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ABSTRACT: Delamination is a severe threat to the wide use of composite laminates in primary 

structural applications. Delamination grows under fatigue loading and leads to structural failure. 

Very few studies exist on mixed-mode delamination on carbon fiber however glass fiber was not studied 

under mixed mode. The objective of this paper is to investigate fatigue delamination growth under 

mixed-mode loading in Glass Fiber Reinforced Polymer (GFRP). A mixed-mode bending fixture  

was developed and fabricated. Fatigue delamination growth tests were performed for different mixed-

mode loading using that fixture. With the help of a Scanning Electron Microscope, micro examinations  

of the crack surface were carried out. The results showed a high growth rate for the case with more 

contribution of mode I. The Fractographic investigation performed on the different samples showed 

the existence of mode-I and mode-II features and broken fiber’s confirming fiber bridging during 

delamination growth. The fractographic features varied systematically with mode shift. 
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INTRODUCTION 

In the aircraft industry composite materials were used  

in lightweight assemblies, particularly in the marine, 

aeronautical, and sports sectors [1, 2]. However, composite 

materials have poor interlaminar strength, due to which 

delamination occurs in fiber-reinforced structures [3-7]. 

Therefore, the researcher was trying to investigate to 

improve the interlaminar properties of composite materials 

and there is a need to extend the scope of control 

delamination development to avoid failures, especially  

in aircraft structures [8-11].  

Literature showed that different studies were presented 

on the delamination fracture under mode-I, and mode-II 

and where cases under combined mixed-mode I-II loading 
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is limited. Benanti et al. suggested a developed beam 

theory for the Mixed-Mode Bending (MMB) test [12-14].  

Szekrenyes et al. examined different tests in composite 

materials for cracks between different layers under mix 

mode loading. They reported that for unidirectional 

laminates, the MMB testing method separates the effects 

of mode I and mode II in an efficient way, however, this 

method was not applicable for multidirectional layers  

in laminates [15, 16]. Literature review reveals that fatigue 

investigations were still rare in combined under mixed-

mode I-II loading conditions and the test procedures were 

different [17].  

Blanco et al. applied Mixed Mode End Load Split (MMELS) 

test procedure to find out different ratios of mixed mode  
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by changing crack length start from mode-I to mode-II [18]. 

Zhang et al. advised quantitative methods for fatigue crack 

growth by changing mode mixity ratio [19]. Ducept et al. 

have examined the delamination of glass/epoxy composite 

utilizing mixed-mode failure criteria. They performed  

a test under mixed mode loading as per American Society 

of Testing Materials (ASTM) standard D5528-01 and utilized 

polypropylene film with 8 micrometers of thickness  

as a crack initiator. They change the lever length on 

various points and noticed the total fracture toughness and 

mode ratio [20, 21].  

Rugg et al. examined the behavior of delamination 

fracture through-thickness reinforced carbon-epoxy 

laminates utilizing two distinctive test examples, a T-stiffener 

and MMB specimens. To improve the resistance to 

delamination small quantity of titanium or z-fiber was used 

in both specimens. Reinforcement improves the ultimate 

strength of MMB specimen. Delamination resistance 

improved due to crack bridging by the z-fiber [22]. 

Naghipour et al. investigated the delamination fracture 

behavior in multi-directional composite laminates under 

high cyclic fatigue loading by cyclic mixed-mode 

experiments and numerical simulation. It was seen that 

executing a repeated degradation variable in cohesive 

interface experimentally concluded that crack progression 

and degradation in stiffness could be noticed 

appropriately. Fracture surface after cyclic fatigue loading 

electron microscope proved that the weakening and 

degradation were due to the existence of crack bridging 

surface roughness [23]. Shokrieh et al. examined the 

behavior of fracture under both modes I-II using E-glass 

and E-glass epoxy, using the results from different tests 

such as Double Cantilever Beam (DCB), End Notched 

Flexure (ENF) and Mixed Mode Bending (MMB)  

to examine the delamination process of various composites 

at different mode mixity. It was noticed that the existence 

of hackle marking and roughness in the area where fracture 

occurs reflects the dependency on the loading in mode II 

state [24]. De Moura et al. did numerical and experimental 

investigations using the experiment of Single Leg Bending 

Test procedure to catch fracture under combined mode of 

carbon epoxy laminates. The results shows that the energy 

release is independent of the initial crack length. The 

simulated results were in compliance with the experimental 

test using Single Leg Bending (SLB) test thus validating  

the procedure [25]. Fakoor and Khansari considered that 

the available fracture failure models under mixed-mode 

for orthotropic materials had been proposed for the most 

part for crack along fiber [26]. 

Keanong et.al examined the displacement rate on 

mixed-mode I-II delamination in carbon epoxy composites. 

He suggested that during the experiment the mixed-mode 

ratio are not constant [27]. Many studies are dedicated for 

the investigation of the mixed mode fatigue delamination 

using different techniques in the previous decade [28-31].  

The literature review reveals that only few studies used 

MMB apparatus for the investigation of the delamination 

growth under mix mode loading. The delamination growth 

under mix mode loading can be only properly modelled  

if the effects of the individual modes are separated in both 

characterization of the growth and the fractured surfaces. 

In MMB apparatus the individual modes can be applied 

with different varying ratios for delamination growth 

intervals. The quantification of the fracture surface  

can lead to the contribution of the individual mode in mix 

mode and mechanistic model can be derived based on 

these observations. 

