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RESUMO 
 

Uma das tarefas prioritárias para a indústria aeronáutica moderna é alevar a eficiência econômica das 
aeronaves. No contexto da solução deste problema, ao criar novas aeronaves, os materiais compostos de 
polímeros (PCM) são cada vez mais utilizados. É dada especial atenção aos elementos estruturais, cujos danos 
podem levar a diminuição da resistência geral da estrutura. Portanto, uma tarefa essencial no projeto, 
manutenção e operação do teste é estudar o efeito de defeitos entre camadas na resistência e no comportamento 
das estruturas de PCM sob a influência de cargas instáveis. Este trabalho foi dedicado a análise numérica do 
comportamento de uma placa feita de material compósito de polímero (PCM) sob carga instável, considerando 
defeitos intercamadas de forma elíptica, bem como uma avaliação da resistência de uma embalagem compósita 
de acordo com várias fraturas critério. O problema foi resolvido pelo método dos elementos finitos usando o 
pacote de software LS-DYNA. Em seguida, utilizando o método de modelagem matemática, analisou-se a 
separação entre camadas de uma forma elíptica, que permitiu avaliar a resistência da placa e da fibra de acordo 
com os critérios de Hashin, Puck, Chang-Chang e LaRC03 e comparar os resultados. Verificou-se no estudo que 
os índices de falha e os fatores de segurança, obtidos através de vários critérios (Hashin e Chang-Chang), têm 
a mesma distribuição, desde a dependência do modo de fratura implementado (compressão da fibra na direção 
longitudinal) foi idêntico. Os materiais de análise podem ser levados em consideração ao desenvolver requisitos 
técnicos e montar estruturas de aeronaves. 

 
Palavras-chave: placa composta, critérios de falha em compósitos, defeito interlaminar, método dos elementos 
finitos (MEF), material compósito polimerico. 
 
ABSTRACT 
 
 One of the priority tasks of the modern aviation industry is to increase the economic efficiency of aircrafts. 
In the context of solving this problem, when creating new aircrafts, polymer composite materials (PCM) are 
increasingly used. Particular attention is paid to structural elements, damage to which can lead to a decrease in 
the strength of an airframe as a whole. Therefore, an essential task in the design, maintenance, and operation of 
the test is to study the effect of interlayer defects on the strength and behavior of PCM structures under the 
influence of unsteady loads. This work is devoted to a numerical analysis of the behavior of a plate made of a 
polymer composite material (PCM) under unsteady load considering interlayer defects of an elliptical shape, as 
well as an assessment of the strength of a composite package according to various fracture criteria. The problem 
is solved by the finite element method using the LS-DYNA software package. Then, using the method of 
mathematical modeling, the interlayer separation of an elliptical shape was analyzed, which allowed to evaluate 
the strength of the plate and fiber according to the criteria of Hashin, Puck, Chang-Chang, and LaRC03 and 
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compare the results. It was found in the study, that the failure indices and safety factors, which were obtained 
using various criteria (Hashin and Chang-Chang), have the same distribution, since the dependence of the 
implemented fracture mode (fiber compression in the longitudinal direction) is identical. Analysis materials can be 
taken into account when developing technical requirements and assembling aircraft structures. 
 
Keywords: composite plate, composites failure criteria, interlaminar defect, finite element method (FEM), polymer 
composite material. 
 
 
 
1. INTRODUCTION 
 

Appropriate calculations and full-scale 
tests must support the structural strength of the 
PCM in the aviation industry. Particular attention is 
given to the structural elements, damage which 
can lead to a decrease in airframe structural 
strength in general. The result of such damages 
may be interlayer defects such as bundles (Nia et 
al., 2020; Shen et al., 2020; Tian et al., 2020). 

Interlaminar defects can occur at various 
stages, both at the production stage and during 
operation. Among the main reasons that can 
cause defects, we can distinguish the following: a 
collision with a bird, hit stones on takeoff, non-
localized dispersion of the engine rotor, hit 
fragments pneumatics, hit hail, collision when 
towing or steering with aerodrome infrastructure 
facilities, falling tool or replacement part (Koh and 
Madsen, 2018; Valverde et al., 2020). 

