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Abstract

This thesis deals with the development of semi-layerwise models for the mechanical anal-
ysis of delaminated composite plates. The first-, second- and third-order laminated plate
theories were applied to capture the mechanical fields in delaminated composite plates with
material orthotropy. The methods of two and four equivalent single layers were proposed and
a general third-order displacement field was utilized in each layer. The kinematic continuity
between the layers was established by the system of exact kinematic conditions. Apart from
the continuity of the in-plane displacements between the interfaces of the layers even the
continuity of shear strains, their first and second derivatives was imposed. A so-called shear
strain control condition was also introduced, which means that the shear strains at two or
more points located along the thickness were imposed to be the same. Using these conditions
a modified displacement field was developed by introducing the vector of primary parameters
and the displacement multiplicator matrix. Based on the principle of virtual work the invari-
ant form of the equilibrium equations were derived for the delaminated and undelaminated
regions of the plate. The system of partial differential equations were reduced to system of
ordinary differential equations through the Lévy plate formulation. The state-space model
of the delaminated and undelaminated region was developed, the continuity and boundary
conditions of the boundary value problem were also derived. The theorem of autocontinuity
was introduced, which is essentially related to the continuity conditions between the delam-
inated and undelaminated parts. Delaminated plates with different geometrical parameters
were solved as examples. The stress and displacement fields as well as the J-integral were
determined in the examples and compared to results by 3D finite element calculations. The
results indicate that the proposed semi-layerwise technique is very useful, moreover, the best
solution can be obtained by the second-order plate theory for the problems investigated in
this thesis. Moreover, the second-order theory can be the basis for the development of a
plate/shell finite element.
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Introduction

1.1 Application of laminated composite materials in engi-
neering structures

Composites are heterogeneous materials, wherein the high stiffness is provided by the com-
bination of fibres and the matrix material. In many applications the low weight is very
important beside the high stiffness and strength. Typical examples are shown in Figures
LI and discussed briefly in the sequel. The examples were searched and found by using
Google.

The first example in Figure [[.1] is the bicycle: the frame and even the wheel is made
mostly from carbon composites for professional cyclers. The construction in Figure [L1h
enables some elastic deformation for the point of the saddle in contrast with constructions
made of metals. The second example is the racing car/bodywork construction (Figure [[Ib).
Formula one cars are constructed by the racing teams themselves by carbon-fibre and other
ultra-weight materials. Example 3 in Figure [[LIkc is the airplane. The materials used in
the Boeing 747 are 50% composites, fiberglass and carbon sandwich materials. Pressure
vessels (Figure [[1d) are manufactured from carbon and glass fiber composites by different
technologies. The most important advantage of composite materials over metals in this field
is the chemical resistance (Phillips (1989)). Figure 1.1 ends in the helicopters (Figure [LTk),
where lightweight and whisper quiet ride provided by composite materials is very important.

The examples are continued in Figure with boats (Figure [2h) that are made out of
many type of composites. Glass reinforced (polyester and vinylester) plastics have become
the most prevalent composites in boatbuilding providing resistance against aggressive marine
environment. Helmets (Figure [[.2b) are equally used in sports and military industry. Open
and full face helmets are typically manufactured from carbon composites. The excellent
shock resistance of composite materials should be highlighted again. Pole vault is one of
the most technical of athletic events (Figure [2k). The vaulting poles are made out of
combination of different materials. The most commonly used are carbon-fibre (CFRP) and
glass-fibre reinforced plastics (GFRP). The pole has a diameter of about 50 mm and it is
bent to a radius of curvature of about 1 m. The strength of the glass fiber composites is
about 2-3 GPa. The key feature in the vaulting pole is the absence of large flaws and the

1
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b. racing cars/bodywork

d. pressure vessels e. helicopters

Figure 1.1: Application examples of composite materials in the engineering life - Part 1.

high toughness providing excellent resistance to fracture. In the field of submarines (Figure
[L2d) the benefits of composite materials - beside resistance against marine environment
- are weight reduction, acoustic transparency, damping, thermal insulation and the fact
that there is no magnetic signature which makes it very difficult to locate the submarine’s
position. The manufacturing technologies of wind turbine blades (Figure [L2k) has evolved

2
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1.1. APPLICATION OF LAMINATED COMPOSITE MATERIALS IN
ENGINEERING STRUCTURES

a. boats b. helmets

d. submarines

c. vaulter poles

f. fuel tanks

Figure 1.2: Application examples of composite materials in the engineering life - Part 2.

over the past twenty years. Lightweight construction is a keyword again in this field. The
last two examples are: fuel tanks (Figure [[L2f) and carbon crossbows (Figure [[2kg), wherein
the lightweight construction and accurate manufacturing is important again.

Beside the many advantages, composite materials are susceptible to various damage

modes such as fiber breakage, matrix failure, fiber pull-out (Adams et all (2000); |Phillips
3
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(@)) and among others interlaminar fracture or delamination, which is the main object
of this thesis.