The objective of this paper is to experimentally 

investigate mix mode delamination growth under mix 

mode fatigue loading in glass fiber reinforced epoxy 

laminates using mixed mode bending fixture. Mix mode 

delamination growth experiments were performed  

on glass fiber reinforce epoxy Glass Fiber Reinforced 

Polymers (GFRP) laminates using mixed mode bending 

apparatus. The delamination growth rate was characterized 

using strain energy release rate. The tested specimens were 

examined under Scanning Electron Microscope (SEM)  

for the surface morphology. Next section describes  

the experimental details which is followed by the results  

of the investigation.  

 

EXPERIMENTAL SECTION 

 Sample and MMB apparatus preparation 

In this investigation the sample were made from two 

materials, one was E-glass fabric mate-200 and other one 

was z-epoxy-300. In z-epoxy two material were used one 

was hardener and the other was base. These two materials 

were mixed in 1:2 ratio. A composite plate was made  

by stacking of 20 layers of E-Glass mate by hand layup. 

The layup is represented by [90/0]20. Twenty layers is  

an optimized number of layers for the double cantilever 

beam specimens to both avoid curvature effect and  
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(a) 

 

(b) 

 

(c) 

Fig. 1: (a) Dimensions of specimen.(b) Sample which  

is attached with piano hinges for experiment (c)Test specimen 

of MMB [36] 

 

overdesigning for the fracture tests [32-34]. Before 

stacking, the layers were imbedded with z-epoxy-300. 

After stacking was completed, the plate was placed under 

pressure and left for curing at room temperature for 24 h. 

The samples were made having dimensions of 25mm 

width, 5mm thickness, 150mm length. Teflon inserts of 

12.5 μm was used for finding MMB test procedure. Piano 

hinges also attached on one side of the sample which  

was used for fixing in the MMB apparatus as shown  

in Fig. 1(a). These sample are made as per  ASTM standard  

D5528, displayed  in Fig. 1(b) [35].  

This test method was used to perform to find out  

the fracture toughness. In this test method a composite 

laminated sample having b was the width, 2h was 

thickness, a0 was initial crack length and 2L was simply 

supported length. In between the middle layers non-

adhesive Teflon of thickness 12.5μm was placed. Different 

mode mixity are achieved by changing the lever length c. 

The mixed-mode bending apparatus was designed  

as per standard procedure of ASTM standard method  

D-6671/D-6671M-06 to investigate fracture under mixed mode.  

The setup of the test is shown in Fig. 1(c) [21]. 

To envisage the crack growth during delamination  

both sides of the sample is whited with whitener and  

for measuring of crack length graph paper is also attached  

on one side of the sample.  

 

Test procedure 

The delamination growth fatigue test were performed 

on universal testing machine (Make:  Zwick Roell 

Germany Model HC 25). According to the specification 

the maximum loading capacity of this machine is 25 KN, 

minimum strain rate of 0.005 mm/min and 500 mm/min is 

maximum one. The tests were performed on room 

temperature. Therefore, the crack growth was found out on 

room temperature. The rate of crack growth was found out 

with help of microscope using 100x magnification. During 

fatigue testing the loading was dynamic because  

the sample undergo continues vibration which was  

very difficult to find out the length of crack propagation.   

To carry out crack measurement after every 1000 cycles, 

the test was interrupted to stop and the sample  

was resumed to mean displacement location. The crack 

length was measured with the help of microscope and  

the crack growth rate was find out giving the progression 

speed with respect to fatigue cycles (da/dN). Finally,  

the rate of energy release after 1000 cycles, the maximum 

and minimum load values and crack length were taken. 

4Hz Frequency was used to carry out all these tests [37]. 

Specimens were tested for two mixed mode (mode I and 

mode II) ratios by the lever arm distance C. These ratios 

were 24% and 50% of the mode I and mode II respectively. 

After fatigue tests, the specimens fracture surfaces 

were examined for the surface morphology in Scanning 

Electron Microscope (SEM) having specification KYY EM6900   
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Fig. 2: Maximum energy release rate for two values of mixity 

ratio 0.50 (C = 62 mm) and 0.24 (C = 108 mm) 

 

having minimum resolution power of 3nm at 30 KV 

electron beam and with the magnifying power of 6X to 

300,000X. 

Small samples were cut out from the original 

specimens for placing in the SEM holder. As the material 

of the sample was non-conducting, the surfaces were gold 

sputtered to avoid static charging. The voltage of the SEM 

was set at 15 kV during imaging. 

 

Test data analysis 

To find out energy rate of energy released GI  and GII, 

the modified beam theory Equations (1) and (2) were used. 

For fracture toughness, under mode-I and mode-II,  

test data was investigated, and strain energy and load 

components were [38]    

 𝐺𝐼 =  
12𝑎2𝑃𝐼

2

𝑏2ℎ3𝐸
                                                                            (1) 

  𝐺𝐼𝐼

=  
9𝑎2𝑃𝐼𝐼

2

𝑏2ℎ3𝐸
                                                                                (2) 

𝑃𝐼 = (
3𝐶 − 𝐿

4𝐿
) 𝑃                                                                   (3) 

𝑃𝐼𝐼 = (
𝐶 + 𝐿

𝐿
) 𝑃                                                                     (4) 

G = 𝐺𝐼 + 𝐺𝐼𝐼                                                                    (5) 

Ratio of mixed-mode is labelled as 

𝐺𝐼𝐼

𝐺
=

𝐺𝐼𝐼

𝐺𝐼+𝐺𝐼𝐼

                                                                      (6) 

 

RESULTES AND DISCUSSION 

Each test was performed for the constant value of 

displacement. The maximum rates of energy release  

were determined throughout the testing when crack  

was measured after 1000 cycle of interval using Equations 

(1) to (6). The results of maximum energy release rate 

verses fatigue life cycles were plotted and the micrographs 

of delaminated surface using Scanning Electron 

Microscope (SEM) results for different mode ratio  

were carried out. The required quantity of cycle to start 

delamination for a certain rate of energy release were found 

from graph ∆G-N under ratio R = 0.1. 

