CROSS_SECTION_PLANE card, respectively. Besides, two solid 

elements found in the strain gage points were defined in 

DATABASE_HISTORY_ELEMENT to monitor and record the bar response occurring 

the incident and transmitter bar after loading. 

 

 

 

Figure 3.7. High-strain rate tensile test model 

 

3.4. Simulation of Compression Tests 

 

The numerical model of compression tests performed according to the ASTM test 

standard can be seen in Figure 3.8. Here, the composite sample was modeled using solid 

elements. The compression test model was simulated similar to that of the tensile test. 

Like standard tensile test model, numerical model of the compression test includes only 

the composite test coupon. The fiber orientation was also the same as the numerical model 

of the tensile specimen and can be seen in Figure 3.5 (b). Contrary to the tensile model, 

the load was applied along negative x-axis in the compression models. In addition, a finer 

quad mesh with size of 0.28x0.28 mm was employed in the gage section. 
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The numerical compression test model using shell elements was the same as the 

numerical tensile test model except for the loading direction. Also, it was meshed with 

different mesh sizes such as 1.3x1.3 mm and 2.5x2.5 mm to investigate the effect of 

element size. 

 

Figure 3.8. Standard compression test model 

 

 

3.5. Simulation of In-plane Shear Tests 

 

Numerical models of the standard shear test, quasi-static and dynamic tests were 

explained in the following sections. 

 

3.5.1. Standard In-plane Shear Test Model 

 

Figure 3.9 (a) shows the numerical model of shear tests. It was similar to the 

numerical model of the tensile test which was explained in detail in 3.3.1. Unlike the 

tensile model, in the shear model fiber orientation was defined as +45-degree or -45-

degree using BETA option of MAT_162 instead of 0-degree or 90-degree. It is illustrated 

in Figure 3.9 (b). For the calculation of shear strain four nodes (two node pairs) were 

specified in DATABASE_HISTORY_NODE. These node pairs can be also seen in 

Figure 3.9 (b). As shown in the figure, the longitudinal strain is calculated from the nodes  
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(a) 

 

(b) 

Figure 3.9. (a) Standard shear test model and (b) its ply orientation 
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specified by the white circles while the transverse strain is determined from the nodes 

marked by the purple circles. By summing of the longitudinal and transverse strain the 

shear strain was calculated. DATABASE_CROSS_SECTION_PLANE card was 

specified in the middle section of the composite sample to read and record the force 

history in the x direction, which was the loading direction. For the shear stress calculation, 

the force history was divided by two times the cross-sectional area. 

MAT_58 used in the shell model of the shear test involves has many material 

constants. Two of them are directly determined from the results of the numerical model 

of the shear test, namely TAU (stress limit of the nonlinear part of the shear stress versus 

strain curve) and GAMMA (strain limit of the nonlinear part of the shear stress versus 

strain curve). These material constants were determined by using LSOPT optimization 

software since how calculate these values are not expressed in the user manual of the 

LSDYNA. In many studies these parameters were determined by comparing the results 

obtained from experiment and numerical models. As in the solid model, in the shell model 

two node pair was defined for the calculation of the shear strain while a section in the 

middle of the specimen was specified for the calculation of the shear stress. 

 

3.5.2. Quasi-static In-plane Shear Test Model 

 

 

Figure 3.10. Quasi-static tensile test model of ±45-degree composite coupon 
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Quasi-static in-plane shear test model can be seen in Figure 3.10. The steps 

followed to model the quasi-static in-plane shear test was the same as those in the quasi-

static tensile tests. It was expressed in detail in 0. Contrary to the cross-sectional area of 

the quasi-static tensile specimen in the gage section, a bigger cross-sectional area was 

preferred in the in-plane shear specimen. Shear strain and shear stress were calculated 

according to the steps explained in  3.5.1. 

 

3.5.3. Dynamic In-plane Shear Test Model 

 

A split Hopkinson tensile model of a [±45]n composite specimen can be seen in 

Figure 3.11. Like the dynamic tensile model, the dynamic shear model consists of the 

incident bar, transmitter bar and the composite specimen. The model was formed without 

a striker bar. How the tensile load was applied to the incident bar, and the shear stress and 

strain calculations were explained in 3.3.3. 

 

 

Figure 3.11. Dynamic tensile test model of ±45-degree composite coupon 

 

3.6. Simulation of Out-of-plane Off-axis Compression Tests 

 

Numerical model of quasi-static and dynamic off-axis tests were summarized in 

the next sections. 
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3.6.1. Simulation of Quasi-static Compression Tests of Out-of-plane  

          Off-axis Samples 

 

Figure 3.12 shows numerical quasi-static compression model of out-of-plane off-

axis samples, namely 0°,15°,30°,45°,60°,75° and 90°. The compression model of each 

off-axis direction includes two steel platens and an off-axis sample. The top platen was 

free to move along the z-direction while the translational and rotational motion of the 

bottom one was constrained in all directions by using SPC_SET card.  

 

 

Figure 3.12. Numerical quasi-static compression tests of out-of-plane off-axis samples 

 

The material of the platens was assigned as MAT_ELASTIC. The velocity curve 

was defined to the top one by using BOUNDARY_PRESCRIBED_MOTION_SET. 

ERODING_SINGLE_SURFACE contact was applied between the layers of the 

composite sample by creating a part set while AUTOMATIC_NODES_TO_SURFACE 

contact was applied between the composite and the top platen, and the between the 

composite and the bottom platen. The compressive stress was calculated from the contact 

history. While, the compressive strain was determined from the node defined in 

DATABASE_HISTORY_NODE. In the 0-degree model, the composite was of fifty-

three layers, and the material coordinate system was specified by using AOPT 2 option 

of MAT_162 material model. For this in-plane compression model A and D vectors used 

in the definition of the material coordinate system were defined as (0,0,1) and (1,0,0), 
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respectively. For the through-thickness direction, these vectors were specified as (1,0,0) 

and (0,1,0), respectively. The material coordinates of the other out-of-plane off-axis 

samples (15°,30°,45°,60° and 75°) were specified by using DEFINE_COORDINATE 

_NODES. 

 

3.6.2. Simulation of Dynamic Compression Tests of Out-of-plane  

          Off-axis Specimens 

 

 

Figure 3.13. Simulation of dynamic compression tests of out-of-plane off-axis samples 

 

Split Hopkinson pressure models of out-of-plane off-axis specimens can be seen 

in Figure 3.13. The model involves an incident bar, a transmitter bar and out-of-plane off-

axis specimens. Numerical models of four off-axis tests (15°,30°,45° and 60°) were 

prepared to verify the material model constants calculated from experiments. While 

simulations were only performed for cubic ones, cylindrical off-axis specimens were not 

modeled because such geometries are difficult to mesh. For contact between the incident 

bar-the specimen and the transmitter bar-specimen AUTOMATIC_NODES_TO_ 

SURFACE was employed while ERODING_SINGLE_SURFACE contact was used 

between the layers of the composite specimen. By using DATABASE_HISTORY_ 

SOLID card, the elements placed in the strain gage locations were defined to obtain the 

stress occurring in the bars, and to compare the experimental and numerical bar stresses. 

By using the displacements of the two nodes in the loading direction compressive strain 

was calculated. These nodes were defined in DATABASE_HISTORY_NODE, and taken 
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from the face, close to specimen-bar interface, of the incident and the transmitter bar.  The 

loading was applied to the incident bar as explained in 3.3.3. 

 

3.7. Simulation of Quasi-static Punch Shear Tests 

 

 

Figure 3.14. Quasi-static punch shear test models 

 

Numerical model of the quasi-static punch shear tests can be seen in Figure 3.14 

for the support to span ratio (SPR) of 1.1 and 2.0. For both numerical models the same 

settings were used. Both models consist of a bottom support, a top support and a 

composite specimen. The top support, the bottom support and the punch was model by 

using MAT_RIGID material model. The dimensions of the top supports, punch and the 

specimen were the same, but the inner diameters of the bottom part were different to 

obtain two different SPR ratios, namely 1.1 and 2. A pre-load of 5 kN was applied to the 

top parts by using BOUNDARY_PRESCRIBED_MOTION_RIGID card since in the 

experiments the top part was fixed to the bottom part by bolts. Because of the modeling 

of the half of the tests a symmetry plane was defined by using BOUNDARY_SLIDING 

_PLANE. CONTACT_AUTOMATIC_SURFACE_TO_SURFACE contact was used 

between the top support-the specimen and the bottom support-the specimen. While, 

ERODING_SURFACE_TO_SURFACE was selected to model contact between the 

layers of the composite and the punch. A node on the front surface - close to the specimen- 

punch contact interface-of the punch was specified to measure displacement, and force 

was determined by using the contact history in the loading direction. 
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3.8. Simulation of Flexural Test Models 

 

Figure 3.15 shows the numerical model of a three-point bending test. The model 

includes two supporting pins, one loading pin and a flexural test specimen. Two different 

element number through the thickness were investigated, namely, one element per layer 

and three elements per layer. The support and loading pins were created by using 

RIGIDWALL_GEOMETRIC_CYLINDER_DISPLAY and RIGIDWALL_GEOMET 

RIC_CYLINDER_MOTION_DISPLAY, respectively. ERODING_SINGLE_SURFA 

CE contact was only defined between the layers of the composite. The force and 

displacements histories were obtained from the rigid-wall histories in the loading 

direction. 

 

 

Figure 3.15. 3-point bending test models using solid elements 

 

3-point bending simulation using the shell element can be seen in Figure 3.16. As 

in the solid element model, in the shell element models there are a loading pin, supporting 

pins and a flexure test specimen. The specimen was meshed with sizes of 1x1 mm and 

2.5x2.5 mm to investigate the mesh size effect. MAT_RIGID material model was selected 

for the supporting and loading pins. The translational and rotational movement of the 

supporting pins were constrained by using BOUNDARY_SPC_SET card. The velocity 

of the loading pin was defined by BOUNDARY_PRESCRIBED_MOTION_RIGID card. 

For the contact between the loading pin and the specimen, and the supporting pins and 
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the specimen CONTACT_AUTOMATIC_SURFACE_TO_SURFACE contact was 

defined. 

 

 

Figure 3.16. 3-point bending test models using shell elements 

 

3.9. Simulation of Ice Impact Tests 

 

Numerical model of ice impact tests (Figure 3.17) was established for the 

composites with thicknesses of 0.8 mm and 2 mm subjected to single and multiple 

impacts. Both numerical models consisted of a composite test specimen, an ice sphere 

and a steel fixture. The diameter and mass of the ice sphere were 2 g and 16  mm, 

respectively. The specimen was fixed from its four points in which the clamps were 

positioned. In the single impact case, a composite with a thickness of 0.8 mm was 

impacted by an ice sphere while ice spheres hit a 2 mm composite specimen in multiple 

impact cases. In both simulation the composite specimens were impacted at an impact 

velocity of 95 m/s, which was the same as the one used in the experiment. Unlike the 

single impact model, the multiple impact model involved three ice spheres having the 

same mass. A distance of 0.475 m between the ice spheres was determined by multiplying 

the impact velocity (95 m/s) by a specific time of 0.005 s. The time at which the oscillation 

of the composite was completed after impact was calculated from the single impact 

models. AUTOMATIC_NODES_TO_SURFACE contact was employed between the 

composite specimen and steel fixture while ERODING_NODES_TO_SURFACE was 

selected between the ice sphere(s) and the composite. Ice spheres with a mass of 2g and 

a diameter of 16 mm were created by using SPH_GENERATION tool of LSPREPOST. 

