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ABSTRACT. When studying mechanical behavior of structures made of

laminated polymer composite materials, issues related to their relatively high

susceptibility to damage, such as delamination, fiber breakage and matfiX iuon: Tashkinov, M. Esshova, D.

failure, play significant role. Key aspects are also related to accurate Shalimov, A, Computational multi-scale
o .9 g o . . analysis of simultaneous processes of
description of the internal structures and heterogeneity of the material. This  jeminaion and damage accumulation in
work is aimed at a numerical study of the processes of damage accumulation laminated composites, Frattura ed Integrita
. . T : Strutturale, 49 (2019) 396-411.
in plies as well as development of delamination in laminated polymer
composite IL-shaped specimen taking into account microstructural Received: 02.04.2019
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parameters. The influence of contact conditions between the plies on the p priched: 01072010
model’s behavior has been studied. It was established that the delamination
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processes inside the specimen can initiate at the early stages of deformation, i tnder the terms of the CCBY 4.0,
which is reflected in the difference of the results obtained using models with which permits unrestricted use, distribution,
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elastic behavior of the specimen and models with the developed delamination
leads to conclusions about influence of a number of model parameters on the
results obtained before and after propagation of delamination. In particular,
such factors as the geometry and mechanical properties of models, the
number and conditions for specifying contact pairs in the model were

analyzed.
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INTRODUCTION

he difficulties in modeling of failure of laminated composite structures are related to the inhomogeneities of

microstructure of composite materials. A characteristic feature of laminated polymer composites is that the origin

of the fracture processes in the material does not always lead to complete failure of the structure. Thus, until the
structural integrity is lost, damage can be accumulated at various scale levels.
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When analyzing the mechanical behavior of polymer composite structures, an important task is to create numerical
models that allow to reproduce the deformation behavior of the structure not only in the elastic zone, but also after the
onset of the development of internal defects and subsequent failure process. To obtain mote accurate numerical results
it is necessary to take into account both the structural features of the laminated composites (distribution of epoxy
between plies, presence of epoxy “pockets” and internal defects) and a number of mechanisms that cause the
occurrence and progression of the defect, implemented in the form of appropriate criteria and fracture models. In
addition, interaction of microstructural elements plays a key role in the propagation of fracture processes in composites.
Accordingly, besides the development of defects arising at the scale level of the composite ply, it is necessary to model
the effect of damage accumulation at the micro-scale level. The most common types of fracture in laminated composites
are fiber rupture, matrix cracking and delamination [1-3]. The traditional approach when creating failure models of
composites is to use the failure criteria on a scale of a ply. These criteria compare the stress state in a ply with the
strength characteristics or allowable deformation of the material and are defined in the local coordinate system. At
present, a large number of fracture criteria have been developed for composite materials that take into account these
mechanisms to some extent and which depend on a different sets of critical constants [4-8]. The foundations for the
development of strength criteria for the composites were laid in the works of Hill [9], Tsai [10] and others, who
formulated the criteria on the basis of the relations between the components of the stress tensor. More sophisticated
criteria based on a set of different possible failure modes, including, separately, matrix and fibers failure, were initially
proposed, by Hashin [11,12], Puck [13] and Chang [14]. In order to take into account the structural defects, the
approaches of continuum damage mechanics (CDM) are used, according to which after the failure criterion in a ply is
met, the material with defects is replaced by a fictious continuous material without defects, but with lowered elastic
properties [15]. To simulate the growth of delamination, approaches of the fracture mechanics are used. Since laminated
composites demonstrate brittle behavior, linear elastic fracture mechanics (LEFM) are used to model delamination, one
of the common approaches of which is the virtual crack closure technique (VCCT) ) [16-20]. The essence of the
method in application to the finite element approach lies in the separation of the nodes of the finite element mesh
located on the initially connected surfaces of the plies when specified fracture criterion is fulfilled.