The maximum energy release rate is plotted against  

the fatigue cycles under constant amplitude displacement 

is shown in Fig. 2. The two plots were for different mode 

mixity ratios. The upper plot is for mode ratio of 0.24. This 

mode ratio is achieved by keeping the C = 108 mm. The 

lower plot is for mode ratio of 0.5 keeping the C = 62 mm.  

The energy release in the lower mode mixity ratio is 

higher than, the higher mode mixity ratio. The higher mode 

mixity ratio results in lower value of energy release due to 

higher contribution of mode II in the total release rate.  

The mode II failure is due to the shear stresses induced  

by the bending of specimen. Reaching to certain number 

of cycles the delamination stops in the specimen. The maximum 

rate of energy release for the higher mode-mixity is  

160 J/m2 at 104 cycles when delamination stops. Similarly, 

the maximum energy release rate find out from these 

curves for the lower mode mixity ratio is 500 J/m2 at 104 

cycles when delamination commenced. The slope of  

the curve for 0.24 mode ratio is steeper than 0.5 mode ratio 

as obvious from Fig. 2 which reveals a sharp decline  

in Gmax as the fatigue tests progressed. This shows that  

a greater influence of the mode I on the fracture toughness.  

Fig. 3 shows the behavior of fatigue for mode mixity 

ratio (0.24 and 0.50) using mixed mode test method. The 

graph presents the total rate of energy release GTotal = (GI +GII) 

versus number of cycles. The plots for both mode ratios 

show similar trend like Fig. 2. The total rate of energy 

release for the lower mode-mixity shows higher values  

as compared to the higher mixity ratios due to the greater 

contribution of tensile stresses in mode I. When the mixity 

ratio increases, the shear stress input rises, lowering  

the rate of energy release. The data points in Fig. 3  

are extended to 5500 cycles however it does not significantly 

affect the delamination rate. Further increasing the number 

of cycles does not affect the energy release rate. Similar 

kind of trends for the energy release rates were observed 

as reported [9, 10]. 
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Fig. 3: Total energy release rate vs fatigue life cycles of specimen 

 

 
Fig. 4: Crack propagation rate vs crack length 

 
Fig. 5: Crack propagation rate vs   total energy release rate 

(Gtotal) 

 

The strain energy release rate have some abrupt 

changes in the range 1000 to 10000 cycles during fatigue 

tests as observed from Fig. 2 and Fig. 3. These changes are 

common in composite fracture and caused by fiber 

bridging [39]. Fiber bridging increase the crack growth 

resistance in composites and act as crack arrest agents [40]. 

Although the bridging increase fracture toughness, still it 

makes the analysis of the crack growth more complicated. 

The crack propagation rate during fatigue loading for 

the different mixity ratio is shown in Fig. 4. The 

delamination rate is observed to be constant at the 

beginning of loading cycles, however it decreases with  

the progressing delamination. The delamination rate  

for the 0.24 (|C=108 mm) mixity ratio is sharply 

decreasing as compared to the higher mixity ratio 0.5 

(C=62 mm). The higher decreasing rate is due to the higher 

contribution of tensile loading. The tensile loading (Mode 

I) causes the delamination to progress more as compare to 

the shear loading (Mode II) [41]. The delamination rate 

become constant when the crack length reaches 0.051 mm 

and 0.053 mm for the mixity ratio of 0.24 and 0.5 

respectively. The delamination stops when the delamination 

reaches 0.056 mm and 0.0564 mm for the mixity ratio  

of 0.24 and 0.5 respectively.  

Delamination growth rate da/dN is plotted against Gtotal  

in Fig. 5. The growth rate is higher for higher mode ratio which 

confirms the greater contribution of mode I in the fatigue 

fracture process. The Paris equation exponents 0.0065 and 

0.0032 respectively for both ratios as shown in Fig. 5. These 

values are typical in the range for fatigue in composites [42]. 

To observe the existence of several damaged mechanisms 

that impacted the material during experiment. Scanning 

Electron Microscope (SEM) was used to carry out 

Fractography study. The propagation regions of numerous 

samples tested under fatigue loading were examined. 

Fig. 6 shows the area near the delamination initiates  

in specimen under fatigue for ration of mode mixity ratio 

0.24. The presence of damaged fiber may be seen as 

confirmation of earlier presence of fiber bridges [18, 36, 43] 

and river markings [36, 44, 45] specific structure of mode 

I fracture together with cups [46, 47], which is typical  

of fracture of mode-II.  

Fig. 6 shows fibers broken from the characteristic 

fiber-bridging of this mode of fracture. The formation  

of this fiber-bridging over a system coming about because 

of test geometry, which preciously rises the values of  

the material toughness. 

For 
GII

G
= 0.50, as shown in Fig. 7. The formation of 

Hackle marking and cusps were related to crack of mode-II 

and River markings, shows normal for mode I fracture. 

The fatigue lines of the crack growth can be seen in this 

situation.  