1.2 Delamination in composite structures

As it can be seen in Figures [Tl and the basic application area of composite ma-
terials is thin- and thick-walled structures, like beams, plates and shells. Delamina-

tion fracture in this kind of structures (Kiani et al. (fZ_Lé) Marat-Mendes and_de_Freitas
M} Zhou et al) M} can take place e.g. as the result of low velocity impact
(IBurlauenko and Sadowski (tQ_QIQ) \Christoforou. et all (tZ_QQS) |Gananathu and Rad (LLQQS)
\Goodmiller and TerMaath (2014); \Rizov et all (2005); [Wang et al. (2012);

(2011)), manufacturing defects (Zhang and Fot (2007); |Zhou et all (2013)) and free edge
effect (IA&DJL@ZJ (2013); |Sarvestani and Sarvestani (2012)). The resistance to delamina-

tion is characterized by experimental tests under different fracture modes. The main pa-
rameters of linear elastic fracture mechanics (LEFM) are the stress intensity factor (SIF)
(Anderson (2003); \Cherepanod (199%); |Hills et all (1996)) and energy release rate (ERR)
(Adams et all ); [Andersont (2004)), respectively. The three basic fracture modes are
shown in Figure The fracture tests are carried out on different type of delamination

specimens including mode-I (Hamed et al. (tZ_Qle) Islam _and chamd (tzm ); LJumel et _al.,
(2011a); \Kim et all (2011);|Peng et all (2011); \Romhany and Szebenyi (2012);|Salem. et al.
/tZQZj) Sorensen et all (2007)), mode-11 (IArauelles et all ftZﬁLZD, Arrese_et_all (tZQLd)
(20150); |Rizov and Mladenslm} (tZLé) mlxed-mode I/11 ( cnnatz et all (2009, 201 Bdm)
Ferndndez et all (2013): Jumel et all (20111)); Kenane et al. (2010);[Nikbakht and Choupan
(2008); @_%M) \Szekrényes (2007): |Yoshihara and Satoh (2009)), mode-

Marat-Mendes and Freitas LMﬁmmmﬂmMmm

(2009);
(M) mlxed-mode I/III (Pereira_and dc Morais M) S ekrenues] (tZMQd) mixed-
mode I1/111 (Ho and Tay (2011); [Kondo et al. (2011,12010); Mehrabadi (2013); Miura et all
(2012); Mladensky and Rizol (2013d): |de Morais and Pereird  (2008); |Nikbakht et al!
(2010); |Suemasu et all (tlele) Lﬁaﬁm&w_&nd_ﬁﬂlkadd (2012); IS ekrenueé (2007);
myed (2012)) and mixed-mode 1/T1/TIT (Davidson and Sediles (2011); Davidson et al,

(2010); |Szekrényes (2011)) tests, respectively. In the former works beam and plate speci-
mens were applied. While for beams the closed-form solutions for the ERRs are available,

for plates similar solutions exist only for some relatively simple systems including special or
in-plane loads (Lee_and Ti (1993); Sacedi et all (2012d]1))).

The plate theories of laminated materials are originated to the classical theories shown in
Figure [[.4, which are based on an assumed displacement field. The displacement vector field
is: u= ( U vow )T. In the sequel small displacements and rotations are assumed. The

simplest plate theory is the classical laminated plate theory (CLPT) (Kolldr and Spmnggz}
(2003); Kumar and Lal (2012); Reddy (2004)), which is based on the Kirchhoff hypothesis:

0 0
U(CU,y,Z) =U0<CU,11/>—Z£, U(.T,y,Z) :U()(CU,y)—Za—Z), U)(.T,y) zwg(:v,y), (11>

where there are three independent parameters: wug, vy are the membrane displacements
and w is the transverse deflection, moreover z is the thickness coordinate. The cross sec-
tion rotations are approximated by the derivatives of the deflection. The first-order shear

4
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1.2. DELAMINATION IN COMPOSITE STRUCTURES

Mode-1 rz Mode-IT rz Mode-III Az
(opening mode) (sliding mode) (tearing mode)

Figure 1.3: Basic fracture modes in linear elastic fracture mechanics.

deformable plate theory (FSDT or Reissner-Mindlin theory) (Quesy et al. (|2(2 5 15); lﬂﬁddd

(2004); | Thai_and_Choi (2013)) assumes independent rotations (0, and 6,) about the z and
Yy axes:

U(x,y, Z) = uo(:v,y)+9(z)($,y)z, v(x,y, Z) = vo(x,y)+9(y)($,y)z, w(:v,y, Z) = UJQ($,?J)-

zw A

Figure 1.4: The deformation of a material line of a laminated plate on the x — z plane in
accordance with the different plate theories.
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(1.2)