For the same model of composite structure, the use of different fracture theories can lead to significant differences in the
results of evaluation of its mechanical response. When creating models of structures made of laminated composites in
order to take into account all the basic mechanisms of failure it is necessary to (i) to create a laminated geometric ply-by-
ply model of the composite material; (i) analyze the state of contact between the plies on the basis of approaches of
fracture mechanics that allow to numerically implement the process of separation of plies; (iii) evaluate the strength
characteristics and damage accumulation in the ply not only by using its effective properties, but also by establishing its
relation to the analysis of local fields in microstructural components.

This work is aimed at studying the influence of damage accumulation processes and changes in the stiffness properties in
the woven ply of a polymer composite material on the development of delamination in laminated polymer composites
structures. An L-shaped specimen subject to load leading to delamination and, at the same time, accumulation of defects
and damage in the plies, is investigated. The method of estimation of microstructural parameters as well as physical and
mechanical properties of the composite material is based on a multi-scale mathematical model taking into account the
geometry of the material, anisotropy of physical and mechanical properties of the plies and mechanical properties of the
matrix. The virtual crack closure technique (VCCT) with the application of the Benzeggagh-Kenane (BK) criterion is used
for modelling the propagating delamination. The assessment of plies damage is based on two criteria: a multicomponent
criterion, which uses the simplest fracture indicators for various components of the stress tensor, and more complex
Hashin criterion [12], taking into account the analysis of local microstructural fields. The numerical results of modeling of
the mechanical behavior of the specimen using different criteria are compared and the relationship between the processes
of delamination and damage accumulation in plies is studied.

MULTI-SCALE MODEL OF FRACTURE IN LAMINATED COMPOSITES

Virtual crack closure technique
ccording to the concept of this technique, the energy released by the expansion of the crack at a certain distance
is equal to the energy required to close the crack at the same distance. In the framework of the finite element
simulation, this energy can be calculated from the nodal forces at the delamination front and the corresponding
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nodal displacements behind the delamination front [18]:

AE =%[X1A%+ZIAH/] ,
@)

where X, and Z; ate shear and opening forces in the node I, Az and Aw are displacements corresponding to the shear
and opening in the node L (Fig. 1).

Figure 1: Schematic implementation of the VCCT for finite elements

The energy release rate is then calculated as:

A
G=2C )
AA

where A4 is a crack surface.
In real materials, the debonding crack usually grows simultaneously in all three modes of deformation (opening, in-plane
shear and out-of-plane shear). In order to take this into account, the energy release rates are calculated for each mode

(G;,Gy,Gyp) and the subsequently summed:
Gp =G +Gy +Gyy ©)

The latter is compared with the critical value G . In this case, the beginning of the opening of two nodes and growth of
the crack occurs when the following condition is met:

Gr

—2>1. 4

C )

The critical value G, depends on all three modes of deformation and is defined using the mixed criterion. One of the
most used criterion in three-dimension space is the Benzeggah and Kenane (BK) criterion [21]:

G +G;+G
f: 1 )i il 21, (5)

n
G, +G
GIC +(GH(: - GI(J)(G +HG _:HG j
I i 1

where the constants G, G, are determined experimentally for each laminated composite material.
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Progressive failure model

The progressive failure model allows to evaluate the performance of the strength criteria in every ply of composite
material at each step of deformation, which makes it possible to change the properties of finite elements during the
analysis, depending on whether the criterion is fulfilled for them or not [22-31].

Considering the material with initially linear elastic behavior, the ratio of stresses of the initial and damaged material is
expressed, respectively, as follows:

C:¢
C(D):é‘

©)

o
o

where € denotes an effective (undamaged) stiffness tensor, C(D) is the stiffness tensor depending on the damage

tensor D. The relationship between the effective stress & and conditional stress o is written using the damage tensor D:

X
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To calculate the damage variables D, , it is necessary to specify the criterion of failure and the damage evolution law. In

this work, the damage accumulation in plies is modeled using the multicomponent fracture criterion and the Hashin
criterion.