The matrix between composite layer converts to matrix 

rollers in the higher mode II ratio tests as shown  

in SEM image in Fig. 8. The rollers are formed due to 

successive rolling of the matrix in the successive fatigue 

cycles [48]. 
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 Fig. 6: SEM micrographs of fatigue sample under MMB test 

for mixed-mode ratio 0.24 

  
Fig. 7: SEM micrographs of fatigue sample under MMB test 

for mixed-mode ratio 0.50 

 
Fig. 8: Matrix rollers in the high mode II tests 

 

The SEM analysis confirms that the contribution of 

the individual mode is reflected in the fractographic 

morphologies of the fractured specimens under mixed 

mode loading. The striation marking and hackles typical 

fracture features of mode I [48]. Hence in higher mode 

I ratios, these features are more obvious. But shifting  

to higher mode II in the mixed mode also brings  

a transition in the fracture features of the surfaces with 

more cusps and matrix rollers. This means that 

quantification of these surface features under controlled 

mode ratios can lead to mechanistically model the 

delamination growth under mode loading and may 

achieved using MMB test fixture. The current study  

was focused to explore possibility of the using 

fractographic features in the understanding of the mixed 

mode delamination growth. In order to develop  

a mechanistic model based on these fractographic 

observations, further delamination growth tests with 

close ranges of mix mode ratios are required with  

the fractographic feature quantification techniques  

like laser microscopy and Transmission Electron 

Microscopy (TEM). 

 

CONCLUSIONS 

In this paper the delamination growth in the glass fiber 

reinforced epoxy under mix mode I/II has investigated 

using the test method MMB. The mode ratio was varied by 

adjusting the lever arm distance. The post mortem SEM 

was performed for the morphology of the test specimens. 

From this investigation following conclusions are drawn. 

The strain energy release rate for higher mode II  

is higher than mode I with the same applied load.  

The decrease in the strain energy with respect to 

fatigue cycles is however steep for greater mode II tests. 

Furthermore, the rate of crack growth decreases with 

expanding the length of delamination and fiber 

bridging. Abrupt variation in the strain energy release 

rate is caused by fiber bridging during fatigue tests.  

The delamination growth rates are higher for higher 

mode I ratio test. The Paris law exponents are typical 

for the composite material which shows less sensitivity 

to the variation in loading for higher mode I ratios  

as compared to metals crack growth. The Fractography 

reveals hacks and striation markings for higher mode I 

ratios which are transformed systematically to cusps 

and matrix rollers as the mode ratio approaches higher 

mode II. Further tests under mixed loading with 

advanced surface feature quantification are required  

for the development of mechanistic model for growth. 

 

Limitations and way forward 

The current study do not consider the environmental 

impact on the fatigue characteristics of glass fiber under 

mixed mode conditions. The environmental conditions 

may include thermal effect and humidity effect. 

Furthermore, the study can be extended to the mixed mode 

(Mode I/III and Mode II/III) conditions. 
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Nomenclature 

MMELS  Mixed Mode End Load Split 

MMB  Mixed Mode Bending 

ASTM  American Society of Testing Materials 

DCB  Double Cantilever Beam 

ENF  End Notched Flexure 

SEM  Scanning Electron Microscope 

 

 

Received : Dec. 05, 2022  ;  Accepted : Apr. 17, 2023  

 

 

REFERENCES 

[1] Aamir M., Tolouei-Rad M., Giasin K., Nosrati A., 

Recent Advances in Drilling of Carbon Fiber–

Reinforced Polymers for Aerospace 

Applications: A Review, The International 

Journal of Advanced Manufacturing Technology,  

105(5): 2289-2308 (2019). 

[2] Al‐Furjan M., Yang Y., Farrokhian A., Shen X., 

Kolahchi R., Rajak D.K., Dynamic Instability of 

Nanocomposite Piezoelectric‐Leptadenia 

Pyrotechnica Rheological Elastomer‐Porous 

Functionally Graded Materials Micro 

Viscoelastic Beams at Various Strain Gradient 

Higher‐Order Theories, Polymer Composites, 

43(1): 282-298 (2022). 

[3] Wong K.J., Johar M., Koloor S.S.R., Petrů M.,  

Tamin M.N., Moisture Absorption Effects on Mode 

II Delamination of Carbon/Epoxy Composites, 

Polymers, 12(9): 2162 (2020). 

[4] Nash N., Ray D., Young T., Stanley W., The Influence 

of Hydrothermal Conditioning on the Mode-I, 

Thermal and Flexural Properties of 

Carbon/Benzoxazine Composites with a 

Thermoplastic Toughening Interlayer, Composites 

Part A: Applied Science and Manufacturing, 76: 135-

144 (2015). 

[5] Johar M., Israr H.A., Low K.O., Wong K.J., Numerical 

Simulation Methodology for Mode II Delamination 

of Quasi-Isotropic Quasi-Homogeneous Composite 

Laminates, Journal of Composite Materials, 51(28): 

3955-3968 (2017). 

[6] Arani A. G., Abdollahian M., Kolahchi R., Nonlinear 

Vibration of Embedded Smart Composite Microtube 

Conveying Fluid Based on Modified Couple Stress 

Theory, Polymer Composites, 36(7): 1314-1324 (2015). 

[7] Salehizadeh P., Taghizadeh M., Emam-Djomeh Z., 

Effect of Parameters on Fiber Diameters and the 

Morphology of Hybrid Electrospun Cellulose 

Acetate/Chitosan/Poly (Ethylene Oxide) Nanofibers, 

Iran. J. Chem. Chem. Eng. (IJCCE), 41(8): 2537-

2547 (2022). 