The total number of SPH element was 2176. MAT_PLASTICITY_COMPRESSION 
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_TENSION_EOS and TABULATED_COMPACTION was used for the material model 

and equation of state definition of the ice sphere. The material model constants and EOS 

parameters were directly taken from the literature109.   

 

 

Figure 3.17. Single and Multiple Ice Impact Models 

 

3.10. Simulation of Low-velocity Impact Tests 

 

Numerical model of low-velocity impact test can be seen in Figure 3.18. The 

model consists of a striker, a steel fixture with a square cutout and the specimen. The 

impact simulations were performed at different striker velocities f– 3.5 m/s and 7 m/s- 

and at different impact energies – 35.525 Joule and 68.6 Joule- for penetration and 

perforation cases. In the perforation case, the same impact velocity (3.5 m/s) and a total 

mass of 2.8 kg as the experiment were employed, corresponding an impact energy of 

17.16 Joule while for the penetration case an impact velocity of 3.5 m/s and a total mass 

of 5.8 kg were used to impact the composite specimen. The corresponding impact energy 

was of 35.525 Joule. 

In the solid element models, the steel frame and the striker were modeled as a 

RIGID material. The striker velocity was set by using 

INITIAL_VELOCITY_RIGID_BODY card while the mass was added to the striker by 

using ELEMENT_MASS card. For this purpose, a node of the striker was selected, the 

mass required to obtain the same amount of total mass as that in experiments was added 

by considering the mass of striker itself. While AUTOMATIC_NODES_TO_SURFACE  
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Figure 3.18. Numerical solid element model of low-velocity impact tests 
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Figure 3.19. Numerical solid element model of low-velocity multi-hit impact tests 
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Figure 3.20. Numerical shell element model of low-velocity impact tests 
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contact was employed between the composite and steel fixture, 

ERODING_NODES_TO_SURFACE contact was set between the striker and the 

composite. In addition, the nodes the clamp positions in experiments were set as 

NODE_SET, the translational and rotational movements of this node set was then 

constrained by using BOUNDARY_SPC_SET card. To investigate the effect of the 

element size, the composite plate was meshed with quad selected, the mass required to 

obtain the same amount of total mass as that in experiments was added by considering 

the mass of striker itself. While AUTOMATIC_NODES_TO_SURFACE contact was 

employed between the composite and steel fixture, ERODING_NODES_TO_SURFACE 

contact was set between the striker and the composite. In addition, the nodes the clamp 

positions in experiments were set as NODE_SET, the translational and rotational 

movements of this node set was then constrained by using BOUNDARY_SPC_SET card. 

To investigate the effect of the element size, the composite plate was meshed with quad 

elements of sizes of 1x1 mm and 2x2 mm as well as a quad element of minimum sizes of 

0.5x0x5 mm with transition mesh. Besides, the low-velocity multi-hit simulations (Figure 

3.19) was also established in a similar way to the experiment mentioned in Section 2.3.13. 

A finer mesh was preferred around the impact zone as noted above (single impact case). 

The multi-hit numerical model consisted of three impactors, specimens and steel fixture, 

similar to the single impact case. The only difference between these simulations was that 

a time interval of 0.006 sec between the strikers with a velocity of 3.5 m/s was employed 

to simulate multiple impacts.   

Shell element models includes a striker, a bottom support and a composite 

specimen (Figure 3.20). The specimen was meshed with 1.25x1.25 mm and 2.5x2.5 mm 

quad elements. The mesh of the specimen at the impact zone was refined by using the 

mesh transition in a such way that the element size at the impact zone was 0.28 mm while 

it was of 2.5 mm near the free edges of the composite laminate. As in the solid element 

model, the striker and the bottom support were modeled as a rigid material, and 

MAT_RIGID material model was defined for these parts, and the nodes the clamp 

positions were constrained by using BOUNDARY_SPC_SET card.  

AUTOMATIC_SURFACE_TO_SURFACE contact was employed between the 

composite and striker, the composite and the bottom support. 

INITIAL_VELOCITY_RIGID_BODY card was used to set the striker velocity. To add 

additional mass of the striker ELEMENT_MASS card was specified.  
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3.11. Foreign Body Impact Simulations 

 

In the foreign body impact simulations two cases were considered. They were a 

bird impact model and a drone impact model. These models in which a component of the 

helicopter, forward cowling, were impact by bird and drone can be seen in Figure 3.21. 

The geometry of forward cowling was taken from the grabcad110, and then meshed with 

Hypermesh. Woven carbon fiber composite with 10 plies investigated in this study was 

assigned for the material of the forward cowling. The shell element composite material 

model, MAT_LAMINATED_COMPOSITE_FABRIC, was employed in modeling of the 

cowling and the ply orientation of the composite was defined using PART_COMPOSITE 

card. The material constants were determined from the results obtained in the 

experimental part of the study. In the simulations, the transitional and rotational motion 

of the nodes located on the boundary of the cowling structure was constrained using 

BOUNDARY_SPC_SET card in LSPREPOST.  

In the drone impact model, the drawing of the drone was taken from the grapcad111 

and its finite element mesh was generated using Hypermesh. The material models in use 

of the modeling of the drone in finite element as well as their constants were taken from 

the study performed by FAA68. More information on material models as well as their 

calibration and validation can be found in the study68. The contact between the drone and 

the cowling was defined using ERODING_NODES_TO_SURFACE contact card in 

LSPREPOST. The mass and the impact velocity of the drone were 1.2 kg and 150 m/s, 

respectively.  

In the bird strike model, the bird112 with a diameter of 0.0934 m and a mass of 1 

kg was created by SPH_GENERATION tool in LSPREPSOT and modeled with 

MAT_NULL material model with EOS_GRUNEISEN equation of state. The constants 

for the material model and equation of state of the bird was taken from the open 

literature113. ERODING_NODES_TO_SURFACE contact was defined between the 

cowling and the bird. The impact velocity of the bird was 150 m/s, and it was defined 

using INITIAL_VELOCITY_NODE card.   
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Figure 3.21. (a) Drone impact model and (b) Bird strike model 
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CHAPTER 4 

 

EXPERIMENTAL RESULTS 

 

In this section results obtained from tests mentioned a previous section were 

presented and expressed sequentially. 

 

4.1. Density and Volume Fraction Calculation Results 

 

Density and volume fraction test results were presented in the following sections. 

 

4.1.1. Density Test Results 

 

Table 4.1. Density calculation results 

 

 

 

 

 

Table 4.2. Datasheet of carbon fiber epoxy composite (Source: HexPly85) 

 

 

 

   

In addition to the initial, wet and dried mass of carbon fiber composite samples, 

the average calculated density is presented in Table 4.1. The manufacturer datasheet can 
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also be seen in Table 4.2. From samples examined, the average density of carbon fiber 

composite was determined as 1.570 g/cm3. The determined density value is ascertained 

to be the same as the value shown in the datasheet. 

 

4.1.2. Volume Fraction Calculation Results 

 

Table 4.3. Weight and volume fraction determination results 

 

 

Table 4.3 shows the weight percentage and volume percentage results of the 

carbon fiber composite tested as well as the initial mass and the calculated mass after 

digestion of epoxy resin. The average weight and volume percentage were calculated as 

65.4 % and 57.4 %, respectively. The calculated volume percentage was found to be 

similar to the value provided by the manufacturer. It is depicted in Table 4.2.  

 

4.2. Tensile Test Results 

 

The standard and strain rate test results performed in the in-plane and through-

thickness directions were explained in the next sections. 

 

4.2.1. Standard Tensile Test Results 

 

Elastic modulus, tensile strength, longitudinal and transverse failure strains, and 

Poisson’s ratio are depicted in Table 4.4 for carbon composite tested in the weft direction. 

Elastic modulus was calculated by using strains measured by both strain gages and 

extensometer. The average elastic modulus was determined from extensometer strain and 

strain gage as 67.99±1.51 GPa and 71.12±1.83 GPa, respectively. Besides, the average 

Poisson’s ratio was found to be 0.057±0.0018 while 829.5±9.8 MPa was ascertained for 
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the peak stress. Lastly, the average failure extensometer strain in the longitudinal 

direction was determined as 0.0123±10-4 and the average longitudinal strain of 

0.01175±6.874x10-4 was found out from strain gages. 

Elastic modulus, tensile strength, longitudinal and transverse failure strains, and 

Poisson’s ratio are depicted in Table 4.4 for carbon composite tested in the weft direction. 

Elastic modulus was calculated by using strains measured by both strain gages and 

extensometer. The average elastic modulus was determined from extensometer strain and 

strain gage as 67.99±1.51 GPa and 71.12±1.83 GPa, respectively. Besides, the average 

Poisson’s ratio was found to be 0.057±0.0018 while 829.5±9.8 MPa was ascertained for 

the peak stress. Lastly, the average failure extensometer strain in the longitudinal 

direction was determined as 0.0123±10-4 and the average longitudinal strain of 

0.01175±6.874x10-4 was found out from strain gages. 

 

Table 4.4. Tensile test results of the coupons in the weft direction 

 

 

Table 4.5 shows elastic modulus, tensile strength, longitudinal and transverse 

failure strains, and Poisson’s ratio of the warp direction of carbon laminate. Elastic 

modulus was calculated by performing the same steps as that used in the weft direction. 

The average elastic modulus was ascertained 61.92±1.15 GPa and 71.57±5.02 GPa from 

extensometer and strain gage strains, respectively. In addition, the average Poisson’s ratio 

was determined as 0.0522±0.0116 while 732.0±42.9 MPa was ascertained for the peak 

stress. Lastly, the average failure extensometer and strain gage strains in the longitudinal 

direction were determined as 0.012±0.0008 and 0.01037±0.00131, respectively. 

Stress versus strain curves for both the warp and weft direction can be seen in 

Figure 4.1 and Figure 4.2. In these figures it is seen that carbon fiber composite in these 

directions shows a linear stress strain behavior, and a brittle failure mode is also observed  
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Table 4.5. Tensile test results of the coupons in the warp direction 

 

 

for these composites since stress values become zero after they reach the peak values. 

From failed test coupons in Figure B.1 (a) and Figure B.1 (b), it is discovered that there 

is no effect of shear on failure behavior because the cross-section in which failure occurs 

is flat, meaning that fracture takes place along a straight line, which is perpendicular to 

the  loading direction.  