The multicomponent fracture criterion includes five fracture indicators corresponding to mechanical response of the
composite ply when the specimen is loaded in different directions:

Oy Oy ) O |c12|
=—,0,, 20; =——,0,, <0 =—= 0, 20; =——=0,,<0; fr. = s 9
Ja X, 11 JB X 11 Je Y, 22 /o Y 2 JE 5 ©)

where X, is tensile strength in direction 1; X is compressive strength in direction 1; Y, is tensile strength in direction 2;

Y is compressive strength in direction 2; S is shear strength in the plane (1,2). Hereinafter, it is assumed that the plane 1-
2 coincides with the surface of the woven ply.
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The variables D11(¢’(f/; )), Dll((o(fg)), D,, ((o(fc)) and D22(¢(fD)) change instantly when the criterion is
triggered:

0y .
co(f)={ ’;f;f (10)

where £, =1, D, =0,99.

The variable D,, (QJ( fr )) changes according to the power damage evolution law:

0 Z][f<fml'n;

O(f)={Puc L S < s a1

else D

Hete f,,, =1, f,.. ®4,35, =0,13, D, =0,484, Dﬁm, =1, according to [32].

The Hashin fracture criterion for a composite ply includes four indicators representing a combination of strength
constants and the components of the stress tensor in the ply:

O , %
/TR RPN 12
f/] X}z 5122 11 ( )
/b =——;“ ,01, <0; (13)

((722 + 0'37,) O, 1t0;; 0y —0,,03;
= Ao, +0.,)20; 14
Je \/ le 5122 5223 ( 22 33) (14)
o, +0O o, +0 o 0,,0 Y o, +0O
fD — ( 22 = ’>3) 12 > 13 23 - 2233 ‘[ 22 33 ’(022 + 0_33) < O , (l 5)
45 512 523 2‘523 )I

where X, is tensile strength in direction 1; X is compressive strength in direction 1; Y, is tensile strength in direction 2;
Y is compressive strength in direction 2; 5, is shear strength in the plane (1,2), 5 ,; is shear strength in the plane (2,3).
Here, f, is the tension failure indicator and f} is the compression failure indicator for the ply fabric; /. is the indicator

of matrix fracture under tension or shear in two directions, f}, is indicator of matrix fracture under compression or shear

in the plane in two directions. Failure occurs if at least one of these criteria reaches or exceeds 1.

It is accepted that variables D“(qo(fA)), D“(qo(fB)), Dzz(¢’(fc )) and Dzz((/’(fD)) vary according to the

instantaneous evolution law:

0 .
<o(f)={ ]/:f;f (16)

max
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where f,, =1, D, =0,99.

Homogenization procedure

Since failure of a composite structure is a direct result of the processes occurring inside the material, the accuracy of the
numerical methods can be improved by analyzing behavior of a ply at the microstructural level, including studying of
stress and strain fields in the individual microstructural components. Modern approaches of micromechanics, in addition
to calculating the effective properties of a composite material based on microstructural data, allow to simulate the
mechanical behavior of local fields. The goal of the homogenization procedure is to give an approximate estimate of the
average values of stress and strain fields, both at the macro level and in each phase. In the present work the mean field
method of homogenization is employed to study the individual components’ behavior. This analytical method is based on
the assumption of interrelationship of the average stresses and strains in each phase of the representative volume of the
material [9].

The sum of the phases volume fractions of two-phase composites is p,; + pp =1, where M is for matrix, F is for
inclusions (fiber in our case). Then, according to the mean field method, the strain concentration tensors can be
determined from the following equations:

er.=B°:g,,e.=A4":¢. (17)

Average volumetric values for strain field & in the inclusions are associated with average volumetric values for strain

field in the matrix &, via the concentration tensor B?, and with macro-strains & via the second concentration tensor
A°.