[8] Pascoe J. A., Alderliesten R. C., Benedictus R., 

Methods for the Prediction of Fatigue Delamination 

Growth in Composites and Adhesive Bonds–A 

Critical Review, Engineering Fracture Mechanics, 

112: 72-96 (2013). 

[9] Hosseini M.R., Taheri-Behrooz F., Salamat-Talab M., Mode 

I Interlaminar Fracture Toughness of Woven Glass/Epoxy 

Composites with Mat Layers at Delamination Interface, 

Polymer Testing, 78: 105943 (2019). 

[10] Hosseini M. R., Taheri-Behrooz F., Salamat-Talab M., 

Mode II Interlaminar Fracture Toughness of Woven 

E-Glass/Epoxy Composites in the Presence of Mat 

Interleaves, International Journal of Adhesion and 

Adhesives, 98: 102523 (2020). 

[11] Arani A.G., Kolahchi R., Hashemian M., Nonlocal 

Surface Piezoelasticity Theory for Dynamic Stability of 

Double-Walled Boron Nitride Nanotube Conveying 

Viscose Fluid Based on Different Theories, Proceedings 

of the Institution of Mechanical Engineers, Part C: 

Journal of Mechanical Engineering Science, 228(17): 

3258-3280 (2014). 

[12] Bennati S., Fisicaro P., Valvo P.S., An Enhanced Beam-

Theory Model of the Mixed-Mode Bending (MMB) 

Test—Part I: Literature Review and Mechanical Model, 

Meccanica, 48(2): 443-462 (2013). 

[13] Al-Furjan M., Shan L., Shen X., Zarei M., 

Hajmohammad M., Kolahchi R., A Review  

on Fabrication Techniques and Tensile Properties of 

Glass, Carbon, and Kevlar Fiber Reinforced Polymer 

Composites, Journal of Materials Research and 

Technology, (2022). 

[14] Motezaker M., Kolahchi R., Rajak D.K., 

Mahmoud S., Influences of Fiber Reinforced 

Polymer Layer on the Dynamic Deflection  

of Concrete Pipes Containing Nanoparticle 

Subjected to Earthquake Load, Polymer 

Composites, 42(8): 4073-4081 (2021). 

[15] Szekrenyes A., Prestressed Fracture Specimen for 

Delamination Testing of Composites, International 

Journal of Fracture, 139(2): 213-237 (2006). 

https://link.springer.com/article/10.1007/s00170-019-04348-z
https://link.springer.com/article/10.1007/s00170-019-04348-z
https://link.springer.com/article/10.1007/s00170-019-04348-z
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pc.26373
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pc.26373
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pc.26373
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pc.26373
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pc.26373
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pc.26373
https://www.mdpi.com/2073-4360/12/9/2162
https://www.mdpi.com/2073-4360/12/9/2162
https://www.sciencedirect.com/science/article/pii/S1359835X15001955
https://www.sciencedirect.com/science/article/pii/S1359835X15001955
https://www.sciencedirect.com/science/article/pii/S1359835X15001955
https://www.sciencedirect.com/science/article/pii/S1359835X15001955
https://www.sciencedirect.com/science/article/pii/S1359835X15001955
file:///D:/mirhosseini/2-Latin/2023/No.%2010,%202023/29-5621/Numerical%20simulation%20methodology%20for%20mode%20II%20delamination%20of%20quasi-isotropic%20quasi-homogeneous%20composite%20laminates
file:///D:/mirhosseini/2-Latin/2023/No.%2010,%202023/29-5621/Numerical%20simulation%20methodology%20for%20mode%20II%20delamination%20of%20quasi-isotropic%20quasi-homogeneous%20composite%20laminates
file:///D:/mirhosseini/2-Latin/2023/No.%2010,%202023/29-5621/Numerical%20simulation%20methodology%20for%20mode%20II%20delamination%20of%20quasi-isotropic%20quasi-homogeneous%20composite%20laminates
file:///D:/mirhosseini/2-Latin/2023/No.%2010,%202023/29-5621/Numerical%20simulation%20methodology%20for%20mode%20II%20delamination%20of%20quasi-isotropic%20quasi-homogeneous%20composite%20laminates
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pc.23036
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pc.23036
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pc.23036
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pc.23036
https://www.ijcce.ac.ir/article_246761.html
https://www.ijcce.ac.ir/article_246761.html
https://www.ijcce.ac.ir/article_246761.html
https://www.sciencedirect.com/science/article/pii/S0013794413003214
https://www.sciencedirect.com/science/article/pii/S0013794413003214
https://www.sciencedirect.com/science/article/pii/S0013794413003214
https://www.sciencedirect.com/science/article/pii/S0142941819300649
https://www.sciencedirect.com/science/article/pii/S0142941819300649
https://www.sciencedirect.com/science/article/pii/S0142941819300649
https://www.sciencedirect.com/science/article/pii/S0143749619302763
https://www.sciencedirect.com/science/article/pii/S0143749619302763
https://www.sciencedirect.com/science/article/pii/S0143749619302763
https://journals.sagepub.com/doi/abs/10.1177/0954406214527270?journalCode=picb
https://journals.sagepub.com/doi/abs/10.1177/0954406214527270?journalCode=picb
https://journals.sagepub.com/doi/abs/10.1177/0954406214527270?journalCode=picb
https://journals.sagepub.com/doi/abs/10.1177/0954406214527270?journalCode=picb
https://link.springer.com/article/10.1007/s11012-012-9686-3
https://link.springer.com/article/10.1007/s11012-012-9686-3
https://link.springer.com/article/10.1007/s11012-012-9686-3
https://www.sciencedirect.com/science/article/pii/S2238785422008687
https://www.sciencedirect.com/science/article/pii/S2238785422008687
https://www.sciencedirect.com/science/article/pii/S2238785422008687
https://www.sciencedirect.com/science/article/pii/S2238785422008687
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pc.26118
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pc.26118
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pc.26118
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pc.26118
https://link.springer.com/article/10.1007/s10704-006-0043-1
https://link.springer.com/article/10.1007/s10704-006-0043-1