  

 

Figure 4.1. Tensile stress versus strain curves of composite in the weft direction 
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In the determination of the tensile properties in the through thickness direction, 

five flatwise tensile test specimens are tested according to the related test standard. One 

of the five tests performed is found to be valid. In the other four tests, the failure occurs 

in the adhesive layer bonding the flatwise tensile specimen to aluminum shank as shown 

in Figure 4.3 (a) and (b). Stress-displacement result of one of the invalid tests can be seen 

in Figure 4.3 (c). The stress at failure is calculated as 15 MPa. Since adhesive failure 

occurs, the expected strength is not obtained. 

 

 

Figure 4.2. Tensile stress versus strain curves of composite in the warp direction 

 

Due to the fact that the invalid number of the test is more, tensile strength is also 

investigated by Brazilian method58. The results obtained from both the standard tests and 

Brazilian test can be seen in Figure 4.3. As can be seen in the figure, the tensile strength 

determined by both methods is almost the same with each other. The average tensile 

strength is calculated as 38 MPa. Based on the standard tensile test results, the through-

thickness elastic modulus and the failure strain are determined to be 7 GPa and 0.0046 

mm/mm, respectively. 
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(a) (b) 

 

(c) 

Figure 4.3. Specimen pictures taken from (a) the valid test and (b) the invalid test, and 

                  (c) Tensile stress-tensile strain versus displacement curve 
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4.2.2. Quasi-static Strain Rate Test Results 

 

The results of the tensile test performed at quasi-static strain rates were explained 

in detail in Section 5.1. 

 

4.2.3. High Strain Rate Test Results 

 

The results of the tensile test performed at high strain rates were explained in 

detail in Section 5.1. 

 

4.3. Compression Test Results 

 

The results obtained from the standard compression tests and strain rate tests were 

presented in the next sections. 

 

4.3.1. Standard Compression Test Results 

 

Table 4.6. Compression test results of the coupons in the weft direction 

 

   

Table 4.6 shows axial and transverse failure strain, compressive strength and 

modulus as well as Poisson’s ratio for the composite tested in the weft direction. Stress 

strain curves and failed specimens are shown in Figure 4.5 - Figure 4.5 and Figure B.2 

(a), respectively. Stress strain curves showed a linear behavior the same as that of tensile 

tests. All the specimens tested in that direction were found to be fail under a shear failure 
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mode because the failure plane was observed to be 45° to the loading direction. According 

to ASTM failure identification (Figure A.2), failure of all samples was coded as M(HT) 

(Multi-mode (through-thickness, transverse shear))-G(gage)-M(Middle). Moreover, the 

average compression strength and modulus for the weft direction were calculated as 

685.3±45.3 MPa and 56.77±1.56 GPa, respectively. In addition to that, while the average 

axial failure strain was determined as 0.012±10-3, and Poisson’s ratio was found to be 

0.0577, respectively. Failure strain and Poisson’s ratio ascertained in the compression test 

for the weft direction was found out to be similar to those obtained in tensile tests. 

 

 

Figure 4.4. Compressive stress versus strain curves of composite in the weft  

                     direction 

 

The calculated elastic properties of carbon fiber composite in the warp direction 

can be seen in Table 4.7. Stress versus strain plots of coupons in that direction as well as 

the deformed test coupons are listed in Figure 4.5 (b) and Figure B.2 (b), respectively. In 

addition to the failure identification code, the main deformation or failure modes were 

found to be the same as those observed in the weft direction — the main failure mode 

was shear while the failure identification code was M(HT) (Multi-mode (through-

thickness, transverse shear))-G(gage)-M(Middle). As opposed to the weft coupons, no 

strain gages were employed. All the expressions or values related to displacement and 



98 

strain were calculated from DIC measurements. Average compressive strength, modulus 

and axial failure strain were therefore calculated as 564.3±20 MPa, 53.35±1.38 GPa and 

0.01, respectively. 

 

 

Figure 4.5. Compressive stress versus strain curves of composite in the warp  

                     direction 

 

Compared to the weft directions, lower average strength and modulus values were 

obtained in the warp direction while a similar average failure strain value was observed 

for in-plane directions as with the weft and warp results of tensile test — tensile strength 

and modulus in the warp direction was lower than those in the weft direction. The reason 

to obtain lower mechanical properties in the warp direction than that in the weft direction 

could be the wearing of the warp fibers during the weaving process. 

 

4.3.2. Quasi-static Strain Rate Test Results 

 

Table 4.8 illustrates the compressive test results of weft samples at different quasi-

static strain rates. The peak stress, elastic modulus and failure strain were calculated for 

each cubic sample at each strain rate. The values with red color indicate that they were  
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Table 4.7. Compression test results of the coupons in the warp direction 

 

   

excluded from the mean and standard deviation calculations since cubic samples failed at 

a lower value than expected.  It was found out that as the strain rate was increased from 

10-4 to 10-2 s-1, failure strain, modulus and peak stress were not affected much. Weft 

properties were found to be independent of strain rate at the examined quasi-static strain 

rate range although all calculated properties at the strain rate of 10-2 s-1 were excluded. 

The average peak stress was found to be similar to that calculated by the standard test 

method while elastic modulus and failure strain were ascertained to be different. The 

reason could be the size of the cubic samples tested. 

 

Table 4.8. Compression test results of the cubic samples in the weft direction at  

                   different quasi-static rates 
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Stress strain curves generated from these tests are illustrated in Figure 4.6. In 

addition to the displacement and stress values at a specific time, the deformations of cubic 

samples over time are shown in Figure B.3 (a). In these results it can be seen that a crack 

occurs at the end of the sample near the loading platen when stress reaches the peak stress, 

it then propagates rapidly and causes samples to split axially followed by brooming. After 

axial splitting, shearing and brooming are also identified for all cubic samples. All failed 

samples tested in the weft direction at quasi-static strain rates can be found in Figure B.3 

(b). 

Compressive strength, elastic moduli and failure strains of the carbon fiber 

composite in the warp direction are depicted in Table 4.9 while stress strain curves at all 

quasi-static strain rates examined, the deformation of cubic samples over time and their 

broken parts can be seen in Figure 4.7, Figure B.4 (a) and (b), respectively. Material 

properties in the warp direction were found out to be independent of strain rates as with 

those in the weft direction. The average peak stress, modulus and failure strain were 

determined as 586.9±38 MPa, 34.92±2.92 GPa and 0.0194, respectively. 

 

Table 4.9. Compression test results of the cubic samples in the weft direction at  

                   different quasi-static rates 

 

 

 

Besides, the failure mechanisms for samples in both the weft and warp directions 

were found to be the same, namely crack formation and propagation, and axial splitting, 

then shearing of fibers. 
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Figure 4.6. Compressive stress versus strain curves in the weft direction at (a) 10-4 s-1,  

                   (b) 10-3 s-1 and (c) 10-2 s-1 strain rates 

(a) 

(b) 

(c) 



102 

 

 

 

Figure 4.7. Compressive stress versus strain curves in the warp direction at (a) 10-4 s-1,  

                  (b) 10-3 s-1 and (c) 10-2 s-1 strain rates 

(a) 

(b) 

(c) 
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Table 4.10. Compression test results of the cubic samples in the through thickness  

                     direction at different quasi-static rates 

 

 

 

 

Through-thickness compressive properties calculated are summarized in Table 

4.10. It can be seen that peak stress, elastic modulus and failure strain do not change a lot 

with increasing strain rate. It can be therefore said that the effect of strain rate is 

negligible. The effect of strain rate on compressive properties in thickness direction was 

found to be the same as with those in the weft and warp directions. The average peak 

stress, elastic modulus and failure strain were calculated as 910.8±36.7 MPa, 10.68 

GPa±0.24 and 0.0873±0.0041, respectively. In addition, the average peak stress and 

elastic modulus were determined as 952.8±36.7 MPa and 10.68±0.24 GPa. Stress strain 

curves generated can be found in Figure 4.8 whilst Figure B.4 (c) depicts tested cubic 

samples. The failure mode of the composite in the thickness direction was found out to 

be the shearing out of fiber planes followed by the fiber plane crushing. Table 4.11 

presents the results of the cubic samples with end-caps in the weft and warp direction, 

and includes the results obtained from the compressive test of the weft samples adhered 

to end-caps. The average peak stress, elastic modulus and failure strain determined in the 

weft direction were found to be similar to those obtained in the warp direction. The 

average compressive properties that were calculated from both the weft and warp cubic 

samples with and without end-caps, and the standard test method were found out to be 

nearly the same except for elastic modulus and failure strain. 
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Table 4.11. Compression test results of the (a) weft, (b) warp samples with end-caps  

                    and (c) weft samples adhered to end-caps 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

(c) 

(b) 

(a) 
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Figure 4.8. Compressive stress versus strain curves in the through-thickness direction  

                   at (a) 10-4 s-1, (b) 10-3 s-1 and (c) 10-2 s-1 strain rates 

(a) 

(b) 

(c) 
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Stress strain results of these samples with end-caps can be depicted in Figure 4.9. While, 

the deformed samples are illustrated in Figure B.5 (a) - Figure B.5 (c). As opposed to the 

samples without end-caps, the samples with end-caps deformed a complex interaction 

between fiber shear and delamination since brooming occurred at the ends of the samples 

was prevented. 

 

4.3.3. High Strain Rate Test Results 

 

 The high strain rate results of the composites in the weft, warp and through-

thickness directions are summarized in Table 4.12 (a), (b) and (c), respectively. The 

average strain rates are calculated as 368.5 s-1 and 826 s-1 for the weft direction, 384.5 

s-1 and 1198.5 s-1 for the warp direction and 583 s-1 and 1253 s-1 for the through-

thickness direction. Based on the results shown in the table, it can be said that with 

increasing dynamic strain rate, the average peak stresses and failure strains in these 

directions increase while the elastic moduli decrease. Compared to the results obtained at 

quasi-static strain rates, the in-plane and out-of-plane properties are found to be rate 

dependent, except for the failure strain showing a negative strain rate effect. A significant 

variation can be seen in the elastic modulus and peak stress results of the composites in 

the in-plane directions compared to those in the through-thickness direction. This is due 

to the fracturing of the in-plane composite specimens by brooming. To reduce variation 

in the mechanical properties in these directions, it would be good to test the standard 

composite test coupons at quasi-static strain rates via the standard test fixture (Figure 

2.11) while a modified test fixture is employed at high strain rates since the specimen 

would be fixed from its ends by the test fixture. In this way, it is thought that the crack 

initiation and propagation to occur at the loading ends of the standard test coupon can be 

prevented. The effect of the quasi-static and high strain rates on the mechanical properties 

in the warp, weft and through-thickness direction can be seen in Figure 4.10. As shown 

in the figures, a pronounced strain rate effect on the peak stress and elastic modulus is 

observed while the rate effect is found to be negligible in the failure strain results.  Based 

on the results available in the open literature, it can be said that the rate sensitivity in the 

in-plane directions is likely due to the fiber planes-matrix-dominated mechanical 

properties114–117 while the rate dependent mechanical properties in the through-thickness 

direction are simply due to viscoelastic matrix-dominated mechanical behavior118. 
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Figure 4.9. Compression test results of (a) the weft, (b) the warp samples with end- 

                   caps, and (c) the weft samples adhered to end-caps  

(a) 

(b) 

(c) 
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Table 4.12. High strain rate compression test results obtained (a) in the weft  

                      direction, (b) in the warp direction and (c) in the through-thickness  

                      direction 

 

 

(a) 

(b) 

(c) 
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Figure 4.10. The effect of strain rate on (a) failure stress, (b) the elastic modulus  

                      and (c) the failure strain 

(a) 

(b) 

(c) 
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4.4. Shear Test Results 

 

Standard tensile test results of ±45° specimen as well as the quasi-static and 

dynamic test results were explained in the following sections. 