For woven composite materials, the mean field method can be implemented on the basis of a modified Mori-Tanaka
homogenization approach [33]. The initial method was proposed by Mori and Tanaka in 1973 and is based on the
approximate use of the Eshelby’s solution. The application of the Mori-Tanaka approach is obvious when the reinforcing
particles can be effectively approximated as ellipsoids. For the textile composites with an organized structure consisting of
yarns, the homogenization procedure is performed in the several stages [34]. First, a mechanically equivalent material’s
microstructure is created, with a simplified geometry for inclusions, and a segmentation of the geometry of the textile ply
is carried out. Then, properties of each textile segment are calculated using homogenization formulas for a unidirectional
fiber array using the local volume fraction of fibers in the segment, fiber properties and elastic properties of the matrix.
The result is a stiffness matrix, expressed in the local coordinate system. For the Mori-Tanaka homogenization, the spatial
arrangement of the inclusions does not make difference, the only important geometric factors are orientation and size of
the inclusions. After the equivalent set of inclusions has been created, the effective stiffness tensor is obtained as follows:
the Eshelby tensors S, are calculated for the inclusions in local coordinates, and the result is converted for the global

coordinate system. Then the strain concentration tensors are calculated for all the inclusions:

-1

A =AY py I+ p AN (18)
~

where p; is relative volume fraction the inclusions phase ;, p), is relative volume fraction of the matrix, p,, + Z p =1

7

, I is the identity tensor,. AZ-M is calculated by the formula:
, -
4" =[1+s5c'(c-c,)| . (19)

whete §; is the Eshelby tensor for inclusions phase 7, C. is inclusions’ stiffness tensors, C,, is stiffness tensor of the

polymer matrix.
Further, the effective stiffness matrix of the composite is expressed as follows:

C, :Cm+ZpZ.(CZ.—Cm)A8. (20)
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NUMERICAL EXAMPLE

included in the fracture criteria, the contact properties between the plies, the number of contact pairs in which

delamination can emerge. The algorithm of delamination analysis of laminated composites consists of three main
phases — analysis of the elastic zone, the moment of initiation of delamination and the subsequent development of
delamination.
The laminated L-shaped fiberglass specimen consisting of 12 plies was chosen for the study (Fig. 2). The unit cell of the
material’s woven microstructute is shown in Fig. 3. The thickness of the ply was set to 0.26 mm. The boundary conditions
simulated the real experiment loading — pre-tension of the fastening bolts and displacements of 8 mm applied to the lower
part of the structure while the upper bolts remained fixed (Fig. 2). The main features of the model operating in the elastic
zone are its geometric structure, elastic properties of structural elements, and the type of boundary conditions. In the
studied model, the possibility of simultaneous growth of the debonding zone between (i) five plies (each second pair) and
(i) each pair of plies of the material is implemented. The initial elastic properties of the structural elements of the
composite specimen model are presented in Tab. 1. The values of the critical constants used in the BK criterion (5) are
given in Tab. 2. The latter properties were obtained from the in-house set of the experiments. The ply’s critical constants
to be used in multicomponent (9) and Hashin (12)-(15) progressive failure criteria are given in Tab. 3. All calculations
were performed in SIMULIA Abaqus.

T he key parameters for modeling of the fracture processes in the laminated composites are the critical constants

@) ()

Figure 2: The model of the I.-shaped laminated specimen: (a) specimen with loading tools; (b) plies configuration

Figure 3: Woven microstructure unit cell
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E,, MPa E,, MPa E,, MPa Vi, Vo =Vi3 G,,, MPa G, =G,;, MPa

Ply 24000 24000 8700 0.15 0.14 4500 3000
Fiber 80000 10000 10000 0.54 0.67 34000 34000
Matrix 5000 5000 5000 0.3 0.3 - -

Table 1: Elastic ply properties of the ply and microstructural components.

mJ mJ
G, — 5 Gy, =Gy, 2 n
mm mm
0.907 1.140 1

Table 2: Critical strain energy release rates.