Iran. J. Chem. Chem. Eng. Research Article Vol. 42, No. 10, 2023 

 

Review Article                                                                                                                                                                  3553 

[16] Al-Furjan M., Xu M., Farrokhian A., Jafari G.S.,  

Shen X., Kolahchi R., On Wave Propagation in 

Piezoelectric-Auxetic Honeycomb-2D-FGM Micro-

Sandwich Beams Based on Modified Couple Stress 

and Refined Zigzag Theories, Waves in Random and 

Complex Media, 1-25 (2022). 

[17] Brunner A., Stelzer S., Pinter G., Terrasi G.P., Cyclic 

fatigue Delamination of Carbon Fiber-Reinforced 

Polymer-Matrix Composites: Data Analysis and 

Design Considerations, International Journal of 

Fatigue, 83: 293-299 (2016). 

[18] Blanco N., Gamstedt E.K., L Asp., Costa J., Mixed-

Mode Delamination Growth in Carbon–Fiber 

Composite Laminates under Cyclic Loading, 

International Journal of Solids and Structures, 

41(15): 4219-4235 (2004). 

[19] Zhang J., Peng L., L Zhao., Fei B.,  Fatigue 

Delamination Growth Rates and Thresholds of 

Composite Laminates under Mixed Mode Loading, 

International Journal of Fatigue, 40: 7-15 (2012). 

[20] Ducept F., Gamby D., Davies P., A Mixed-Mode 

Failure Criterion Derived from Tests on Symmetric 

and Asymmetric Specimens, Composites Science and 

Technology, 59(4): 609-619 (1999). 

[21] Kolahchi R., Zhu S.-P., Keshtegar B., Trung N.-T., 

Dynamic Buckling Optimization of Laminated 

Aircraft Conical Shells with Hybrid Nanocomposite 

Martial, Aerospace Science and Technology, 98: 

105656 (2020). 

[22] Rugg K., Cox B., Massabo R., Mixed Mode Delamination 

of Polymer Composite Laminates Reinforced Through  

the Thickness by Z-Fibers, Composites Part A: Applied 

Science and Manufacturing, 33(2): 177-190 (2002). 

[23] Naghipour P., Bartsch M., Voggenreiter H., Simulation 

and Experimental Validation of Mixed Mode 

Delamination in Multidirectional CF/PEEK Laminates 

under Fatigue Loading, International Journal of Solids 

and Structures, 48(6): 1070-1081 (2011). 

[24] Shokrieh M., Zeinedini A., Ghoreishi S., On the 

Mixed Mode I/II Delamination R-curve of E-

glass/epoxy Laminated Composites, Composite 

Structures, 171: 19-31 (2017). 

[25] de Moura M., P Cavaleiro., Silva F., Dourado N., Mixed-

mode I+ II Fracture Characterization of a Hybrid 

Carbon-Epoxy/Cork Laminate using the Single-Leg 

Bending Test, Composites Science and Technology,  

141: 24-31 (2017). 

[26] Fakoor M., Khansari N. M., General Mixed Mode I/II 

Failure Criterion for Composite Materials Based on 

Matrix Fracture Properties, Theoretical and Applied 

Fracture Mechanics, 96: 428-442 (2018). 

[27] Low K.O., et al., Displacement Rate Effects on 

Mixed-Mode I/II Delamination of Laminated 

Carbon/Epoxy Composites, Polymer Testing, 108: 

107512 (2022). 

[28] Ebadi-Rajoli J., Akhavan-Safar A., Hosseini-

Toudeshky H., da Silva L., Progressive Damage 

Modeling of Composite Materials Subjected  

to Mixed Mode Cyclic Loading Using Cohesive 

Zone Model, Mechanics of Materials, 143: 

103322 (2020). 

[29] Rafiee R., Sotoudeh S., A Hysteresis Cohesive 

Approach for Predicting Mixed-Mode Delamination 

Onset of Composite Laminates under Cyclic 

Loading: Part I, Model Development, Composite 

Structures, 277: 114667 (2021). 

[30] Hussien M., Moawad M., Seleem M., Sallam H., El-

Emam H., Mixed-Mode Fracture Toughness of High 

Strength FRC: a Realistic Experimental Approach, 

Archives of Civil and Mechanical Engineering, 22(4): 

1-17 (2022). 

[31] Khaji Z., Fakoor M., Farid H.M., Alderliesten 

R., Applying the New Experimental Midpoint 

Concept on Strain Energy Density for Fracture 

Assessment of Composite Materials, Theoretical 

and Applied Fracture Mechanics, 121: 103522 

(2022). 

[32] Zerbst U., Madia M., Vormwald M., Beier H.T., 

Fatigue Strength and Fracture Mechanics–A General 

Perspective, Engineering Fracture Mechanics, 198: 

2-23 (2018). 

[33] Al-Furjan M., Yin C., Shen X., Kolahchi R., Zarei M. S., 

Hajmohammad M., Energy Absorption and Vibration 

of Smart Auxetic FG Porous Curved Conical Panels 

Resting on the Frictional Viscoelastic Torsional 

Substrate, Mechanical Systems and Signal 

Processing, 178: 109269 (2022). 