The higher-order plate theories can be obtained by the generalization of the FSDT displace-
ment field even in the thickness direction:

w(,y, 2) = uo(2,y) + 0y (,9)2 + ¢y (2, 9)2* + Aoy (2, 9)2° + ...
1}(3:’ Y, Z) = UO(ma y) + 9(9)(377 y)Z + ¢(y)($, 9)22 + )\@)(33, y)zd +... ; (13)
UJ(J], Y, Z) = wo(ZE, y) + 9(z)<x7 y)Z + Qb(z)(l’, y)Z2 + )‘(z)(x7 y)Z3 +...,

where 0,,) means the angle of rotation (or first-order term), ®(m) 1s the second-order, Ay,
(m = z,y,2) is the third-order displacement term. Moreover, the second-order shear de-
formable plate theory (SSDT) (lzadi and Tahani (2010)iSzekrényes (20136, 12015)) is ob-
tained if we consider the terms in the displacement field upto 22, a general third-order
plate theory (TSDT) means that each component is approximated by a cubic function
(Panda_and Singh (2011);Singh and Panda (2014),Szekrényes (2014d)). If even the normal
deformation is taken into account then the approach means a shear and normal deformable
theory (Sahoo et all (2016)). Among these approaches the Reddy third-order shear de-
formable theory should be mentioned (Reddy (2004)). This theory satisfies the dynamic
boundary condition at the top and bottom plate surfaces (traction-free surfaces). The orig-
inal idea is related to the name of [Levinson (1980), who applied the concept to isotropic
materials. Later, Reddy extended this theory to laminated composites. The displacement
field of Reddy TSDT takes the form of:

— 4 awo 3
“%yﬂy—wﬁﬂﬁ+@m@ﬂﬂ_§ﬁ(@m+?ﬂ)z’
4
v(z,y,2) = vo(z,y) + Oy (7, 9)2 — 3 <0(y) 4+ %_IZO) 25, (1.4)

w(z,y) = wo(z,y),

where t is the plate thickness and it is conspicuous that the second-order terms are missing.

These are the so-called equivalent single-layer theories (ESL), in which a heterogeneous
laminated plate is treated as a statically equivalent single layer having a complex constitutive
behavior |Reddy (2004). Within an ESL the displacement field is approximated by a given
set of functions. An important aspect of these approaches is that if the normal deformability
is not taken into account, then plane stress condition is assumed, therefore the transverse
normal stress o, does not appear in the equations. The literature also offers the 3D elas-
ticity solution and the layerwise or multilayer approaches (Batista (2012); |Ferreira et al.
(2011); |Reddy (2004); \Saeedi et al) (2012a)6)) (3D solutions), which can further improve
the accuracy of the solution. In the book of |[Reddy (2004) and |Kolldr and Springer (2003
the application of the ESL theories to perfect plates (no imperfections and material defects)
is well-documented and many examples are presented. It is important to note that |Reddy
(2004) concluded that the contribution of the higher-order theories to the solution of the
plate bending problems compared to the CLPT and FSDT is not meaningful, however these
are computationally significantly more expensive and sometimes it is absolutely sufficient to
apply the CLPT or FSDT.

This paper puts emphasis essentially on the application of plate theories in fracture
mechanics under mixed-mode IT/T1T condition. In this respect the work by [Davidson et al.
(2000) is noteworthy, wherein the ERRs in delaminated plates were calculated by using

6
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Mindlin-type plate finite elements (FSDT). The results were compared to 3D FE calculations,
but the agreement was not satisfactory in all cases. One of the reasons for that could be the
lack of higher-order plate finite elements in the commercial FE packages. A similar work
was published by (Sankar and Sonik (1993)), as well. Some late works investigated the same
problem (Bruno et al. (2003,12005)) with the aid of interface and contact elements providing
accurate results, however, the formulation was quite complicated and difficult to implement
in commercial FE packages. Other formulations are available in the field, however, each
is based on the FSDT and the virtual crack closure concept (Qing et al. (2011); |Zou et al.
(2001)).

1.3 Main aims and analysis methods

In delaminated plates and shells the presence of the delamination tips means a perturbation
in the mechanical fields and a more accurate description could be necessary for a fracture
mechanical analysis than those provided by CLPT and FSDT. The main aim of this thesis
is to solve the most essential plate bending problems in that case when the plate contains
a through-width delamination using higher-order plate theories. To the best of the author’s
knowledge these examples are not yet documented in the literature. A successful assessment
of plate theories can be the basis for the development of plate and shell finite elements for
the modeling of delaminations.

This thesis is organized as follows. In Chapter 2 the basic equations of laminated third-
order plates is presented. This chapter is based on the system of exact kinematic conditions.
A modified third-order displacement field and the displacement multiplicator matrix is de-
veloped and the principle of virtual work is utilized to derive the equilibrium equations of
delaminated plates. The formulation is valid for laminated composite plates made out of any
materials (e.g. polymer matrix composite) that behave as linear elastic material. Chapter
3 describes the method of 2ESLs and the general equations are derived for FSDT, SSDT
and Reddy TSDT. It has to be mentioned that the CLPT was found to be inappropriate to
capture the problems discussed in this thesis with an acceptable accuracy (Szekrényes (2012,
20134, 2014a)). An important part of Chapter 3 is the introduction of the equivalent stress
resultants. Chapter 4 contains the details of the method of 4ESLs, wherein four subplates
are applied over the thickness of the plate. In this chapter the FSDT, SSDT and TSDT
equations are given. In Chapter 5 two examples are solved by using the Lévy plate formula-
tion. The state-space model of the plate system is derived separately for the undelaminated
and delaminated regions, respectively. At the same time the generalized continuity condi-
tions are given by parameter sets, even the boundary conditions are described for simply
supported, built-in and free edges. Chapter 6 presents the results for the displacement and
stress fields and a comparison is made to 3D FE results. In Chapter 7 the 3D J-integral
is applied using the higher-order plate theories and analytical expressions are developed for
the calculation of the mode-II and mode-III energy release rates. In the same chapter the
distribution of the J-integrals along the delamination front of delaminated composite plates
is presented and compared to the result of the 3D FE analysis. The methods of 2ESLs and
4ESLs are also compared to each other and the ranking of the different theories is made.
Chapter 8 summarizes the main results and presents the novel scientific results in the form
of theses. Finally, the possible application areas of the results are briefly given.
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The basic equations of delaminated composite
plates