X, , MPa X, ,MPa Y, , MPa Y , MPa S, MPa S 5, MPa

442 525 347 451 60 60

Table 3: Critical constants of the ply.

RESULTS AND DISCUSSION

plies and degradation of the plies’ properties predicted by the Hashin criterion (12)-(16). In particular, the state of

contact between the surfaces of the second and third, as well as the fifth and sixth plies, at different steps of
loading are presented: before delamination (u = 2.65mm), at the beginning of delamination (u = 2.7mm) and in the final
stage of delamination (u = 8mm). Red color shows an existing contact. For the same loading steps, the field of the damage
tensor variable D11 in one of the plies of the corresponding pair is presented. These values change from 0 (blue) to 1 (red).
Figs. 8-11 show the same set of results for the model with multicomponent criterion.
The results show that in both cases the propagation of delamination and the accumulation of damage processes are not
the same in different plies. The degree of delamination and damage is higher in the plies located in the middle of the
specimen. It was found that using different criteria of damage accumulation in the ply, different rates of propagation of
delamination between various pairs of plies are observed. However, in some cases, the activation of fracture indicators
according to the selected criterion and the weakening of the strength characteristics of the ply is due to the already
occurring process of delamination and the associated redistribution of stresses. In particular, this can be observed in Fig. 4
for the third ply (Hashin criterion) and in Fig. 10 for the sixth ply (multicomponent criterion). At the same time, there is a
reverse process — the accumulation of damage in the matrix of the plies enforces development of delamination. This effect
was observed for the sixth ply in the model with Hashin criterion (Fig. 5), as well as for the third ply in the model with
multicomponent criterion (Fig. 8). Thus, the delamination process can begin regardless of the degree of damage
accumulation in the ply, and the subsequent increase in damage contributes to the growth of the delamination rate.
Figs. 6 and 7 show the stress distribution in the matrix obtained at different loading steps using the reverse application of
the Mori-Tanaka homogenization approach. As can be seen from these figures, the maximum stresses in the matrix
decrease after initiation of the delamination process of the adjacent pair of plies. From the Fig. 9 it follows that the stress
values in the matrix, in addition to the growth of damage in the ply, are also affected by the state of contact of the
neighboring plies — a stress concentrator is present in the zone of the delamination initiation. However, after separation
of the plies, the magnitude of the stresses in the ply decreases sharply.

T he Figs. 4-7 show the results for the finite element model of the specimen with delamination between all pairs of
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C

Figure 4: The damage field D1 in the third ply of material, obtained using the model with Hashin criterion, and the contact state of
the second and third ply at different values of the displacements: (a) u=2.65 mm, (b) u=2.7 mm, (c) u=8 mm.
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Figure 5: The damage field Dy; in the sixth ply of material, obtained using the model with Hashin criterion, and the contact state of
the fifth and sixth ply at different values of the displacements: (a) u=2.65 mm, (b) u=2.7 mm, (c) u=8 mm.
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a b
Figure 0: Stress field in the matrix of the third ply, obtained using the model with Hashin criterion, at the loading steps (a) u=2,65mm
and (b) u=2,7mm.

R o SR

a b
Figure 7: Stress field in the matrix of the sixth ply, obtained using the model with Hashin criterion, at the loading steps (2) u=2,65mm
and (b) u=2,7mm.

In the framework of the analysis of the initial parameters of the model, the influence of the number of the specified
contact conditions between the plies of the model that allows modeling the development of delamination is studied. Two
cases were investigated for this purpose. In the first case (VCCT-1), the contact conditions with the virtual crack closure
technique were set only between each second contact pair (5 in total), while tie connectivity conditions were set between
the others. In the second case (VCCT-2), the delamination conditions were used for each contact pair of plies (11 in total).
The Fig. 12 demonstrates how these two model setups with varying number of the contact pairs may influence the
numerically simulated mechanical response of the macroscopic sample. The &,, strains values at the control point