 The resulting defects at selected non-
destructive testing methods (including ultrasonic 
flaw detection, x-ray, current-vortex, optical 
holography, acoustic monitoring) are divided into 
undetectable, detectable with any form of control, 
reliably detected within several flights by technical 
personnel and evident to the crew (Miranda 
Guedes, 2019). The presence of defects in the 
structure of the PCM elements can lead to 
cracking of the binder, fiber destruction, and loss 
of strength of the composite packet (CP) (Kulkarni 
et al., 2020). It follows that an essential task for the 
design, maintenance, and operation of the test is 
to study the influence of interlaminar defects on 
the strength and behavior of PCM constructions 
under the influence of unsteady loads (Ershova et 
al., 2018; Medvedskiy et al., 2019; Medvedsky et 
al., 2019a; Medvedsky et al., 2019b; Medvedsky 
et al., 2019c; Medvedsky et al., 2019d; Medvedsky 
et al., 2019e). This paper shows the results of 
numerical simulation of the behavior of a 
rectangular plate made of a layered composite in 
the presence of interlayer defects of the bundle 
type. The impact of a spherical blast wave formed 
after the detonation of a point source is considered 
as an external non-stationary load. In solving the 
problem, we used the finite element method (FEM) 

implemented in the LS-DYNA software package 
using an explicit time integration scheme for the 
complete system of FEM equations (Bento Rebelo 
and Cismaşiu, 2017; Trajkovski, 2017a; 
Trajkovski, 2017b; Erdik and Uçar, 2018; Teng, 
2018; Bisyk et al., 2019). The distribution of 
pressure on the outer surface of the plate, 
deflections in the zone of defects at different times 
were obtained, as well as the analysis of the 
operating stresses and deformations in the layers 
of the plate, and based on this analysis, the 
maximum failure indices and minimum safety 
factors in the most loaded layer were determined 
according to various failure criteria for composite 
materials (Chen et al., 2020; Rena et al., 2020). A 
comparison of the considered failure criteria for a 
point with a minimum safety factor is performed, 
and a graph of changes in the failure indices at 
various points in time is presented. A quantitative 
assessment of the degree of reduction of the 
minimum safety factor in the presence of multiple 
elliptic defects between the layers of the plate is 
made. The proposed method allows us to take into 
account the presence of interlayer defects of 
various shapes, sizes and layouts between the 
layers of the package under the action of a wide 
range of non-stationary loads: the action of 
pressure fields distributed according to different 
laws, the impact of a striker with different speed 
and energy, the action of acoustic and explosive 
waves generated by different sources, the impact 
of temperature fields. 

The consideration of interlayer effects with 
allowance for temperature factors was considered. 
This work is devoted to the numerical analysis of 
the behavior of the plate of a polymer composite 
material (PCM) under unsteady load considering 
interlayer defects elliptical shape, as well as 
evaluating the strength of the compositeу package 
according to various failure criteria. 
 
2. MATERIALS AND METHODS 
 

The object of this research is a rectangular 
plate made of PCM length a = 500 mm and a width 
b = 200 mm (Figure 1). The plate is made of 
carbon fiber using autoclave technology based on 
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prepreg HexPly M21/34%/UD194/IMA (IMA 
carbon tape-based high-strength fiber HexTow 
IMA-12K and modified epoxy binder M21) 
manufactured by Hexcel Composites (USA). The 
thickness of the mono-layer is assumed to be 
equal to h = 0.184 mm. Laying plate has the 
following scheme: [+45°/-45°/90°/0°/+45°/-45°/-
45°/+45°/0°/90°/-45°/+45°] (total of 12 mono-layer, 
2.208 mm total thickness of the package). 

The problem is solved by the finite element 
method (FEM) in the software package LS-DYNA. 
Each mono-layer modeled a separate set of finite 
elements with the wording “16: Fully integrated 
shell element” and property “COMPOSITE”. It is 
assumed that between all layers, there are defects 
in the form of interlaminar delamination of elliptical 
shape with axes of 60 and 40 mm. The layers, 
except for the defect zones, are connected by a 
glue contact “Automatic One-Way Surface to 
Surface Tiebreak”. The “Automatic Surface to 
Surface” contact is taken into account between 
defects. 