case I

top plate

delamination delamination

case IV

case IIT delaminationZ

i
delamination ! perturbation top plate
! planes

ESL4
ESL3
S ESL2
/ tt lat
delammatlo ottom plate
plane

Figure 2.1: Plate elements with orthotropic plies and the position of the delamination over
the plate thickness, cases I, II, III and IV.

In this chapter the basic equations of delaminated plates are presented. The formulation
is based on the semi-layerwise modeling technique. The concept is shown in Figure 2.1
indicating plate elements with an interfacial delamination. The delamination divides the
plate into a top and a bottom subplate. The top and the bottom subplates are further
divided into equivalent single layers. In Figure 2] the method of 4ESLs is presented, i.e.
the top and bottom plates are captured by two ESLs (altogether 4ESLs are applied).
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Definition:semi-layerwise plate model. If a laminated plate with /N; number of layers is
modeled by Ngg; number of equivalent single layers and Nggy, < N; then the model is called
semi-layerwise plate model. In this case the stiffness parameters and matrices of each ESL
has to be determined with respect to the local reference planes of the ESLs. The interface
planes between the neighboring ESLs are the perturbation planes. If Ngg;, = INV; then the
model is a standard layerwise model.
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Figure 2.2: Cross sections and deformation of the top and bottom plate elements of a
delaminated plate in the X-Z plane (a). Distribution of the transverse shear strains by
FSDT, SSDT and TSDT (b).

Figure 2.2lshows the section of the transition between the delaminated and undelaminated
regions of the layered plate element in the X — Z plane, while in Figure 2.3 the Y — Z plane
is shown. The two coordinate systems are to show the displacement parameters in the
undelaminated and delaminated parts. The elements contain an interfacial delamination
(delaminated portion) parallel to the Y axis, i.e. it goes across the entire plate width (refer
to Figure 2I). The general case involves k number of ESLs applied through the whole
thickness. The transverse splitting means that the undelaminated and delaminated regions
are captured by different mathematical models. In accordance with the literature review
the ESLs can be captured by different plate theories. In this chapter we apply the FSDT,
SSDT and TSDT theories. The general third-order Taylor series expansion of the in-plane
displacement functions results in the following displacement field (Panda and Singh (2009,
2011); \Singh_and Panda (2014); | Talha and Singh (2010)):

((E Y,z ) ( 73/) + Ui (:L’, y) + e(x)z(xv y)z(l) + ¢(I)’L(x7 y) [Z(Z)]z + )‘(as)z(xv y) [Z(i)]37
(Z)('rﬂ y) = 'LU(%', y)a
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Figure 2.3: Cross sections and deformation of the top and bottom plate elements of a
delaminated plate in the Y-Z plane (a). Distribution of the transverse shear strains by
FSDT, SSDT and TSDT (b).

where i is the index of the actual ESL, 2% is the local through thickness coordinate of the i
ESL and always coincides with the local midplane, ug and vy are the global, ug; and vy; are the
local membrane displacements, moreover, # means the rotations of the cross sections about
the X and Y axes (refer to Figure 2.1), ¢ denotes the second-order, A represents the third-
order terms in the displacement functions. Finally w; is the transverse deflection function.
Eq.(2J) will be applied equally to the undelaminated and delaminated portions and the
continuity between these parts will be established. In this thesis only shear deformable plate
models are developed, in other words the deflection is inextensible in the through-thickness
direction involving that w; (x,y) = w(x,y). The displacement functions of FSDT and SSDT
can be obtained by reducing Eq.(21)) and taking ¢y, = @) = 0 and Ay = Ay = 0,
respectively ([zadi and Tahani (2010); |Petrolitd (2014)). The displacement field given by
Eq.([21) is associated to each ESL.

2.1 The system of exact kinematic conditions

The displacement vector field for the i** ESL is uy) = ( UGy V) W) )T. The kinematic
continuity between the displacement fields of adjacent ESLs is established by the system of
exact kinematic conditions (SEKC), which was originally developed by |Szekrényes (2013¢,
2014¢, 12013, 12016a,4). The first set of conditions formulates the continuity of the in-plane
and transverse displacements between the neighboring plies as (refer to Figures and 2.3)):

(2.2)

(Ui, V), W) | L=y, jg = (W1 VGi41)s Wit )) =y, ja

where ¢; is the thickness of the specified layer. It has to be noted that the result of Eq.(2.2])
was applied by |Davidson et al. (2000) and |Zou et al. (2001), however their equations are

10
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valid only for the FSDT. On the contrary, Eq.(22) is more general and applicable to any
plate theory. Moreover, there are large number of works referred to in the book of |Reddy
(2004) applying displacement continuity between the layers. Those works apply full layerwise
models to perfect plates, in contrast with this thesis, which deals with the semi-layerwise
analysis of delaminated plates. The second set of conditions defines the global membrane

displacements (ug,vy) at the reference plane of the actual region. If the coordinate of the

global reference plane is zj(% and is located in the i"* layer, then the conditions become:

U 4) Z<i):zg) — Vg = 0. (2.3)

The two sets of conditions given by Egs.([2.2))-(23]) are sufficient to develop semi-layerwise
models using the FSDT. If the SSDT or TSDT is applied, then we can impose the shear

strain continuity at the interface (or perturbation) planes. In accordance with Figures 2.2b
and 2.3b these conditions are formulated as:

20—~ Uo = 0, v

(Vo2 (i) Vyz(i)) (2.4)

It has to be mentioned that in general layerwise models assume continuous shear stresses
at the interfaces (Reddy (2004)). For the TSDT theory two more sets of conditions are
reasonable to introduce. The imposition of continuity of the first and second derivatives of
the shear strain (Szekrényes (20166)) prevents the unwanted oscillations (and the too large
compliance) in the shear stress distributions (see Figures and 2.3b):

2(D=t;/2 (71‘2(1—}-1) 7yz(z+1))

2 D=t /2"

Mazy OVy=(i) _ (et OVyeiry) (2.5)

az(i) ) az(i) =ty /2 az(i—H) ’ 82(1’4—1) z("“):—tiﬂ/z’ .
and:

PVarty 0*Vyai) _ PVar(it) O*Vyz(it1) (2.6)

()27 0(2D)% ) |y, o O(zH0)27 02002 J| iy e '

An important addition to Eqs.(2Z2)-(28) is the so-called shear strain control condition
(SSCC, |Szekrényes (2016a)). The set of conditions applied is:

(’sz(l)a 'sz(l)) ‘z(l):—tl/2 - (’sz(m% 'sz(m)) |Z(m):tm/2 ) (27)

where [ and m denote ESLs at the boundaries, where the shear strains are equal to each other
and m > [ always. In accordance with Reddy theory (Reddy (2004)) the top and bottom
surfaces of the plate are traction-free (zero shear stresses). If the system is modeled by
4ESLs the traction-free conditions leads to overconstraining (or stiffening) of the model and
wrong results are obtained. Therefore, instead of imposing zero stresses at the free surfaces
we impose the identical shear strain values at the boundary planes by Eq.([2.7). Essentially,
the SSCC is applicable only if at least 4ELSs and the SDDT or TSDT are applied.

Based on the linear elasticity and assuming transversely inextensible deflection in

each ESL, the SEKC formulates conditions using the in-plane displacement functions:
9™ (u(4),v(4))
9z
means condition for shear strain, if n = 2 and n = 3 then a condition for the shear strain’s
first and second derivative is formulated. The SEKC conditions can be applied equally to
the undelaminated and delaminated portions of the plate. Moreover these conditions can be

implemented into any plate theory.

,n=0,1,2,3, where n = 0 means condition against in-plane displacement, n = 1

11
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2.2 Kinematically admissible displacement fields

In Eq.(2T) the displacement functions are modified in order to satisfy Eqs.(2.2)-(21). In the
general sense, by applying the FSDT, SSDT and TSDT theories the in-pane displacement
functions can be written as:

U@ = o + (Ki(][')) + 120+ KPP+ K [Z(i)]3> Dy, 1= 1.k, 03
vy = vo + (K + K20 + KPEOP + KPEOP) gy, 0= 1k,

where Kj;; is the displacement multiplicator matrix and related exclusively to the geometry
(ESL thicknesses), i refers to the ESL number, the summation index j defines the component
in b, which is the vector of primary parameters (see later), finally w; (x,y) = w(z, y) for each
ESLs, i.e. the transverse normal of each ESL is inextensible (Reddy (2004)). Eq.(28)) can be
obtained by parameter elimination. It is important to note that the size and the elements of
1) depend on the applied theory, the number of ESLs and the number of conditions applied.

Definition: Parameter elimination, primary and secondary parameters. Certain param-
eters of the in-plane displacement functions can be eliminated using the SEKC requirements.
The remaining (or primary) parameters are untouched, the parameters to be eliminated are
the secondary parameters. The local membrane displacements are typically secondary pa-
rameters, the global membrane displacements are primary parameters, the rotations, second-
and third-order parameters are mixed (either primary or secondary) parameters.

In the subsequent sections the undelaminated and delaminated regions are discussed
separately. First, the TSDT is considered and the SSDT and FSDT field equations are
obtained by the reduction of TSDT model.