depending on the displacements of the narrow part of the specimen were compared. The control point was taken in the
middle of back surface of the wide part of the specimen. It was established that the processes of delamination inside the
specimen can begin at the early stages of deformation, which is reflected in the results obtained by models with different
number of separated plies. Due to the fact that delamination propagates between different pairs of plies unevenly, there
are variations in the control values of strains on the surface of the specimen. As the VCCT-1 model consisted of more
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contact pairs with allowable delamination, the realization of the applied load leaded to redistribution of stresses between
all these plies and triggered the delamination onset criterion for every contact pair. Since there were only five contact pairs
with allowable delamination in VCCT-2 model, it had become more rigid, what consequently resulted in later initiation of
delamination between contact pairs. Performing such numerical test may be useful for the tasks where the direct
experimental comparison is performed, since in many works the VCCT delamination models are simplified to lower
number (sometimes just one) of contact pairs, which may be the reason for inaccurate comparison results.

.
Figure 8: The damage field Dyy in the third ply of material, obtained using the model with the multicomponent criterion, and the
contact state of the second and third ply at different values of the displacements: (a) u=6,7mm and (b) u=8mm.

a b
Figure 9: Stress field in the matrix of the third ply, obtained using the model with the multicomponent criterion, at loading steps (a)
u=2,65mm and (b) u=2,7mm
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b

Figure 10: The damage field Dy in the sixth ply of material, obtained using the model with the multicomponent criterion, and the
contact state of the fifth and sixth ply at different values of the displacements: (a) u=2,7mm and (b) u=8mm

+4.441e+01
1

|
]

Figure 11: Stress field in the matrix of the sixth ply using the model with the multicomponent criterion at a loading step u=2,7 mm
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Figure 12: Comparison of dependence of the stress tensor component &,, at the control point in the middle of the wide part of the
specimen on displacements of a lower part of the specimen, obtained using different models: — the results of the model without
delamination (Elastic); — results of the calculation of a model with a delamination between 5 plies (VCCT Model 1); — results of the
calculation of a model with a delamination between all plies (VCCT Model 2).

CONCLUSIONS

n this work, the behavior of an L-shaped specimen of a laminated polymer composite material under the influence of

a load, providing development of delamination and accumulation of damage in individual plies, was studied

numerically. To simulate delamination, a ply-by-ply models with various numbers of contact pairs were investigated,
for which the virtual crack closure technique using the BK criterion was implemented. For the degradation of the
properties of the plies, a model of progressive failure was applied to the plies using two criteria: the Hashin criterion and
the multicomponent criterion. The mean field method with Mori-Tanaka approach was used in order to analyze the
behavior of microstructural components in the numerical implementation of delamination and damage accumulation
models.
The obtained numerical results allow to trace the influence of model parameters on the mechanical behavior and fracture
of the specimen both at the ply level and at the micro-scale level, while simultaneously taking into account delamination
and damage accumulation in the ply. It has been established that the degradation of the plies’ properties, geometric
parameters and the parameters of the progressive failure model may lead to uneven numerically simulated growth of
delamination. This indicates the importance of selecting criteria and conducting preliminary experiments to evaluate the
strength constants in order to reliably reflect the fracture processes in models of composite structures using the
interconnection of scale levels.

ACKNOWLEDGEMENTS

he research was performed at the Perm National Research Polytechnic University, with the support of the Russian
Science Foundation (project Ne15-19-00243).

REFERENCES

[1] Senthil, K., Arockiarajan, A., Palaninathan, R., Santhosh, B., Usha, K.M. (2013). Defects in composite structures: Its
effects and prediction methods - A comprehensive review, Compos. Struct., 106, pp. 139-149.

409



¢
f'(#
M. Tashkinov et alii, Frattura ed Integrita Strutturale, 49 (2019) 396-411; DOI: 10.3221/IGF-ESIS.49.39

DOI: 10.1016/j.compstruct.2013.06.008.