As an external unsteady load, an explosive 
impact with a spherical blast wave is used, which 
is modeled using the “Load Blast Enhanced” 
function based on the Kingery-Bulmash model (Le 
Blanc et al., 2005; Tabatabaei and Volz, 2012; 
Schwer et al., 2015). The epicenter of the 
explosion is located above the defects at a 
distance of 300 mm, and the detonation energy is 
E = 33.47 kJ. As boundary conditions, the hinge 
support along the long edges of the plate is used. 
To assess the strength of a PCM plate, the 
following failure criteria are used to evaluate the 
strength of the matrix and the fiber separately: 
Hashin (1980), Puck (Puck and Schurmann, 
1998), Chang and Chang (1987), LaRC03 
(Sebaey et al., 2011; Muizemnek and Kartashova, 
2017). Appropriate depending is shown below1. 
Criteria Hashin. Fiber strength for plane stress 
state is determined by the following Equations (1)-
(2). 

The strength of the matrix (Equations 3-4), 
where ff – fiber failure index, fm – matrix failure 
Index, 𝜎ଵ – normal stress acting in the longitudinal 
direction, 𝜎ଶ – normal stress acting in the lateral 
direction, 𝜏ଵଶ – shear stress acting in the plane, 
𝑋் – tensile strength in the longitudinal direction at 
a stretching, 𝑋஼ – tensile strength in the 
longitudinal direction at a compression, 𝑌  – 
tensile strength in the transverse direction at a 
stretching, 𝑌஼  – tensile strength in the transverse 
direction under compression, 𝑆ଵଶ – shear strength 
in the plane. Failure occurs when one of the 
Equations (1)-(4) becomes equal to unity. Hashin 
failure index can be written as (Equation 5). 

2. Criterion Puck. Fiber strength is 
determined by the following Equations (6)-(7). The 
strength of the matrix (Equations 8-13), where 
(Equations 12-13),  fmA, fmB, fmC  –  form of failure 
of the matrix. For carbon fiber reinforced plastics 

p
12
(+) = 0.3, p

12
(-)  = 0.35, p

22
(+) = p

22
(-)  = 0.25-0.3. 

3. Criterion Chang-Chang. Strength fibers 
for plane stress state are determined by the 
following Equations (14)-(18). Fiber strength was 
determined using Equations (14), (15). The 
strength of the matrix was determined using 
Equations (16)-(18), where β – taken equal to 0.1. 

4. Criterion LaRC03 (Chen et al., 2018) 
Equations (19)-(25), where 𝜀ଵ – the deformation is 
exerted in the longitudinal direction by stretching; 
ε1

T – limiting deformation in the longitudinal 
direction at a stretching, σ22

m , τ12
m  – stresses in 

areas of misalignment, ηL – longitudinal friction 
coefficient, Yis

T , Sis
L  – the limits of local strength, g, 

(GIC/ GIIC) – fracture stiffness coefficient, τeff
T , τeff

T  – 
effective shear stress in compression of the matrix 
calculated based on the Mohr-Coulomb criterion, 
which binds effective shear stress in the disk Mora 
failure plane (Equation 26), where α0 = 53  – 
fracture angle. 

Material mono-layer has the following 
mechanical characteristics: XT = 2830 MPa, 
XC = 1500 MPa, YT = 54 MPa, YC = 271 MPa, 
S12 = 96 MPa, E1 = 178 GPa, E2 = 8.6 GPa, 
G = 3.0GPa, μ12 = 0.32, ρ = 1580 kg / m3. Here μ12 
– Poisson ratio, which characterizes the lateral 
contraction in the longitudinal direction, G – shear 
modulus in the plane of the sheet, ρ – density, E1 – 
elasticity module in the longitudinal direction, E2  – 
modulus of elasticity in the transverse direction. 
Characteristics mono-layer received PKM 
manufacturer experimentally according to 
European standards EN samples for RTD mode 
(Room Temperature Dry): normal temperature 
+23 °C and the humidity – in the delivery state 
(Antufev et al., 2019; Kuznetsova and Rabinskiy, 
2019). 
 