 

4.4.1. Tensile Test Results of ±45° Carbon Fiber Composite 

 

 

Figure 4.11. In-plane shear results 

 

In-plane shear properties obtained from tensile tests of the test coupons with the 

orientation of ±45° can be seen in Table 4.13, and shear stress versus strain curves can be 

found in Figure 4.11. Shear stress strain curves show a bilinear behavior. The shear stress 

varies linearly up to a certain strain value, a hardening behavior then occurs. After 

reaching a specific strain value, it changes linearly with increasing strain until the fracture 

occurs. The slope of the first linear part is more than that of the second linear one. The 

average shear stress at which test coupons failed was calculated as 120.10±4.06 MPa 

whilst the corresponding shear strain was 0.2342±0.04689. Failed test coupons can be 

found in Figure B.6 (a) and (b). It was found that the shear failure occurs in a limited 

region of the test coupons, and the deformation begins with the fiber debonding and the  
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Table 4.13. In-plane shear test results: (a) Shear Strength, (b) Strain gage strain and (c)   

                   DIC strain 

   

   

   

 

 

 

 

(a) 

(b) 

(c) 
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Figure 4.12. Shear test results generated from extensometer and DIC strains according  

                     to ASTM standard 
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rotation of fibers to the direction of the applied load and is completed when fibers are 

broken under tensile loading.   

According to ASTM D351860, the maximum shear strain is assumed as 0.05 

mm/mm if the failure shear strain of a composite is bigger than that value. Otherwise, the 

shear strain value at which the material fails is assumed as the failure shear strain since 

beyond a shear strain value of 0.05 excessive fiber scissoring occurs and, the results are 

affected by it. Although the average shear strain value of 0.2342±0.04689 was calculated 

in these tests, all shear stress versus shear strain curves were generated by considering a 

maximum shear strain value of 0.05 mm/mm. The rearranged curves are presented in 

Figure 4.12 and they are summarized in Table 4.13. Therefore, the average shear strength 

and shear modulus were calculated as 84.397±0.531 MPa and 4.307±0.138 GPa from data 

provided by strain gages while they were calculated as 82.78±0.73 MPa and 4.485±0.14 

from strains determined from DIC measurements. 

 

4.4.2. Quasi-static Strain Rate Test Results 

 

Table 4.14. In-plane shear test results at different quasi-static strain rates 

 

 

 

   

Table 4.14 shows the in-plane shear properties of the carbon composite calculated 

at two different strain rates. These tests were first performed at a strain rate of 10-4 s-1 

corresponding to the one used in ±45-degree tensile tests to investigate the effect of 

sample size on the shear response. A comparison of these test results can be found in 

Figure 4.13. The shear strength and shear modulus of the sample smaller in size were 
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found to be nearly two times more than that obtained from standard testing methods. The 

reason could be the non-standard size of samples used in quasi-static strain rates, but it 

can still be used to monitor the effect of strain rate on the shear strength of the composite 

by considering the size effect. From Table 4.14, it can be concluded that the shear strength 

increases with increasing strain rate while the shear modulus remains unchanged with 

increasing strain rates. In-plane shear properties show different behavior compared to 

tensile and compressive properties since epoxy matrix material is a rate-sensitive 

material. It means that strength and modulus change as the strain rate increases. In carbon 

fiber composite materials produced using epoxy as resin material, this rate effect of epoxy 

is prevented by carbon fibers because compared to epoxy, carbon fiber has more strength 

and modulus. That is why, in compression and tensile response strain rate effect cannot 

be seen because of the dominated material properties of carbon fiber while in shear 

properties, the matrix material properties are effective due to less contribution of carbon 

fibers to the shear properties. Shear strength was therefore found to be strain rate 

sensitive.  Shear stress shear strain curves at different quasi-static strain rates are 

presented in Figure 4.14 while the images of broken test samples are depicted in Figure 

B.7 (a) and (b). 

 

 

Figure 4.13.  Comparison of the results obtained from the standard test method and  

                       strain rate tests 
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Figure 4.14. Shear stress versus shear strain curves at different quasi-static strain rates 

 

4.4.3. High Strain Rate Test Results 

 

The tensile test results of [±45]n composite specimen at high strain rates were 

explained in Section 5.2. 

 

4.4.4. V-Notched Shear Test Results 

 

Table 4.15. Interlaminar shear properties (1-3 plane) obtained from V-notched tests 
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(a) 

 

(b) 

Figure 4.15. V-notched shear test results for (a) 1-3 plane and (b) 2-3 plane 
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Table 4.16. Interlaminar shear properties (2-3 plane) obtained from V-notched tests 

 

 

 

 

Table 4.15 shows the interlaminar shear properties of the carbon fiber laminated 

composite subjected to shear loading in the 1-3 plane at different strain rates. Shear stress-

strain curves calculated can be seen in Figure 4.15 (a) whilst Figure B.8 (a) shows one of 

the tested samples and its surface in detail. Deformation occurred in the form of splitting 

between plies and a vertical shear zone. Based on the data in Table 4.15 it is said that the 

interlaminar shear strength is strain rate dependent, but shear strain does not since it does 

not change with increasing strain rate. Interlaminar shear strength and strain were 

therefore calculated for the 1-3 plane as 84.91±1.34 MPa and 4.25±0.19 GPa, 

respectively. According to the ASTM (Figure A.4), the failure code was defined as HGN. 

(H: Horizontal cracking, G: Gage section and N: between notches).  

The shear stress-strain results obtained from loading V-notched test samples in 

the 2-3 plane at different strain rates are depicted in Table 4.16. As with interlaminar 

shear properties in the 1-3 plane, the shear strength increases with increasing strain rate. 

While, the shear modulus remains unchanged. Compared to the shear modulus in 1-3 

plane, the shear modulus in 2-3 was found to be less. In these shear tests (2-3 plane), 

Direction 2 represents the warp direction. It means that the fibers running in the warp 

direction are under interlaminar shear loading. As mentioned, in the compression and 

tensile test results, the composite in the warp direction has lower strength values 

compared to that in the weft direction due to the wearing of the warp fibers during the 

weaving process.  The reason for less shear properties in the 2-3 plane could be therefore 

the wearing of the warp fibers. Figure 4.15 (b) and Figure B.8 (b) shows the shear stress-
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strain curves and the tested v-notched shear test coupon, respectively. Like the shear stress 

versus strain curves in the 1-3 plane, the shear stress changes linearly until some shear 

strain value, a softening region then appears in shear stress strain curves. This region is 

followed by a plateau region. After the plateau reaches the failure strain, shear cracking 

occurs between the notches. As shown in the above table, the average shear strength and 

shear modulus are calculated as 85.53±0.82 MPa and 3.19±0.05 GPa, respectively. The 

failure code was identified as HGN according to ASTM. 

 

4.5. Elastic Constant Determination Test Results 

 

The properties of the composite material in thickness direction determined by 

elastic constant determination tests at 10-4, 10-3 and 10-2 s-1 strain rates  are shown in Table 

4.17, Table 4.18 and Table 4.19, respectively. All the stress-strain curves generated from 

this test are depicted in Figure 4.16, and Figure B.9 shows the broken pieces of the cubic 

samples. For each strain rate, Poisson’s ratio was calculated. As shown in the above 

tables, the strain rate does not affect the Poisson’s ratio. Therefore, the average Poisson’s 

ratio calculated from all the available results was calculated as 0.01 for 𝜗31 and 𝜗32. 

 

Table 4.17. Through-thickness properties of the cubic sample compressed at a strain of  

                   10-4 s-1 

 

 

 

  

 

 

Table 4.18. Through-thickness properties of the cubic sample compressed at a strain of  

                   10-3 s-1 
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Figure 4.16. Elastic constant determination test results (a) 10-4 s-1, (b) 10-3 s-1 and  

                      (c) 10-2 s-1 strain rate 

(a) 

(b) 

(c) 
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Table 4.19. Through-thickness properties of the cubic sample compressed at a strain of  

                   10-2 s-1 

 

 

 

   

4.6. Laterally Constrained Compression Test Results 

 

Table 4.20. Laterally constrained compression test results 

 

   

By using Equations (2-14) - (2-16) with fracture angles (Figure B.10) the 

calculated the fiber crush strength and the fiber shear strength for each strain rate and 

each test can be shown in Table 4.20. The value in red is excluded from the average value 

and the standard deviation calculation since the angle read in that test is probably wrong. 

From this test results, the average fiber crush and fiber shear strength were calculated as 

856.3±40.1 MPa and 650.3±44.5 MPa, respectively.  

 

4.7. Out-of-plane Off-Axis Compression Test Results 

 

Figure 4.17 summarize the results obtained from the out-of-plane off-axis 

compression tests. Interlaminar stresses and transverse stresses were determined using 



121 

Equations (2-17) - (2-19) with off-axis angles. The results are also presented in the inset 

of Figure 4.17. Transverse (𝜎3) and interlaminar (𝜏13) stresses in the out-of-plane 

directions of 0° and 90° were calculated as zero. While, the latter one was found to be 

zero in the 90° out-of-plane direction. As the off-axis angle increased from 0° to 90°, both 

transverse and interlaminar stresses were found to increase.  

 

 

Figure 4.17. Out-of-plane off-axis compression test results 

 

The increase in transverse stresses was more pronounced than that in interlaminar 

stresses. It is because the effect of the transverse stress on the fracture plane increases 

significantly with increasing out-of-plane angles that interlaminar stress increase. Figure 

B.11 and Figure B.12 depict the failed test samples. It was found out that at 0° off-axis 

angle the major failure mode was axial splitting, brooming and shearing whilst it was 

interlaminar shear failure mode for the off-axis angles between 15° and 60°. Fiber 

crushing and fiber shearing in addition to interlaminar shear were identified at the off-

axis angle of 75°. From the linear fitting of the values of transverse and interlaminar 

stress, the friction angle and interlaminar shear strength were sequentially calculated as 

9.04° and 72.8 MPa. 
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(a) 

 

(b) 

Figure 4.18. (a) Failure stress variation with log strain rate and (b) the effect of  

                       strain rate on the friction function and the interlaminar shear strength 
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Figure 4.18 (a) shows the effect of the quasi-static and high strain rate on the 

failure stresses of the off-axis specimens. It can be seen that as the strain rate increases, 

the failure stress increases except for that of the 75-degree specimen. 75-degree specimen 

fails a failure strength value obtained at the quasi-static strain rates. It can be said that this 

specimen shows almost strain dependent behavior at quasi-static rates, but it is rate 

independent as considering the failure stress at high strain rates. The slope of fit equations 

obtained from the other off-axis angles is almost similar as shown in the table in the inset 

of the figure. 