[2] van der Meer, F.P. (2012). Mesolevel Modeling of Failure in Composite Laminates: Constitutive, Kinematic and
Algorithmic Aspects, Arch. Comput. Methods Eng., 19(3), pp. 381-425, DOI: 10.1007/s11831-012-9076-y.

[3] Aldetliesten, R.C. (2013). Critical review on the assessment of fatigue and fracture in composite materials and
structutes, Eng. Fail. Anal., 35, pp. 370-9, DOL: 10.1016/j.engfailanal.2013.03.022.

[4] Paris, F., Jackson, K.E. (2001). A Study of Failure Criteria of Fibrous Composite Materials, Office, (March), pp. 76.
DOI: NASA/CR- 2001-210661.

[5] Chen, J.F., Morozov, E. V., Shankar, K. (2014). Simulating progressive failure of composite laminates including in-ply
and delamination damage effects, Compos. Part A Appl. Sci. Manuf., 61(June), pp. 185-200.

DOI: 10.1016/j.compositesa.2014.02.013.

[6] Liu, P.F., Zheng, J.Y. (2010). Recent developments on damage modeling and finite element analysis for composite
laminates: A review, Mater. Des., 31(8), pp. 3825-3834, DOI: 10.1016/j.matdes.2010.03.031.

[7] Orifici, A.C., Herszberg, 1., Thomson, R.S. (2008). Review of methodologies for composite material modelling
incorporating failure, Compos. Struct., 86(1-3), pp. 194-210, DOI: 10.1016/j.compstruct.2008.03.007.

[8] Christensen, R.M. (2007). A Comprehensive Theory of Yielding and Failure for Isotropic Materials, J. Eng. Mater.
Technol., 129(2), pp. 173, DOI: 10.1115/1.2712847.

[9] Hill, R. (1963). Elastic properties of reinforced solids: Some theoretical principles, J. Mech. Phys. Solids, 11(5), pp.
357-372, DOI: 10.1016/0022-5096(63)90036-X.

[10] Tsai, S.W., wu, E.M. (1971). A General Theory of Strength for Anisotropic Materials, . Compos. Mater.

DOI: 10.1177/002199837100500106.

[11] Hashin, Z., Rotem, A. (1973). A Fatigue Failure Criterion for Fiber Reinforced Materials, . Compos. Mater.
DOI: 10.1177/002199837300700404.

[12] Hashin, Z. (1980). Failure criteria for unidirectional fibre composites, ASME J. Appl. Mech.

[13] Puck, A., Schirmann, H. (2004).Failure analysis of FRP laminates by means of physically based phenomenological
models. Failure Criteria in Fibre-Reinforced-Polymer Composites.

[14] Chang, F.K., Chang, K.Y. (1987). A Progressive Damage Model for Laminated Composites Containing Stress
Concentrations, J. Compos. Mater., DOI: 10.1177/002199838702100904.

[15] Gorbatikh, L., Ivanov, D., Lomov, S., Verpoest, 1. (2007). On modelling of damage evolution in textile composites on
meso-level via property degradation approach, Compos. Part A Appl. Sci. Manuf., 38(12), pp. 2433-2442.

DOI: 10.1016/j.compositesa.2007.08.017.

[16] Krueger, R. (2004). Virtual crack closure technique: History, approach, and applications, Appl. Mech. Rev., 57(2), pp.
109, DOI: 10.1115/1.1595677.

[17] Rybicki, E.F., Kanninen, M.F. (1977). A finite element calculation of stress intensity factors by a modified crack
closute integral, Eng. Fract. Mech., DOI: 10.1016/0013-7944(77)90013-3.

[18] Raju, LS. (1987). Calculation of strain-energy release rates with higher order and singular finite elements, Eng. Fract.
Mech., DOI: 10.1016/0013-7944(87)90220-7.

[19] Buchholz, F.G., Grebner, H., Dreyer, K.H., Krome, H. (2013).2D- and 3D-Applications of the Improved and
Generalized Modified Crack Closure Integral Method. Computational Mechanics 88.