2.3 Virtual work principle and constitutive equations

The strain field in an elastic body in terms of the displacement field is obtained by the
following equation (assuming small displacements and strains) (Chow and Pagand (1967)):

1
Epg = é(up,q +uyp), p,q=1,20r3, (2.9)

where ¢, is the strain tensor, u, is the displacement vector field and the comma means
differentiation with respect to the index right after. By assuming plane stress state (o) = 0)
in the plate and using Eqgs.([21])-(29) the vector of in-plane strains becomes (Reddy (2004)):

c 0 M 2 £3)
T x ' x a9 x 3 acr
gy = 5?(,0) —|—Z(l) 63(,,1) + [Z(Z)] . 63(,,2) + [Z(l)] . Eéd) , (210)
0 1 2 3
Yoy /(3 % (i) Py (@) sy (@) ey (i)

or {e},) = {5(0)}@ + 2. {5(1)}@ + [z(i)]Q : {5(2)}@ + [Z(i)]s : {5(3)}@ which is third-order

in terms of the through-thickness coordinate, 2. The vector of transverse shear strains is:

Vaz a(ﬁg) (%) ’Ya(:lz) ()12 %(cQz)
( ) =1 "o +29 T Sl AR R S , (2.11)
Tz /) QA Wi ) RCCRY

12
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or in a compact form: {fy}(i) = {’y(o)}@ + 20 . {’y(l)}(i) + [z(i)] 2. {7(2)}(1')’ which is second-

order in terms of 2. To derive the governing equations of the plate system we apply the
virtual work principle (Reddy (2004)):

T

/ (U — Wr)dt =0, U= Uz, Wr=Y Wra, (2.12)

To

where U is the strain energy, Wr is the work of external forces and ¢ is the time (£ = U — W5
is the Lagrange function). The virtual strain energy for the " ESL of the plate system
including the delaminated and undelaminated regions is (Reddy (2004)):

52/[@ = /O‘(i) . 56(1')6”/ =

\4
ti/2
/ / (Ux (%) 5533 (3) + Oy 1)551,/ () + Tay 1)5’}/361,1 () + Taz(i) 5733,2 () + Tyz(i) 57yz (%) ) dZ dl“dy,
Qo —t¢/2

(2.13)

where o (;) is the stress tensor, dg(; is the virtual strain tensor of the ith ESL, Q) denotes the
surface domain of the plate in the global X —Y (or  — y) plane. The double dot product
means: o ;) : 0€(;) = 04;()0€j(;)- The virtual work of the external forces for a single ESL is:

Wra) = / (ql7 (z,y)ow(x,y, —t:/2) + quu)(z, y)ow(z, y, t; /2)) dxdy

Qo
)2 (2.14)
+ / / (Un z)5un (3) + Ths z)5us (3) + Tz 'L)5w 'L)) dZ dSa
Poy \—ti/2

where g, and ¢ are the surface loads on the top and bottom plane of the i ESL. The second
term in the expression above is related to the virtual work of the imposed stress components
(6n(i), Tns(i) and ?nz(i)) acting on the curved edge boundary denoted by I';(;), moreover s
and n are the tangential and normal directions (Reddy (2004)). Taking back the strain field

(Egs.(210)-@2I1)) into Eq.([2.I3]) we obtain:

ti/2
0 i 1 [ 2 i 3
U = / / [Uz(i) (552(2') + 2 )5556(1) + (2 ))255%) + (2 ))355;(1))
Qo /2 (i (i 2 1)\ " 3

e (1 i 2 ¢ ¥
5%(52,/)(1) + z )(5’}/ )- + (Z( ))257( )z) +(z ())35%(”3”)(")>

zy(

+nm)@¢%o+zw&ygn+(%%aw@)>

xz(1)

13
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The third-order displacement field component in Eq.(Z8) can be written as: u,;) = U;()(g) +

z(i)u;l(z) + [Z(i)]Qu;Z(Z) + [z(")]:}u;:zz), where p = s or n. Taking its virtual form, the virtual work

of external forces becomes:

IWr) = / (Qb(i) (z,y)0w(z,y, —ti/2) + @) (z, y)ow(z, y, ti/2)) dxdy

Qo
ti/2
+(/) /ﬁ<@m>P“ﬁ%+Zﬁm“&%+%Z@f5¢2)+(%“fdﬁzﬂ
Toy \—ti/2
+Ths(i) [(MS()Z) + z(i)(suitz).) + (z(i))Z(SugZ).) + (z(i))a(sui})} + Tnz(i)5w(i)) dz(i)} ds.

(2.16)

To derive 0U;) and dWr(;) in terms of the stress resultants and the virtual displacement
parameters of the plate system we use the constitutive equation. The constitutive equation

for orthotropic materials under plane stress state is O‘E?;) = ng)s(m) (Kolldr and Springer
(2003); |Reddy (2004)), which expands to:

Oz o) gl 1 §12 0 0 0 o

Oy 012 022 _0 0 0 €y

Tye = 0 0 Cu 0 0 e | (2.17)
Tgpz O 0 0 655 _0 ’Y-’EZ

Tay @) 0 0 0 0 Ce @) Vzy ()

where 687)1) is the stiffness matrix of the m' layer within the i* ESL. By using the con-

stitutive equations the stress resultants are calculated by integrating the stresses over the
thicknesses of each ESL:

]]\Zaﬂ ti/2 1 Qa ti/2 1

I of = / Tup ZZQ dz", R, = / Tz | 2 dz", (2.18)
ap 2

P.s —ti/2 23 S (i)  —ti/2 & (@)

(@) (4)

where o and ( takes x or y. The relationship between the strain field and the stress resultants
can be determined by taking back Eqs.([2I7) and (2I0)-(2II) resulting in the following:
(Szekrényes (20140)):

{ N} [A] [B] [D] [E] {0}

(my | B o) E || e 010)
{ L} (D] [E] [F] [G] { e} ’