When considering the interlaminar and transverse stresses at high strain rates as 

well as those at quasi-static strain rates (Figure 4.17), it is found that the interlaminar 

shear strength and friction angle remain almost constant as shown in Figure 4.18 (b). 

 

4.8. Quasi-static Punch Shear Test Results 

 

Table 4.21. The determination of the punch shear strength 

 

   

The fiber shear strength of the carbon composite was calculated using Equation 

(2-21) for the span-to-punch ratio of 1.1. The results are presented in Table 4.21. The 

punched samples and load-displacement curves are sequentially illustrated in Figure B.13 

and Figure 4.19 (a). 

Based on the available data, it is said that for SPR=1.1 there is punch-shear fiber 

failure mode followed by an internal delamination region. The shear plug formed is then 

pushed through the thickness of the punched sample. It is completed when the main 

failure mode is the combination of shear and tensile fiber modes. As can be seen in the 

following table, the punch tests are performed at different strain rates to investigate strain  
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Figure 4.19. Quasi-static punch shear test results for (a) SPR=1.1 and (b) SPR=2 
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rate effect. The fiber shear strength was found to be strain rate independent since as the 

strain rate was increased from 10-4 to 10-2 s-1, the fiber shear strength remained nearly the 

same. 

The force-displacement results obtained for SPR=2 are depicted in Figure 4.18 

(b). Different from the load curves of SPR=1.1, it is easy to identify failure regions from 

load curves of SPR=2.0 as seen in Figure 4.19 (b). The first load drop corresponds to the 

internal delamination. Beyond this point, with the propagation of delamination damage 

the sample begins to punch through the thickness until the last drop takes place. After that 

point the punched sample undergoing a combined tensile and punch failure is pushed 

through the composite. The failed test specimens can be found in Figure B.13.  

 

4.9. Flexural Test Results 

   

Table 4.22. Three-point bending test results 

 

 

 

   

3-point bending results of the test coupons in the warp and weft direction are 

presented in Table 4.22. The average bending strength and modulus of the warp coupons 

were sequentially calculated as 807.4±32.6 MPa and 42.12±0.39 GPa. While, these were 

calculated for the test coupons in the warp direction as 901.0±48.1 MPa and 42.66±0.88 

GPa, respectively. As with the results of tensile and compression tests, the coupons in the 

weft direction showed more strength compared to the warp coupons. The displacement 
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of the test coupons at impact and back side as well as corresponding bending strain were 

also calculated from deformation images recorded during testing. These results can be 

found in Figure B.14 (a) and Figure B.15 (a) for the weft and warp samples, respectively. 

In addition to that, the failed weft and warp test coupons are sequentially depicted in 

Figure B.14 (b) and Figure B.15 (b). Failure of the all-test coupons occurred in the middle 

span where the coupons and the impactor were in contact. During the deformation of the 

samples, the bottom ply was first broken with a loud sound, the damage initiated within 

the samples then propagated along the in-plane directions by delamination and along the 

thickness by fiber breakage and shearing. 

 

 

4.10. Open-Hole Test Results 

   

Table 4.23. Open-hole compression test results 

 

   

The results obtained from open-hole compression tests at two different 

displacement rates for the weft and warp direction are presented in Table 4.23. Figure 

B.16 (a) shows only the broken samples in the weft direction. For both the warp and weft 

directions, failure occurred around the hole and propagated across its center. The main 

failure mechanisms were found to be fiber kinking or buckling. According to the ASTM 

failure identification code, the failure code of the warp and weft samples was found as 

LGM (L: Lateral, G: Gage and M: Middle). Based on Table 4.23, the open-hole 

compressive strength for both the warp and weft direction changes slightly with 

increasing loading rates. The average open-hole compressive strength at the displacement 

rate of 0.5 mm/s was found to be 245.1±12.9 MPa for the weft direction and 232.4±16.7 
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MPa for the warp direction. Compressive strength reduction factors for the weft and warp 

directions were calculated as 0.358 and 0.412, respectively. 

Table 4.24 shows the open-hole tensile test results of the warp and weft test 

coupons at two different loading rates. The average open-hole strength in the warp and 

weft directions was sequentially ascertained as 289±9.5 MPa and 259±10.1 MPa. Tensile 

strength reduction factors were calculated as 0.348 for the weft direction and 0.353 for 

the warp direction. Figure B.16 (b) shows the fractured samples in the weft direction. 

Failure identification code was ascertained as LGM for both the weft and warp directions 

according to the standard typical failure modes (Figure A.6). 

   

Table 4.24. Open-hole tensile test results 

 

   

4.11. Ice Impact Test Results 

  

  

(a) (b) 

Figure 4.20. The back surface displacement measurement of the carbon composite with  

                    a thickness of 0.88 mm (a) Test-1 and (b) Test-2 

 

Figure 4.20 shows the back surface displacement results of the composite with a 

thickness of 0.88 mm subjected to multiple ice impacts in two different tests. The 
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displacement in all impact cases was measured as 1 mm, and there was no visible damage 

on the front and back surface of the composite after each impact.  

Figure 4.21 shows the displacement values of the composite subjected to two 

times impacts. Like the front and back surface of the 0.88 mm thick composite plate, no 

visible damage on those of the 2.3 mm thick composite plate was observed, and a back 

surface displacement of 0.3 and 0.1 mm was obtained in the first and second impacts, 

respectively. 

 

 

Figure 4.21. The back surface displacement measurement of the carbon composite with  

                    a thickness of 2.3 mm 

 

4.12. Low-velocity Impact Test Results 

 

The results obtained from the low-velocity impact tests were explained in detail 

in Section 5.8 by comparing with the numerical results.  

 

4.13. Summary of The Experimental Study 

 

The material constants obtained through the mechanical characterization tests are 

summarized in the following table. 
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Table 4.25. Material properties of the five-harness satin weave carbon composite 

 

Density (g/cm3) 1.57 Volume fraction (%) 57.4 

 

TENSILE PROPERTIES 

𝐸𝑥𝑥
𝑇  (GPa) 67.99±1.51 𝐸𝑦𝑦

𝑇  (GPa) 61.92±1.15 

𝜗𝑥𝑦
𝑇   0.057±0.0018 𝜗𝑦𝑥

𝑇   0.0522±0.0116 

𝑆𝑥𝑥
𝑇  (MPa) 829.5±9.8 𝑆𝑦𝑦

𝑇  (MPa) 732.0±42.9 

𝜀𝑥𝑥
𝑇  (mm/mm) 0.01175±10-4 𝜀𝑦𝑦

𝑇  (mm/mm) 0.01037±0.00131 

𝑆𝑧𝑧
𝑇  (MPa) 38 𝐸𝑧𝑧

𝑇  (GPa) 7 

𝜀𝑧𝑧
𝑇  (mm/mm) 0.0046   

 

COMPRESSION PROPERTIES 

❖ In-plane 

𝐸𝑥𝑥
𝐶  (GPa) 58.55±1.13 𝐸𝑦𝑦

𝐶  (GPa) 53.35±1.38 

𝜗𝑥𝑦
𝐶   0.0577 𝜗𝑦𝑥

𝐶   0.0526 

𝑆𝑥𝑥
𝐶  (MPa) 685.3±45.3 𝑆𝑦𝑦

𝐶  (MPa) 564.3±20 

𝜀𝑥𝑥
𝐶  (mm/mm) 0.012±10-3 𝜀𝑦𝑦

𝐶  (mm/mm) 0.01±0.001 

❖ Out-of-plane 

𝐸𝑧𝑧
𝐶  (GPa) 10.68±0.24   

𝑆𝑧𝑧
𝐶  (MPa) 910.8±36.7   

𝜀𝑧𝑧
𝐶  (mm/mm) 0.0873±0.0041   

 

IN-PLANE SHEAR PROPERTIES 

𝐺𝑥𝑦 (GPa) 4.485±0.14 𝑆𝑥𝑦
𝑚𝑎𝑥 (MPa) 120.10±4.06 

𝛾𝑥𝑦
𝑙𝑖𝑚𝑖𝑡 (mm/mm) 0.05 𝛾𝑥𝑦

𝑚𝑎𝑥 (mm/mm) 0.2342±0.04689 

𝑆𝑥𝑦
𝑙𝑖𝑚𝑖𝑡 (MPa) 84.397±0.531   

 

INTERLAMINAR SHEAR PROPERTIES 

❖ 1-3 plane ❖ 2-3 plane 

𝐺𝑥𝑧 (GPa) 4.25±0.19 𝐺𝑦𝑧 (GPa) 3.19±0.05 

  (cont. on next page) 
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Table 4.25 (cont.) 

 

𝛾𝑥𝑧
𝑙𝑖𝑚𝑖𝑡 (mm/mm) 0.05 𝛾𝑦𝑧

𝑙𝑖𝑚𝑖𝑡 (mm/mm) 0.05 

𝑆𝑥𝑧
𝑙𝑖𝑚𝑖𝑡 (MPa) 84.91±1.34 𝑆𝑦𝑧

𝑙𝑖𝑚𝑖𝑡 (MPa) 85.53±0.82 

    

POISSON’S RATIO 

𝜗𝑧𝑥
𝐶  0.0903±0.0124 𝜗𝑧𝑦

𝐶  0.0924±0.0064 

 

FLEXURAL PROPERTIES 

❖ Weft Direction (X-Dir) ❖ Warp Direction (Y-Dir) 

Flex.Strength (MPa) 807.4±32.6 Flex. Strength (MPa) 901.0±48.1 

Flex.Modulus (GPa) 42.12±0.39 Flex. Modulus (GPa) 42.66±0.88 

Flex.Strain (mm/mm) 0.0236±0.0008 Flex.Strain (mm/mm) 0.0233±0.0017 

    

OTHER MATERIAL PROPERTIES 

Fiber Crush (MPa) 856.3±40.1 
Laterally Constraint Compression Test 

Fiber Shear (MPa) 650.3±44.5 

   

𝑆𝑥𝑧 (MPa) 72.8 Out-of-Plane Off-Axis Compression 

Tests Friction angle (Ɵ) 9.04° 

   

Fiber Shear (MPa) 463.1±25 Quasi-static Punch Shear Tests 

   

Strength reduction 

factor (Tensile) 
0.353 

Open-Hole Tension and Compression 

Tests Strength reduction 

factor (Compression) 
0.382 
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CHAPTER 5 

 

NUMERICAL RESULTS 

 

This section includes a comparison of numerical and experimental results. Also, 

the results obtained from the composite component subjected to foreign object impact are 

explained.  