[20] Liu, P.F., Hou, S.J., Chu, J.K., Hu, X\Y., Zhou, C.L., Liu, Y.L., Zheng, ].Y., Zhao, A., Yan, L. (2011). Finite element
analysis of postbuckling and delamination of composite laminates using virtual crack closure technique, Compos.
Struct., DOI: 10.1016/j.compstruct.2010.12.006.

[21] Kenane, M., Benzeggagh, M.L. (1997). Mixed-mode delamination fracture toughness of unidirectional glass/epoxy
composites under fatigue loading, Compos. Sci. Technol., 57(5), pp. 597-605, DOI: 10.1016/S0266-3538(97)00021-3.

[22] Tay, T.E., Liu, G., Tan, V.B.C,, Sun, X.S., Pham, D.C. (2008). Progressive failure analysis of composites, J. Compos.
Matet., DOI: 10.1177/0021998308093912.

[23] Lapczyk, 1., Hurtado, J.A. (2007). Progressive damage modeling in fiber-reinforced materials, Compos. Part A Appl.
Sci. Manuf.,, DOI: 10.1016/j.compositesa.2007.01.017.

[24] Liu, P.F., Zheng, ]J.Y. (2010). Recent developments on damage modeling and finite element analysis for composite
laminates: A review, Matet. Des., DOL: 10.1016/j.matdes.2010.03.031.

[25] Etnst, G., Vogler, M., Hithne, C., Rolfes, R. (2010). Multiscale progressive failure analysis of textile composites,
Compos. Sci. Technol., DOI: 10.1016/j.compscitech.2009.09.006.

[260] Exercise, T.W.F. (2004). Failure Criteria in Fibre Reinforced Polymer Composites: TheWorld-Wide Failure Exercise.

[27] Bank, L.C. (2012). Progressive Failure and Ductility of FRP Composites for Construction: Review, J. Compos.
Constr., DOI: 10.1061/(asce)cc.1943-5614.0000355.

410



M. Tashkinov et alii, Frattura ed Integrita Strutturale, 49 (2019) 396-411; DOI: 10.3221/IGF-ESIS.49.39

[28] Gotsis, P.K., Chamis, C.C., Minnetyan, L. (2004).Prediction of composite laminate fracture: Micromechanics and
progtessive fracture. Failure Criteria in Fibre-Reinforced-Polymer Composites.

[29] Gatnich, M.R., Akula, V.M.K. (2008). Review of Degradation Models for Progtessive Failure Analysis of Fiber
Reinforced Polymer Composites, Appl. Mech. Rev., DOI: 10.1115/1.3013822.

[30] Wang, C., Roy, A., Silberschmidt, V. V., Chen, Z. (2017). Modelling of Damage Evolution in Braided Composites:
Recent Developments, Mech. Adv. Mater. Mod. Process., 3(1), pp. 15, DOI: 10.1186/s40759-017-0030-4.

[31] Ullah, H., Harland, A.R., Silberschmidt, V. V. (2012). Damage modelling in woven-fabric CFRP laminates under
large-deflection bending, Comput. Matet. Sci., 64, pp. 130-135, DOI: 10.1016/j.commatsci.2012.05.036.

[32] Tomblin, J., Sherraden, J., Seneviratne, W., Raju, K.S. (2002). A-Basis and B-Basis Design Allowables for Epoxy-
based Prepreg Toray T700GC-12K-31E /#2510 Unidirectional Tape (SI Units), .

[33] Mori, T., Tanaka, K. (1973). Average stress in matrix and average elastic energy of materials with misfitting inclusions,
Acta Metall., 21(5), pp. 571-574, DOI: 10.1016/0001-6160(73)90064-3.

[34] Ivanov, D.S., Lomov, S. V. (2014). Modelling the structure and behaviour of 2D and 3D woven composites used in
acrospace applications, Elsevier Ltd.

411




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