7y LiEm @ ml\ ey

{Q} (4] [B] [D] {7}

{R} = | [B] [D] [E] {1} , (2.20)
{s} (i) (D] [E] [F] (i) { 7(2)} (i)

14
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where: { N} g) = { No Ny Ny} is the vector of in-plane plate forces,
{ M} E) = { My My, My}, is the vector of bending and twisting moments,

{Q} ?‘;) ={ Qz @y} Is the vector of transverse shear forces, and finally { L} ?‘;) =
{ Lo Ly Lzy}(i)v{P}(j;):{ P, Py sz}(i)and{R}g):{ Ry Ry}(i)v{s}g):
{ Sz Sy} are the vectors of higher-order stress resultants. In Eqgs.@2.I9)-220) A, is

the extensional, B, is coupling, D,, is the bending, E,,, F,,, Gp, and H,, are higher-order
stiffnesses defined as (Szekrényes (2014c)):

Ny Zmit

(quvaqupqupanpqaquaHpq)(z’) - Z / C(m)(l 2,2%,2%,24,2°, 250 a0, (2:21)
m=1 G

Zm

where Nj(; is the number of layers in the it" ESL. The stiffnesses above have to be calculated
with respect to the local reference planes (midplanes) for each ESL. This leads to:

AP‘I(’): 2. CI(’Z%)(zr(Z)Jrl_Z%))v qu(z):% > _1(221)((27(7&1)2 ((l)) ),
m=1 Nl(z) ' m:lNl@)
Dy =% L G () = G By =3 X G ((el)* = (&)Y
Ty 0 (i) "I @ e (222)
Fuiy=% 2 Cpg" (g1 = @ )?)s Gpgiy =5 > Cpa ((zps1)" = (z)°),
m=1 Nl(z) T)’LZ].Nl(Z)
Hyy =% 5 Cp ((25)7 = (=)D,

where Zr(n)—i-l and 2\ are the local top and bottom coordinates of the m* layer in the i"* ESL.

By using the stress resultants by Eqgs.(2.19)-(2.20) and the virtual strains the virtual strain
energy of the i ESL becomes:

_ (0) (1) (2) (3)
Wm—/{mwhm+Mm%w+Lm&m+Rm%w
° +Nyi 55@.) + M0l ) + Ly0ell) + Pyyde'l)

+Nyy(i (57 iy T May( Z)(Sfy i+ Lay (57 i+ Lay() (57 (2.23)

+Qz5)07Y (Z +R“(5’y ) +S (57

xz(1)

+Qy( 1)57 )(l) + R, 1)57 )(l) + .5, 1)5’sz 0 } dxdy,

7

moreover, the work done on the 7" ESL is:

Wra) = / (Qb(i) (z,y)0w(z,y, —ti/2) + @) (z, y)ow(z, y, ti/2)) dxdy

/{ 00U + My du), + Luyou® + Papdul?), (224)

Lo N (5u ot M, Z)éu + L Z)(Su 0 T P, Z)(Su s Qn (i) 0W() }ds,

where the overline means imposed loads at the curved boundary, Viz. N () and an (i) are
imposed forces, Qn (i) is the imposed shear force, M ) and Mns (i) are imposed moments, Ly,
Lns(l), Pm» and Pns () are imposed higher-order forces and moments. By using Eq.(2.8) we
arrive the following expression:

15
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Wra) = / (v (@, y)0w(z, y, —ti/2) + qu) (2, y)dw(x, y, :/2)) dady
Qo
+ / { Ny uly + (Vo) K + Moy K + Lny K + Pay K V00

Loy
+( ns(z)K()+Mns()K()+Lns()K()+Pnsz )(51/15)34-@711(511) }d

(2.25)

where 0v,); and 0v,); are the components of the virtual vector of primary parameters
in the coordinate system of the curved boundary of the plate. To determine the virtual
strain components in Eq.([223]) in terms of the virtual displacement parameters, we apply
the virtual form of Eq.(2.9) resulting in (5552) = 8((5u0—|—Ki(](-))51/1(I)j)/8x, ...etc., for ea<?h ESL.
To transform Eq.(2:23) we apply the chain rule and the divergence theorem (Reddy (2004)):

N, - 2 S, 270 40 = ¢ ng(Nydug)ds..., ete. 2.2
Ox Ox oz 0 Q Ox Fn (N duo)ds..., ete (2.26)
Thus, we have:

Uy = / {=( 2y(i).y)U0 = (Nay(i)a + Ny(i) y)0v0

(Nm) z+ Ne <z>,y)Kz'(gQ)5¢<as>j = Ny + Ny ) K7 8005

—(My(i)0 + Myyi) ) K. -('1)51# i — (May (i) e + My, y) -('1)51# ()i

—(Lai)e +nyz)y) i &/; — (Lay(iy,z + Ly)y) K 7,] 5¢

—(Pu(i) e + Pry(i), y)K~ Yyj — (Py (') + Py ) K 5¢

+Qaz(i)KfL’(j‘1)6¢(I — Qu(i) 20w + Ry K 5¢ @) T Sz 1)K 5¢ (2)j

FQu K 000y = Qi 00 + Ry K 0005 + Sy K5 80} dudy  (2.27)