3. RESULTS AND DISCUSSION: 
 

Figure 2 shows the variation of the external 
pressure on the surface of the plate in the center 
location of the defects as a result of the detonation 
wave. Figures 3-4 shows the stress distribution in 
the longitudinal direction and shear stresses in the 
layer No. 10 (90°) at a time 0.59 ms in cases of 
presence and absence of defects between the 
layers. Figures 5-7 show the distribution of safety 
factors in layer 10 (90°) at the time of 0.59 m s for 
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cases of presence and absence of defects 
between layers according to various failures 
criteria. Figure 8 shows the distribution of pressure 
from the blast wave action on the surface of the 
plate at a time 0.59 ms. Figures 9-10 show 
displacement along the major axis of the defect in 
the layer No. 10 at different time points for the 
plate in the presence and absence of defects, 
respectively. Figures 9-10 show that for layer 10, 
the maximum displacement values differ slightly, 
but the behavior is different. This is due to the 
presence of defects between layers. Figure 11 
shows the variation of failure index at the point with 
a minimum safety factor for any failure criteria. 

Thus, from Figures 3-7, it is seen that in 
case of a defect, the maximum-acting guides 
longitudinal stresses above about 1.68 times 
compared with the case of absence of defects. 
Analysis of the distribution failure indexes and 
safety factors obtained by different failure criteria 
showed that criteria Hashin and Chang-Chang 
have the same distribution because the 
dependence of the realized form of destruction 
(fiber compression in the longitudinal direction) is 
the same. The minimum safety factor was 
calculated from LaRC03 criterion (“η = 0.87”) 
decrease in strength of the structure in case of the 
presence of defects LaRC03 criterion is 2.46 
times. 
 
4. CONCLUSIONS: 
 

Thus, the behavior of a laminate plate 
made of a polymer composite material under non-
stationary load taking into account interlayer 
defects of an elliptical shape was studied, as well 
as the strength of the composite package 
according to various fracture criteria was 
assessed. The pressure distribution on the outer 
surface of the plate under the influence of an air 
blast wave is determined. The deflections of the 
plate along the defect are also determined in the 
presence and absence of interlayer defects. The 
analysis of these dependencies shows a 
difference in the behavior of the plate in the defect 
zone. The dependences of the failure indices on 
the considered failure criteria at various moments 
in time are determined. An analysis of distribution 
failure indices and safety factors obtained using 
different failure criteria showed that the Hashin 
and Chang-Chang criteria have the same 
distribution since the dependence of the realized 
fracture shape (longitudinal compression of the 
fiber) is the same. For the design under 
consideration, the presence of a defect reduces 
the strength by 2.46 times, the minimum safety 
factor is implemented using the LaRC03 criterion 

and is 0.87. The results of the analysis can be 
taken into account when developing technical 
requirements and assembling the structures of an 
aircraft including when exposed to temperature 
fields. 
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ቈටቀS12

YT
-p

12
(+)ቁ

2
σ2

2+τ12
2 +p

12
(+)σ2቉ at σ2 ≥ 0  (Eq. 8) 

 

fmB = 
1

S12
ቈටτ12

2 +(p
12
(-) σ2)2+p

12
(-) σ2቉ , if σ2 < 0, 0 ≤ ቚσ2

τ12
ቚ  ≤

YA

τ12C
   (Eq. 9) 

 

fmC = ൭ቆ
τ12

2ቀ1+p
12
(-) S12ቁ

ቇ
2

+ ቀσ2

YC
ቁ

2
൱

YC

|σ2|
, if σ2 < 0, 0 ≤ ቚτ12

σ2
ቚ  ≤ 

τ12C

YA   (Eq. 10) 

 
f = max (fmA, fmB, fmC, ff)  (Eq. 11) 
 

τ12C = S12ට1+2p
22
(-) , p

22
(-)  = p

12
(-) YA

S12
  (Eq. 12) 

 

YA = 
S12

2p
22
(-) ൤ට1+2p

12
(-) YC

S12
-1൨  (Eq. 13) 