 

5.1. Numerical Tensile Test Results 

 

The mesh sensitivity results of the standard tensile coupon using the shell elements 

can be seen in Figure 5.1 (a). The tensile failure stress and strain were found to increase 

a lot with increasing mesh size up to an element size of 2.0 mm. Beyond this element 

value, the failure stress and strain nearly remained unchanged, and showed an elastic-

brittle failure type. Due to this fact, a mesh size of 2.5 mm was selected to model tensile 

tests in shell element models. 

The comparison of the experimental and numerical results using both the shell 

elements and solid elements is illustrated in Figure 5.1 (b). As seen in the experimental 

results and the numerical results of both the solid and shell elements the composite 

behaves elastically until the failure stress, the material is then failed in a brittle manner. 

The difference between the experimental and numerical results is 4%. Bar stresses 

obtained from tests and numerical models performed at 350 s-1 and 1150 s-1 can be seen 

in Figure 5.2 (a) and (b), respectively. As shown in these figures, the numerical results 

are in tune with the experimental results at high strain rates. It was found that in the 

numerical models at 350 s-1 and 1150 s-1, the strains, which were calculated from the 

relative displacement between the incident and transmitter bar and the nodes on the 

specimen surface, differed significantly from each other as shown in Figure 5.3. When 

the strain was determined from the former one, the numerical and experimental stress-

strain curves showed good agreement (Figure 5.4 (a) and (b)) as well as the experimental 

results at quasi-static and dynamic strain rates (Figure 5.5). However, the strain value was 

found higher than that obtained from both strain gage and DIC in quasi-static tests as well 

as in the tensile tests of the standard test coupon. From the results in Figure 5.1 (c), it was 
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Figure 5.1. (a) The effect of mesh size, (b) comparison of the numerical and   

                     experimental results of the tensile tests and (c) experimental and  

                     numerical results at quasi-static and dynamic  

(a) 

(b) 

(c) 
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(a) 

 

(b) 

Figure 5.2. Experimental and numerical bar stress of weft specimens (a) 350 s-1 and  

                   (b) 1150 s-1 
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(a) 

 

(b) 

Figure 5.3. Numerical stress-strain curves of weft specimens calculated at a strain  

                    rate of (a) 350 s-1 and (b) 1150 s-1 
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(a) 

 

(b) 

Figure 5.4. Experimental and numerical stress-strain rate-strain curves of weft   

                     specimens at (a) 350 s-1 and (b) 1150 s-1 
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Figure 5.5. Experimental stress-strain curves obtained in the weft direction at quasi- 

                   static and dynamic strain rates 

 

reached that the strain determined from the latter was more accurate since the strains, 

which were calculated by the DIC measurements (Figure 5.1 (c)) accurate since the 

strains, which were calculated by DIC measurements (Figure 5.1 (c)), were in tune with 

those determined by strain gages (Figure 5.1). Besides, the stress-strain results obtained 

from the standard tensile tests (Figure 5.1) were almost the same as those calculated from 

the tests performed at the quasi-static and dynamic strain rates (Figure 5.1) regarding the 

failure stress. Also, a good agreement between the experimental and numerical results is 

obtained: the difference is about 7%. 

Figure 5.6 shows the strain distribution over the gage section of the sample tested 

at a strain rate of 10-5 s-1, which is obtained from the video recorded during tests via the 

2D Digital Image Correlation (DIC) method at the certain times. As can be seen in Figure 

5.6, the axial strain is uniformly distributed during the entire test. On some part of the 

specimen corresponding to the section beginning the fillet, some local non-uniformities 

in strain occurs, but it is not pronounced as compared to global strain distribution. At the 

fracture strain (Figure 5.6 (f)), the magnitude of the strain over the gage section was found 

to be 0.01, which was the tensile fracture strain of the composite. 

Figure 5.7, which is obtained from the 2D Digital Image Correlation (DIC) 

method, shows the strain distribution of the specimen tested at 350 s-1 strain rate for the  
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Figure 5.6. Strain distribution on the front surface at (a) 0 sec, (b) 30 sec, (c) 70 sec,  

                   (d) 115 sec, (e) 180 sec and (b) 260 sec 
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Figure 5.7. Strain distribution on the front surface at (a) 0 μsec, (b) 50 μsec, (c) 75 μsec,  

                  (d) 90 μsec, (e) 110 μsec and (b) 140 μsec 
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Figure 5.8. Strain-time curves calculated from Hopkinson theory, DIC method and  

                    numerical model 

 

certain times. As shown in this figure, the nonuniform distribution of axial strain is 

obtained during the entire test. In all investigated times, the strain in the middle section is 

found to be less than the one occurring at the ends of the specimen. The cause of the 

nonuniformity in strain is thought to be due to the fillet parts of the specimen. Compared 

with the quasi-static strain distribution in Figure 5.6, a local strain distribution in the gage 

length at the high strain rate is observed. As getting closer to the fillet sections, the 

distribution was found to be non-uniform. It can be easily seen in the strain distribution 

at 140 μsec (Figure 5.7 (f)) that the maximum strain in the fillet section is calculated as 

0.045 while it is determined in the gage section as 0.01, which is the same as the numerical 

strain. It is worth noting that the strain of 0.045 is nearly similar to the strain, 0.05, 

calculated from the Hopkinson theory (Figure 5.8). Based on this result, the reason for 

the difference between strain values obtained from the DIC and Hopkinson theory is the 

non-uniform strain distribution over the entire gage length of the tensile specimen (Figure 

5.7).  In dynamic tensile tests of composites in the split Hopkinson tensile test device, this 

effect must be eliminated by either using the strain gages directly attached on the 

specimen or using the DIC method to measure and calculate the strain. 

Figure 5.9 shows the deformation of the numerical and experimental specimen. In 

this figure a, b, c, d, e, and f represent the specific time values shown in Figure 5.6 and 

Figure 5.7. A numerical strain plot was employed to investigate deformation in numerical 

models while strain distributions on the surface of the experimental specimens were ob- 
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Figure 5.9. Experimental and numerical deformation on the specimen surface at the  

                   different loading stages 
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Figure 5.10. Failure stress variation with log strain rate 

 

tained using DIC methods. As shown in the numerical and experimental quasi-static 

results, there is no damage occurred in the specimen up to 180 sec in the quasi-static test 

and 110 μsec in the dynamic test. Beyond these time values, the damage starts to 

accumulate at the end of the fillet sections, near the gage section, the specimen failure 

then occurs, about 0.01 strain, within the region where the damage accumulation takes 

place. Besides, the damage accumulation around the fillet section is also observed on the 

experimental and numerical specimens tested at high strain rates. The failure region 

occurring in the dynamic samples is found to be similar to that occurring in the quasi-

static specimens. For both quasi-static and dynamic damage initiation and propagation 

results are well predicted by numerical models as shown in Figure 5.9. Moreover, the 

strain is distributed more uniformly throughout the gage section of the quasi-static 

samples compared to that of the dynamic specimens. The results obtained well agree with 

that seen in Figure 5.6 and Figure 5.7. As the strain rate increase, there is no time for 

uniform load propagation through the entire gage section of the specimen. Therefore, the 

damage is more accumulated in the fillet part of the dynamic specimen compared to that 

of the quasi-static specimen. The strain distribution in the experimental sample at the 

fractured time was not calculated since at that time the paint on the surface was removed. 
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Figure 5.10 shows the variation of failure stress with log strain rate. The fracture 

stress and fracture strain at the weft and warp direction as well as the elastic modulus of 

composite (Figure 5.1 (c)) are almost strain rate insensitive.  

 

5.2. Numerical Compression Test Results 

 

Standard compression test and numerical results -for both solid and shell 

elements- of the weft specimen can be seen in Figure 5.11. As can be seen in the figure, 

the experimental and numerical stress increase linearly up to the fracture stress followed 

by a sudden stress drop. Besides, as the shell element size decreases, the failure stress 

remains unchanged and the composite shows more brittle behavior. It is also seen that 

there is a good agreement between the numerical and experimental results. The difference 

between them is about 9%. 

 

 

Figure 5.11. Comparison of the experimental and numerical stress-strain curves 

 

5.3. Numerical In-plane Shear Test Results 

 

In the shell element model of the standard in-plane shear test specimen, TAU and 

GAMMA parameters were first optimized by considering the linear part and the 
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hardening part of the shear stress versus shear strain curve. Figure 5.12 shows the 

optimization results of these parameters of material model 58.  A reasonable agreement 

between the experiment (the solid black line with cross symbols) and the numerical result 

(the solid purple line) was obtained as the TAU and GAMMA parameters were selected 

as 77.8 MPa and 0.0375, respectively. In addition, experimental and numerical results 

can be seen in Figure 5.13 (a). In solid element models, the hardening behavior presented 

in the shear stress-shear strain curves was obtained by selecting the softening parameter 

(AM4) of the material model 162 as -0.17. As seen in the figure, the experimental result 

is in tune with the results of the numerical models using shell and solid elements. 

 

 

Figure 5.12. Optimization results for TAU and GAMMA parameters of MAT_58 

 

Figure 5.13 (b) shows a comparison between shear stress-shear strain results 

obtained from the experimental and numerical models at quasi-static and high strain rates. 

Contrary to the experimental and numerical results of the standard in-plane shear tests, 

the numerical shear stress value reached on the hardening part of the shear stress curve 

was found to be higher than that obtained from the experiment. The reason could be the 

fiber scissoring (the rotation of fibers towards the loading direction) occurring during the 

deformation of in-plane specimens, which is not possible to model numerically. 
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(a) 

 

(b) 

Figure 5.13. Experimental and numerical shear stress-shear strain curves obtained  

                      from (a) the standard tests and (b) quasi-static and dynamic tests 
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5.4. Numerical Out-of-plane Off-axis Compression Test Results 

 

Comparison between the experimental and numerical results of 0°,15°,30°, 

45°,60°,75° and 90° off-axis specimens at quasi-static and high-strain rates can be found 

in Figure 5.14 - Figure 5.17. A good consistency was observed in the experimental and 

numerical stress-strain curves of 0°,15°,30°, 75° and 90° off-axis specimens at quasi-

static strain rates as well as those of 15° and 30° off-axis specimens at high strain rates in 

terms of the failure stress. The difference between the experimental and numerical results 

of the 0°,15°,30°, 75° and 90° off-axis specimens at quasi-static strain rates is 10%, 27%, 

13%, 10% and 2%, respectively. While, it is calculated as 10% and 30 % for 15° and 30° 

dynamic off-axis specimens. However, the numerical models did not show the nonlinear 

behavior of the experimental curves of 45° and 60° specimens. The reason could be the 

meshing technique of the layers of the composite. The sharp corners of the layers include 

irregular solid elements, it, therefore, may have caused the composite to fail before 

reaching its maximum strength, i.e.  irregular elements may have caused premature 

failure. 