[34] Keshtegar B., Farrokhian A., Kolahchi R., Trung N.-

T., Dynamic Stability Response of Truncated 

Nanocomposite Conical Shell with Magnetostrictive 

Face Sheets Utilizing Higher Order Theory of 

Sandwich Panels, European Journal of Mechanics-

A/Solids, 82: 104010 (2020). 

https://www.sciencedirect.com/science/article/pii/S0142112315003722
https://www.sciencedirect.com/science/article/pii/S0142112315003722
https://www.sciencedirect.com/science/article/pii/S0142112315003722
https://www.sciencedirect.com/science/article/pii/S0142112315003722
https://www.sciencedirect.com/science/article/pii/S0020768304000964
https://www.sciencedirect.com/science/article/pii/S0020768304000964
https://www.sciencedirect.com/science/article/pii/S0020768304000964
https://www.sciencedirect.com/science/article/pii/S0142112312000254
https://www.sciencedirect.com/science/article/pii/S0142112312000254
https://www.sciencedirect.com/science/article/pii/S0142112312000254
https://www.sciencedirect.com/science/article/pii/S0266353898001055
https://www.sciencedirect.com/science/article/pii/S0266353898001055
https://www.sciencedirect.com/science/article/pii/S0266353898001055
https://www.sciencedirect.com/science/article/pii/S1270963819327312
https://www.sciencedirect.com/science/article/pii/S1270963819327312
https://www.sciencedirect.com/science/article/pii/S1270963819327312
https://www.sciencedirect.com/science/article/pii/S1359835X01001099
https://www.sciencedirect.com/science/article/pii/S1359835X01001099
https://www.sciencedirect.com/science/article/pii/S1359835X01001099
https://www.sciencedirect.com/science/article/pii/S0020768310004488
https://www.sciencedirect.com/science/article/pii/S0020768310004488
https://www.sciencedirect.com/science/article/pii/S0020768310004488
https://www.sciencedirect.com/science/article/pii/S0020768310004488
https://www.sciencedirect.com/science/article/pii/S0263822317303318
https://www.sciencedirect.com/science/article/pii/S0263822317303318
https://www.sciencedirect.com/science/article/pii/S0263822317303318
https://www.sciencedirect.com/science/article/pii/S0266353816309757
https://www.sciencedirect.com/science/article/pii/S0266353816309757
https://www.sciencedirect.com/science/article/pii/S0266353816309757
https://www.sciencedirect.com/science/article/pii/S0266353816309757
https://www.sciencedirect.com/science/article/pii/S0167844218300776
https://www.sciencedirect.com/science/article/pii/S0167844218300776
https://www.sciencedirect.com/science/article/pii/S0167844218300776
https://www.sciencedirect.com/science/article/pii/S014294182200040X
https://www.sciencedirect.com/science/article/pii/S014294182200040X
https://www.sciencedirect.com/science/article/pii/S014294182200040X
https://www.sciencedirect.com/science/article/abs/pii/S0167663619309
https://www.sciencedirect.com/science/article/abs/pii/S0167663619309
https://www.sciencedirect.com/science/article/abs/pii/S0167663619309
https://www.sciencedirect.com/science/article/abs/pii/S0167663619309
https://www.sciencedirect.com/science/article/pii/S0263822321011247
https://www.sciencedirect.com/science/article/pii/S0263822321011247
https://www.sciencedirect.com/science/article/pii/S0263822321011247
https://www.sciencedirect.com/science/article/pii/S0263822321011247
https://link.springer.com/article/10.1007/s43452-022-00492-8
https://link.springer.com/article/10.1007/s43452-022-00492-8
https://www.sciencedirect.com/science/article/pii/S0167844222002671
https://www.sciencedirect.com/science/article/pii/S0167844222002671
https://www.sciencedirect.com/science/article/pii/S0167844222002671
https://www.sciencedirect.com/science/article/pii/S0013794417303041
https://www.sciencedirect.com/science/article/pii/S0013794417303041
https://www.sciencedirect.com/science/article/pii/S0888327022004150
https://www.sciencedirect.com/science/article/pii/S0888327022004150
https://www.sciencedirect.com/science/article/pii/S0888327022004150
https://www.sciencedirect.com/science/article/pii/S0888327022004150
https://www.sciencedirect.com/science/article/pii/S0997753820300942
https://www.sciencedirect.com/science/article/pii/S0997753820300942
https://www.sciencedirect.com/science/article/pii/S0997753820300942
https://www.sciencedirect.com/science/article/pii/S0997753820300942


Iran. J. Chem. Chem. Eng. Research Article Vol. 42, No. 10, 2023 

 

3554                                                                                                                                                                  Research Article 

[35] ASTM D., "5528-01. Am. Soc.," Test. Mater, 2001. 

[36] Argüelles A., Rocandio C., Rubiera S., Viña I., Viña 

J., Influence of the Test Method on the 

Characterization of the Fatigue Delamination 

Behavior of a Composite Material under Mixed Mode 

I/II Fracture, Polymers, 11(11): 1788 (2019). 

[37] Eftekhari M., Fatemi A., On the Strengthening Effect 

of Increasing Cycling Frequency on Fatigue Behavior 

of Some Polymers and their Composites: 

Experiments and Modeling,  International Journal of 

Fatigue, 87: 153-166 (2016). 