 

ff = ቀσ1

XT
ቁ

2
+β ቀ τ12

S12
ቁ = 1 at σ1 ≥ 0  (Eq. 14) 

 

ff = ቀσ1

XC
ቁ

2
= 1 at σ1 < 0  (Eq. 15) 

 

fm = ቀσ2

YT
ቁ

2
+ ቀ τ12

S12
ቁ

2
= 1 at σ2 ≥ 0  (Eq. 16) 

 

fm = ቀ σ2

2S12
ቁ

2
+ ൤ቀ σ2

2S12
ቁ

2
-1൨ σ2

YC
+ ቀ τ12

S12
ቁ

2
= 1 at σ2 < 0  (Eq. 17) 

 
f = max (fm, ff)  (Eq. 18) 
 
𝑓௙  ൌ  

கభ

கభ
౐ at σଵ  ൒  0  (Eq. 19) 

 
𝑓௙  ൌ  

கభ

கభ
౐ at σଵ  ൒  0  (Eq. 20) 
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𝑓௙  ൌ  
|தభమ

ౣ |ା஗ై஢మమ
ౣ

ୗ౟౩
ై  at σଵ  ൏  0 and σଶଶ

୫  ൏  0  (Eq. 21) 

 

𝑓௙  ൌ  g ൬஢మమ
ౣ

ଢ଼౟౩
౐ ൰

ଶ
൅ ൬தభమ

ౣ

ୗ౟౩
౐ ൰

ଶ
൅ ሺ1 െ gሻ ൬஢మమ

ౣ

ଢ଼౟౩
౐ ൰ at σଵ  ൏  0 and σଶଶ

୫  ൒  0  (Eq. 22) 

 

𝑓௠  ൌ  g ൬஢మ

ଢ଼౟౩
౐ ൰

ଶ
൅ ൬தభమ

ୗ౟౩
౐ ൰

ଶ
൅ ሺ1 െ gሻ ൬஢మ

ଢ଼౟౩
౐ ൰ at σଶ  ൒  0  (Eq. 23) 

 

𝑓௠  ൌ  g ൬
த౛౜౜

౐

ୗ౐ ൰
ଶ

൅ ൬
த౛౜౜

ై

ୗ౟౩
ై ൰

ଶ

 at σଵ ൒ െYେ and σଶ ൏ 0  (Eq. 24) 

 

𝑓௠  ൌ  g ൬
த౛౜౜

ౣ౐

ୗ౐ ൰
ଶ

൅ ൬
த౛౜౜

ౣై

ୗ౟౩
ై ൰

ଶ

 at σଵ ൏ െYେ and σଶ ൏ 0  (Eq. 25) 

 

ST = YCcosሺα0ሻ ቀsinሺα0ሻ +
cosሺα0ሻ

tanሺ2α0ሻ
ቁ  (Eq. 26) 
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Figure 1. Rectangular composite plate 
 

 
 

Figure 1. Pressure change 
 

 
 

Figure 2. Normal longitudinal stresses at 0.59 ms, MPa: a – with defects; b – without defects 
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Figure 3. Shear stresses at 0.59 ms, MPa: a – with defects; b – without defects 
 

 
 

Figure 4. Safety factors at 0.59 ms for the plate with defects 
 
Source: Hashin (1980), Chang and Chang (1987). 

 

 
 

Figure 5. Safetys factor at 0.59 ms for plate with defects 
 
Source: Puck and Schurmann (1998). 
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Figure 6. Safety factor at 0.59 ms (without defects): a – a progressive damage model for laminated 
composites containing stress concentration, Failure criteria for unidirectional fiber composites, Failure 

analysis of FRP laminates by means of physically based phenomenological models; b – LaRC03 
 
Source: Hashin (1980), Chang and Chang (1987); Puck and Schurmann (1998). 
 

 
 

Figure 7. Blast pressure on the plate at time 0.59 ms 
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Figure 8. Displacement of ply No. 10 in defect zone (plate with defects) 
 

 
 

Figure 9. Displacement of ply No. 10 in defect zone (plate without defects) 
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Figure 10. Failure index 
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