 

 

Figure 5.14. Numerical and experimental quasi-static compression test results  

                        obtained from the specimen having an off-axis angle of 0° 
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(a) 

 

(b) 

Figure 5.15. Numerical and experimental quasi-static and dynamic compression test  

                     results obtained from the specimen having an off-axis angle of (a) 15° and  

                     (b) 30° 
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(a) 

 

(b) 

Figure 5.16. Numerical and experimental quasi-static and dynamic compression test  

                     results obtained from the specimen having an off-axis angle of (a) 45° and  

                     (b) 60° 
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(a) 

 

(b) 

Figure 5.17. Numerical and experimental quasi-static and dynamic compression test  

                     results obtained from the specimen having an off-axis angle of 75° 
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(a) 

 

(b) 

Figure 5.18. Comparison of numerical and experimental results of punch shear tests,  

                     (a) SPR 2 and (b) SPR 1.1 
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5.5. Numerical Quasi-static Punch Shear Test Results 

 

Figure 5.18 (a) shows a comparison of experimental and numerical punch shear 

results for the support span-to-punch ratio (SPR) of 2. To obtain the numerical results 

shown in Figure 5.18 (a), suitable values for the softening parameters (AM1, AM2, AM3 

and AM4) and erosion parameter – expansive relative volume (EEXPN)- of material 

model 162 were investigated by trial-and-error method. By selecting an appropriate value 

for the AM4 parameter, which is 0.14, the first peak (corresponds to the internal 

delamination) in the force-displacement curve was tuned with the experimental one. 

Then, the second peak (corresponding to punch failure) in the force-displacement curve 

was investigated for different AM3 values, and by using a value of 0.1 the second peak 

in the experimental curve was well predicted by the numerical model. AM1 and AM2 

parameters were assumed to be equal to each other since the composite used in this study 

is woven composite and has almost similar mechanical properties in the weft and warp 

directions. Therefore, the load drop beyond the second peak was caught by a value of 0.1 

for AM1 and AM2 parameters as well as the EEXPN parameter with a value of 1.3.   

 

 

Figure 5.19. Numerical model of the punch shear test with the SPR 1.1 

 

Experimental and numerical results obtained in the case of SPR 1.1 are illustrated 

in Figure 5.18 (b). Numerical results for SPR 1.1 were obtained by using the softening 

and erosion parameters validated or calibrated in the punch model with the SPR of 2. 

Experimental and numerical force-displacement curves show a bilinear behavior. The 

force increases linearly up to 10 kN, it then continues to increase with a lower force rate. 
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Compared to the displacement in the experimental result, that in the numerical model is 

found to be less: the difference is about 40%. The reason could be the number of the solid 

element of the specimen between the bottom support and the punch. As shown in Figure 

5.19, the specimen includes only one element between the support and punch. In the 

model, the element size was 0.28 mm. Since using a smaller element size demands more 

computational power, the result (Figure 5.18 (b)) obtained from the numerical model was 

considered to be sufficient. 

 

5.6. Numerical Flexural Test Results 

 

 

Figure 5.20. Numerical and experimental 3-point bending test results 

 

The numerical and experimental results of the punch shear test are illustrated in 

Figure 5.20.In the experimental results it is seen that the specimen continues to withstand 

loads after the peak value is reached. By synchronizing video records of the test and its 

force-time curves, it was found that the load drop appearing in the results corresponded 

to the failure of the bottom layers of the composite. The load drop after reaching the peak 

is also seen in the numerical results obtained from the solid element model in which the 

specimen is meshed with a single element through the thickness. This behavior was not 
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predicted by the shell element model and the solid element model in which the specimen 

is meshed with three elements through the thickness since in the shell models the layers 

of the composite were modeled as a single layer, and three elements through the thickness 

in the solid model made the composite more rigid. Both shell and solid models could not 

accurately predict the displacement of the loading pin (the error between experimental 

and numerical results is 30%), but it can be seen in the shell model results that as the mesh 

size decreases, the predicted displacement value by the numerical model approaches the 

experimental one. Because it is very challenging to obtain the solution of the solid element 

model with much smaller element sizes, the result obtained is considered to be sufficient. 

 

5.7. Numerical Ice Impact Test Results 

 

 

Figure 5.21. Numerical results of the multiple ice impact test 

 

The simulation results of the 2 mm composite plate subjected to multiple ice 

impacts can be seen in Figure 5.21. In three impact cases, the maximum force is found to 

be about 1600 N while the displacement of the bottom surface is calculated as 1.5 mm for 

the first impact, 1.13 mm for the second impact and 1.25 mm for the third impact. The 

difference between the displacement values is due to the oscillation of the composite 
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plate. That is, the composite plate is still oscillating before it is impacted by the following 

ice. That’s why, the constant displacement is not obtained in these impact cases. Because 

the impact energy is low, no damage is observed within the composite plate, meaning that 

the composite specimens deform elastically. Besides, the displacement of the specimen 

is calculated in experiments as 0.3 mm and 0.1 mm for the first and second impacts. The 

experimental displacements are lower than the numerical ones. The reason could be the 

aluminum foil that was used in the experiments to measure displacement. Probably, the 

foil does not measure such a small displacement value. Using the strain gage could have 

given a more accurate displacement result. 

Figure 5.22 shows the comparison of the force displacement curves obtained from 

the ice impact simulation of the 0.88 mm and 2 mm composite specimens. It can be seen 

that the displacement of the 0.88 mm composite is found to be twice as much as that of 

the 2 mm specimen while a higher force is determined in the impact case of the 2 mm 

plate. As expected, the thinner composite plate is more elastically deformed compared to 

the thicker one. Thus, the thinner plate displaces more, and the ice impact causes a lower 

contact force. 

 

 

Figure 5.22. Force displacement curves of 0.88 mm and 2 mm composite plates 
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5.8. Numerical Low-velocity Impact Test Results 

 

 

Figure 5.23. Comparison of the results obtained from the experiments and numerical  

                     models with solid element sizes of 0.5, 1 and 2 mm 

 

Figure 5.23 shows the comparison of experimental and numerical force-

displacement curves obtained in the perforation case. Different numerical models with 

element sizes of 0.5 mm, 1 mm and 2 mm were simulated to investigate the element size 

effect. It is seen in Figure 5.23 that as the element size decreases, the force-displacement 

curve of the numerical model shows similar behavior to that of the experimental one. 

Based on this result, it can be said that using an element size smaller than 0.5 mm will 

probably give better results in terms of force-displacement curve. However, due to the 

limited computing power available, an element size of 0.5 mm was selected to investigate 

damage occurring within the composite during the impact event. 

Figure 5.24 shows the results obtained from the shell models with different 

element sizes of 0.28 mm, 1.25 mm and 2.5 mm together with the experimental result. 

From the results presented in the figure, it can be said that the model with an element size 

of 2.5 mm shows the closest behavior to the experimental curve among the other element 

sizes.  Therefore, the shell model with a 2.5 mm element size was employed to model the 

perforation and penetration tests. 
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Figure 5.24. Comparison of the results obtained from the experiments and numerical  

                     models with shell element sizes of 0.28, 1.25 and 2.5 mm 

 

Experimental and numerical force-displacement curves for the perforation case 

can be seen in Figure 5.25 (a). The numerical result includes the results of both shell and 

solid models. As seen in the figure, the initial part of the experimental force-displacement 

curve is well predicted by the shell and solid models. However, the sudden drop in force 

after the first peak and the second peak is exhibited better in the shell model. While the 

solid model captures the general behavior of the experimental curve. Longitudinal and 

transverse damage on the front and back surfaces of the composite induced after impact 

in the experiment and numerical models is illustrated in Figure 5.26. The damaged region 

measured in the experiment and solid model is almost similar while that measured in the 

shell model is found to be lower than those calculated in the experiment and solid model. 

The experimental and numerical results obtained in the penetration case can be seen in 

Figure 5.25 (b). In this figure, it can be seen that the solid model shows almost similar 

behavior to the experiments but fails to predict the rebounding of the striker. The reason 

could be the element size or the damage softening parameters of the MAT_162 material 

model. Because the rebounding of the striker is almost similar in solid and shell models  
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(a) 

 

(b) 

Figure 5.25. Experimental and numerical force-displacement curves for  

                           (a) perforation case and (b) penetration case 
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(a) (b) 

 

(c) 

Figure 5.26. Longitudinal and transverse damages on the front and back surface of the  

                    composite occurring after impacting, (a) experimental, (b) solid model  

                    and (c) shell model 
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(a) (b) 

 

(c) 

Figure 5.27. Longitudinal and transverse damages on the front and back surface of the  

                     composite occurring after impacting, (a) experimental, (b) solid model  

                     and (c) shell model 
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Figure 5.28. Force-displacement curves obtained from the composite subjected to  

                      (a),(b) multiple impacts at the same location and (c) impacts at the 

                      different locations 

(a) 

(b) 

(c) 
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Figure 5.29. Longitudinal and transverse damages on the front and back surface of  

                      the composite occurring after the first impact, the second impact and  

                      the third impact in Test-1 
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Figure 5.30. Longitudinal and transverse damages on the front and back surface of  

                      the composite occurring after the first impact, the second impact and  

                      the third impact in Test-2 
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Figure 5.31. Longitudinal and transverse damages on the front and back surface of  

                      the composite occurring after the first impact, the second impact and  

                      the third impact in Test-1 
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in terms of the force-displacement path exhibited, the latter reason mentioned above could 

not be true. Besides, the force- displacement curve exhibited in the experiment up to the 

rebounding of the striker is well captured by the shell model compared to the solid model. 

Longitudinal and transverse damage on the front and back surfaces of the composite 

occurring in the experiment and numerical models can be seen in Figure 5.27. It is seen 

that both solid and shell model predict the damaged region on the front and back surface 

of the composite almost similar to those in the experiment. 

Figure 5.28 shows force-displacement curves obtained from the composite 

subjected to multiple impacts at the same location and different locations while the 

damaged region occurring at the front and the bottom surface of the composite after each 

impact can be seen in Figure 5.29 - Figure 5.31. As shown in Figure 5.29 and Figure 5.30, 

the damage region increases with the number of impacts. For the composite impacted at 

different locations, the initial slope decreases in the second impact, but it remains almost 

unchanged in the third impact. The sudden load drop beyond the first peak is observed in 

all force-displacement curves. Compared to impact results performed at the same 

location, the force-displacement curves obtained at the second and third impact are similar 

to each other. 

As seen in Figure 5.31, the damaged region increases with increasing the number 

of impacts. It is also found that the damaged regions obtained from the impacts at the 

same location were lower than those obtained from the different locations, i.e. impacts at 

different locations caused more damage to the composite. Figure 5.32 shows the 

experimental and numerical damage comparison on the bottom surface for three 

sequential impacts. It can be seen that the experimental damage for each impact case is 

well predicted by the numerical model in terms of fiber damage and matrix damage. 