[38] Gentry D.M., "Unlocking Synthetic Biomaterials: 

Manufacture of Structural Biogenic Materials via  

3D-Printed Arrays of Bioengineered Cells". Stanford 

University, 2015. 

[39] Khan R., Alderliesten R., Yao L., Benedictus R., 

Crack Closure and Fiber Bridging During 

Delamination Growth in Carbon Fiber/Epoxy 

Laminates under Mode I Fatigue Loading, Composites 

Part A: Applied Science and Manufacturing, 67: 201-

211 (2014). 

[40] Khan R., Fiber Bridging in Composite Laminates:  

A Literature Review, Composite Structures, 229: 

111418 (2019). 

[41] Stephens R.I., Fatemi A., Stephens R.R., Fuchs H.O., 

"Metal Fatigue in Engineering", John Wiley & Sons, 2000. 

[42] Khan R., Alderliesten R., Benedictus R., Two-

Parameter Model for Delamination Growth under 

Mode I Fatigue Loading (Part B: Model 

Development), Composites Part A: Applied Science 

and Manufacturing, 65: 201-210 (2014). 

[43] Al-Khudairi O., Hadavinia H., Waggott A., Lewis E., 

Little C., Characterising Mode I/Mode II Fatigue 

Delamination Growth in Unidirectional Fiber 

Reinforced Polymer Laminates, Materials & Design 

(1980-2015), 66: 93-102 (2015). 

[44] Jollivet T., Peyrac C., Lefebvre F., Damage of 

Composite Materials, Procedia Engineering, 66: 

746-758 (2013). 

[45] Bonhomme J., Argüelles A., Viña J., Viña I., 

Fractography and Failure Mechanisms in Static Mode 

I and Mode II Delamination Testing of Unidirectional 

Carbon Reinforced Composites, Polymer Testing, 

28(6): 612-617 (2009). 

[46] Genedy M., Daghash S., Soliman E., Taha M.M.R., 

Improving Fatigue Performance of GFRP Composite 

Using Carbon Nanotubes, Fibers, 3(1): 13-29 (2015). 

[47] Khan R., Jan S., Ahmad S., Amjad M., Badshah S., 

Ahmad M., Fractographical Investigation of the 

Delamination under Fatigue Using Laser Confocal 

Electron Microscope, International Journal of 

Scientific Engineering and Technology, 4(2): 120-

122 (2015). 

[48] Ahmad E.S., Khan R., "Delamination Growth Under 

Mixed-Mode Fatigue Loading In Composites." 

 

https://koreascience.kr/article/JAKO200908856864319.page
https://www.mdpi.com/2073-4360/11/11/1788
https://www.mdpi.com/2073-4360/11/11/1788
https://www.mdpi.com/2073-4360/11/11/1788
https://www.mdpi.com/2073-4360/11/11/1788
https://www.sciencedirect.com/science/article/pii/S0142112316000244
https://www.sciencedirect.com/science/article/pii/S0142112316000244
https://www.sciencedirect.com/science/article/pii/S0142112316000244
https://www.sciencedirect.com/science/article/pii/S0142112316000244
https://www.proquest.com/openview/8cc3c0165fc9d050d7e438ef49016948/1?pq-origsite=gscholar&cbl=18750&diss=y
https://www.proquest.com/openview/8cc3c0165fc9d050d7e438ef49016948/1?pq-origsite=gscholar&cbl=18750&diss=y
https://www.proquest.com/openview/8cc3c0165fc9d050d7e438ef49016948/1?pq-origsite=gscholar&cbl=18750&diss=y
https://www.sciencedirect.com/science/article/pii/S1359835X14002693
https://www.sciencedirect.com/science/article/pii/S1359835X14002693
https://www.sciencedirect.com/science/article/pii/S1359835X14002693
https://www.sciencedirect.com/science/article/pii/S0263822318346051
https://www.sciencedirect.com/science/article/pii/S0263822318346051
https://books.google.com.pk/books?hl=en&lr=&id=B2aAPVa1TloC&oi=fnd&pg=PA1&dq=Metal+fatigue+in+engineering&ots=AzjtxXr9zr&sig=NhSx_vHvHv1vkNfFy80IYiHX_g0&redir_esc=y#v=onepage&q=Metal%20fatigue%20in%20engineering&f=false
https://www.sciencedirect.com/science/article/pii/S1359835X14001730
https://www.sciencedirect.com/science/article/pii/S1359835X14001730
https://www.sciencedirect.com/science/article/pii/S1359835X14001730
https://www.sciencedirect.com/science/article/pii/S1359835X14001730
https://www.sciencedirect.com/science/article/pii/S0261306914008267
https://www.sciencedirect.com/science/article/pii/S0261306914008267
https://www.sciencedirect.com/science/article/pii/S0261306914008267
https://www.sciencedirect.com/science/article/pii/S1877705813019619
https://www.sciencedirect.com/science/article/pii/S1877705813019619
https://www.sciencedirect.com/science/article/pii/S0142941809000786
https://www.sciencedirect.com/science/article/pii/S0142941809000786
https://www.sciencedirect.com/science/article/pii/S0142941809000786
https://www.mdpi.com/2079-6439/3/1/13
https://www.mdpi.com/2079-6439/3/1/13
https://www.indianjournals.com/ijor.aspx?target=ijor:ijset1&volume=4&issue=2&article=020
https://www.indianjournals.com/ijor.aspx?target=ijor:ijset1&volume=4&issue=2&article=020
https://www.indianjournals.com/ijor.aspx?target=ijor:ijset1&volume=4&issue=2&article=020