Moreover, the amount of delimitation damage that occurred through the multiple impacts 

can be seen in Figure 5.33 (a). As shown in the figure, at the end of the first impact 

delamination damage takes place in almost all interfaces. Especially, more damage in 

Interface 4 is found to be occur than that in the other interfaces. The reason could be high 

bending stress occurring in the bottom plies. High bending stress may result in matrix 

damage, and the damage propagates between the plies as delamination damage. In all 

multiple impact events performed at the same location, the initial slope of the force-

displacement curve decreases with increasing the number of impacts. Also, the sudden 

drop in force after the first peak was not seen in the force curves of the other impacts 

since the delamination damage had occurred at the impact region of the composite in the 
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Figure 5.32. Fiber and matrix damage obtained after (a) the first impact, (b) the second  

                    impact and (c) the third impact 
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Figure 5.33. (a) The amount of the delamination damage occurred through low-velocity  

                    multiple impacts and (b) Comparison of the experimental and numerical  

                    results of the composite subjected low-velocity multiple impacts 

(a) 

(b) 
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first impact so in the following impacts this damage did not take place (Figure 5.33 (b)). 

Similar force curves are obtained from the experimental and numerical study for the first, 

second and third impacts: the difference between the experimental and numerical forces 

is sequentially 6%, 28% and 21%. In addition to that, a good agreement between the 

experimental and numerical results is obtained in terms of the deformation.  

 

5.9. Foreign Body Impact Simulation Results 

 

The longitudinal and transverse damages of the composite plate impacted by the 

bird can be seen in Figure 5.34 (a). The regions in red color are where the composite takes 

damage after impact. As can be seen in the figure, consistent results with the literature 

are obtained in terms of damage. No fracture or rupture is observed except for the parts 

of the composite along the boundary. Due to the fixed boundary condition used, the 

composite fails in these regions. The same conclusion is also reached by other studies 

available in the literature. Besides, because of the effect of the impact, the impact region 

deforms elastically, resulting in the collapse of the composite in the impact zone.  

The damage results obtained from the drone impact simulation are illustrated in Figure 

5.34 (b). As in the bird impact case, the composite fails through the boundary due to the 

fixed boundary condition, and also the collapse in the impact zone occurs. Unlike the bird 

strike results, fracture or rupture takes place in the impact zone since the drone includes 

hard components such as camera, gimbal and battery, and the impact of these Components 

on the composite results in the fracture. It is worth noting that although the kinetic 

energies of the bird and drone are the same, drone impact results in catastrophic failure 

of the composite due to reasons explained earlier. 

Figure 5.35 shows the force-time comparison of the bird and drone impacts. Since 

the bird and drone have the same amount of kinetic energy, the force-time curves show 

similar trend. However, the force results of the drone impact include a few peak points 

while a smoother curve is obtained in the bird impact case. They correspond to the impact 

of the camera, the gimbal and the body of the drone, respectively. After reaching the last 

peak, the impact of the body, the force gradually decreases to 2.5 N, then it remains 

unchanged up to the end of the impact. 
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Figure 5.34. Longitudinal and Transverse damage occurred in the composite specimen  

                    after (a) the bird impact and (b) the drone impact 

 

……………………………………………………………………………………

… 

 

 

 

 

 



168 

 

 

 

 

 

 

 

 

 

Figure 5.35. Comparison of force vs time curves of the bird and drone impact 
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CHAPTER 6 

 

CONCLUSIONS 

 

 Detailed mechanical characterization tests on the five-harness satin carbon fiber 

composite were performed to explore its mechanical behavior under quasi-static and 

dynamic loading and to determine its material constants. According to the ASTM 

standard, the density and volume fraction of fiber was calculated as 1.570 g/cm3 and 57.4 

%, respectively. In the in-plane tensile tests, the composite was found to show brittle 

behavior since the fracture occurred immediately after the completion of the elastic 

deformation. Based on the quasi-static and dynamic in-plane tensile test results, due to 

the increased loading rate a non-uniform strain distribution over the gage length of the 

specimen was obtained in high-strain rate tests compared to in quasi-static strain rate tests. 

Also, the effect of the strain rate on the in-plane tensile properties was found to be 

negligible due to the fiber-dominated failure modes that occurred. Since tensile strength, 

elastic modulus and failure strain calculated in the in-plane directions were found to be 

almost the same at the quasi-static and dynamic strain rates, in the numerical model the 

material model constants regarding to strain rate sensitivity were taken as zero, especially, 

four different Crates parameters in the MAT_162 material model. In the compression test 

results, due to the fiber planes-matrix-dominated mechanical properties in the in-plane 

direction a significant rate sensitivity was detected while in the out-of-plane direction 

viscoelastic matrix-dominated behavior of the composite resulted in the rate sensitivity. 

In the in-plane shear test results, during loading, due to the rotation of the fibers (fiber 

scissoring), a softening behavior was observed, and then the shear stress increased up to 

fracture. Unlike the numerical models of the standard in-plane shear test, the softening 

behavior observed could not be predicted by the numerical models performed at the quasi-

static and high strain rate due to the use of non-standard specimen type and/or geometry. 

It also resulted in different shear strength and shear modulus values compared to that 

obtained in the standard tests. Based on the test results performed at quasi-static and high 

strain rates, the in-plane shear properties were found to be strain rate dependent due to 

the matrix-dominated mechanical properties. In the shell element model, the optimum 

values for the TAU and GAMMA parameters of the MAT_58 material model were 

determined as 77.8 MPa and 0.0375 mm/mm by comparing the experimental and 
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numerical results of [±45]n specimen subjected to tensile loading.  of means of LSOPT 

optimization software. Moreover, Coulomb friction parameter (PHIC) of the solid 

material model was determined as 9.04 from the results of the out-of-plane off-axis 

compression tests, and the scale for the residual compressive strength (SFFC) parameter 

was calculated to be 0.382 via open-hole tension/compression tests. Fiber shear strength 

was determined to be 463 MPa from the quasi-static punch shear test. The punch shear 

test results were also used to determine the softening parameters (AM1, AM2, AM3 and 

AM4) available in the MAT_162. By comparing experimental and numerical results and 

using a trial-and-error method, these parameters were found to be 0.1, 0.1, 0.1 and 0.14, 

respectively. Besides, the numerical and experimental damages that occurred within the 

composite after the low-velocity impact were compared to calibrate and validate the 

material model parameters used for the shell and solid elements, especially the MAT_162 

material model. It was found that as the element size decreased, the damage in the 

experiment was captured well, and the multiple impact studies showed that impacts at 

different locations caused more damage to the composite compared to impacts at the same 

location since each impact resulted in damage initiation in different regions. With the 

combination of the damaged regions the damage propagated quickly within the composite 

plate. In numerical models, because of the computational power available, using a mesh 

size of 0.5 mm and 2.5 mm, a good agreement between the experimental and numerical 

results was obtained in terms of both the amount of damage and force-time history. 

Finally, in the ice impact test, because the kinetic energy of the ice was low, the composite 

plate in 0.88 mm and 2 mm thickness deformed elastically. There was also no visible 

damage on the composite in the multi-hit impact events. In the experiments, the back 

surface displacement of the composite was not calculated accurately due to the aluminum 

foils used to measure displacement. However, it was predicted by the numerical models.  

 In addition, the numerical models of the forward cowling of a helicopter subjected 

to bird impact and drone impact were established to observe the damage severity. It was 

found that the component was severely damaged in the drone impact compared to the bird 

impact. Unlike the bird strike, the impact of the rigid components of the drone such as the 

camera, gimbal and battery resulted in the fracture or rupture of the composite component. 

In both impact events, due to fixed boundary conditions, the rupture was observed in these 

regions. A similar trend for the force time curves was obtained from both impact events. 

However, due to the contact of the rigid components of the drone, its force-time curve 

showed a few peak points, showing the fracture of the composite component. 
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APPENDIX A 

 

ASTM DOCUMENTS AND FAILURE IDENTIFICATION 

TABLES 

 

 

 

 

   

 

 

 

 Figure A.1. Tensile specimen failure identification (Source: ASTM D30392)  
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Figure A.2. Compression specimen failure identification (Source: ASTM  

                         D664156) 
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Figure A.3. Force, Shear and Moment Diagrams (Source: ASTM D537991) 
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Figure A.4. V-notched shear specimen failure identification (Source: ASTM  

                        D537991) 

 

 

 

 

 



190 

 

 

 

   

 

 

 

 

 

 

Figure A.5. Failure identification codes for open-hole compression test samples  

                      (Source: ASTM D6484119) 
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Figure A.6. Failure identification codes for open-hole tensile test samples (Source:  

                     ASTM D5766120) 
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APPENDIX B 

 

FAILED SPECIMENS 
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Figure B.1. Failed tensile test specimens (a) in the weft direction and (b) in the warp  

                   direction 
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Figure B.2. Failed compression test specimens (a) in the weft direction and (b) in the  

                    warp direction 
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(a) 

 

(b) 

Figure B.3. (a) The deformation results of cubic samples in the weft direction over time  

                   at different strain rates and (b) the failed cubic samples in the weft direction 
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(c) 

Figure B.4. (a) The deformation results of cubic samples in the warp direction over  

                    time at different strain rates, the failed cubic samples (b) in the warp and  

                    (c) in the thickness direction 
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(a) 

 

(b) 

 

(c) 

Figure B.5. (a) The tested weft samples with end-caps, (b) the tested warp samples  

                    with end-caps and (c) the tested weft samples adhered to end-caps 
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(a) 

 

(b) 

Figure B.6. Failed shear test coupons in tensile loading and (b) detailed cross-section  

                    image of the test coupon 
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(a) 

 

(b) 

Figure B.7. (a) Failed ±45° composite samples at different quasi-static strain rates and  

                   (b) detailed failure image of one of the test coupons 
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(a) 

 

(b) 

Figure B.8. Detailed fracture image of the test coupon failed in (a) 1-3 plane and (b)  

                    2-3 plane 

 

 



200 

 

 

 

 

 

 

 

 

 

Figure B.9. Broken elastic constant determination test samples 
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Figure B.10. Broken laterally constant compression test samples 
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Figure B.11. Failed off-axis compression test specimens 
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Figure B.12. Failed off-axis compression test specimens 
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Figure B.13. Specimens failed by punch shear tests 
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(a) 

 

(b) 

Figure B.14. (a) Flexural strain correction of the samples in the weft direction and (b)  

                     broken flexural test coupons in the warp direction 
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(a) 

 

(b) 

Figure B.15. (a) Flexural strain correction of the samples in the warp direction and (b)  

                      broken flexural test coupons in the warp direction 
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(a) 

 

(b) 

Figure B.16. (a) Open-hole compression and (b) Open-hole tension test samples test  

                       samples in the weft direction 
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