_l_
—

(Na (i) Ty + Nay(i)y()) 0o + (Nay(i) ) + Ny ny() )vo

Ty (0)
(Na(iy iy + Ny ) 585 0%(ay; + Nay(y i) + Nytiyny o) Koy iy,

[
(
H(Maiynati) + May(iynyi) ) K -')5%]' (Myyiynangiy + My(iynya) K3y 0t
(La(iyPa) + Loy )KL 0% + Laya) + Lyo ) z'(jz)‘w
(Po(iy i) + Pry(i)y(i)) K 3)5%»' + (Pay(iyha) + Py o) K 5%
H(Qa(ina(i) + Qi) y(i))dw] ds

where the comma means differentiation. The first term in Eq.([2.27) is the virtual strain
energy related to the volume domain of the ESL, the second term is an expression related
to the boundary. By utilizing the simple transformation equations below it is possible to
transform the boundary expression in Eq.([227)) to the same form as that in Eq.(224):

Ug = NgUon — NyUos, Vo = NyUon + Ny Uos,
PV(a)j = Na(n); = M), V)i = MyPn)s + MaVPis)s)
where wg,, and ug, are the membrane displacements, 9,); and v(,; are the vectors of primary

parameters in the coordinate system of the curved edge of the plate. The equilibrium equa-
tions and the natural boundary conditions can be obtained by setting the coefficients of the

(2.28)
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virtual displacement parameters in the virtual work expression (Eq.(212))) using Egs.([2:27)
and (2.24)) on the domains 0y and I', (Reddy (2004)). The equilibrium equations are detailed
in the next section.

2.4 Equilibrium equations - Invariant form

To derive the equilibrium equations of the plate system in a compact and invariant form we
define the following vectors:

N(fﬂ TY) (N N )(i) N(myy) (N N )

K3 (2

w’ (2.29)

(2y) _ (zy,9)
M"Y = (M, M, )(), MY = (M, M)()

The vectors of higher-order stress resultants become:

Ll(m,&?y) _ ( L, Ly, )5)7 Ll(my,y) — ( Lyy Ly )z);
(2.30)
PZ(I xy) ( P, P, )2)’ Pl(:ryvy) — ( Py, P, )Z)

Finally, the vectors of shear and higher-order forces become:

Q =(Q. Qy) , Ri=(R, Ry)f;), S, = (S, Sy)g). (2.31)

In the sequel the equilibrium equations are derived separately for the undelaminated and
delaminated regions.

2.4.1 Undelaminated region

By setting the sum of coefficients for the virtual membrane displacements (dug, dvg), primary
parameters (01 (), 0¢(,);) and the deflection (dw) in Eq.([2.12)) (using Egs.(227) and (2.235)))
to zero leads to three sets of equations. The equilibrium of the in-plane forces involves the
equations above independently of the applied theory (FSDT, SSDT or TSDT):

k k
dup: Y VNE =0, Gug: Y VNI =, (2.32)

where V = 2+ %j is the Hamilton differential operator (Chou and Pagand (1967)) and k
is the total number of ESLs. In the general sense (using FSDT, SSDT or TSDT) the number
of primary parameters (ignoring the global membrane displacements) in the displacement
field is 7, which is equal to the number of elements in 1, and j = 1..r. By collecting the
coefficients of the virtual primary displacement parameters in Eq.([2I2]) and equating the
result to zero we have the following equations:
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(2.33)

where v,); and 1(,); denote the primary parameters. By collecting the coefficients of the
dw(x,y) plate deﬂectlon and setting their sum to zero in Eq.([2I2) leads to:

k
> V-Q+qg=0, (2.34)
i=1

where ¢ is the the external surface load:

k
q= Z (@) + @) (2.35)
i=1

moreover Q is the effective shear force in the case of Reddy’s third-order theory (see later)
and Q = Q for the other theories. Eqs.(232)-(34) define the invariant form of the equi-
librium equations, because independently of the applied theory these equations have the
same form. Apparently, the differences among the equilibrium equations of FSDT, SSDT
and TSDT are the K;; displacement multiplicator matrix elements and the ), vector of
primary parameters.

2.4.2 Delaminated region

The delaminated region consists of a top and a bottom plate (refer to Figures 2] and
2.3)). Each subplate is modeled by further ESLs. The most essential difference between the
delaminated and undelaminated plate regions is that in the delaminated region the in-plane
displacements are not coupled at the delamination plane. Therefore, the global membrane

displacements ug, vg are replaced by ug,, vo, for ESLs of the bottom plate, moreover by u,
vy for the ESLs of the top plate in Eq.(2.8)) in accordance with Figures and 2.3

uy = uop + (K + K20+ KPEOR + KPROP) gy, 0= 1.0, o
= v+ (K + KP4 KPEOP + KPEP) vy, i =100,

e = o+ ( A0 4 K )[ 072 4 KZ,(;))[z(i)]a) V), 1=h+ 1.k, .
2.37
V) = Vor + (KZ-(JQ) + Ki(j)z() + KZ-(jQ) [29) + Ki(f) [Z(Z)]?)) Vst =h+ 1.k,

where h is the number of ESLs in the bottom plate and j is a summation index, furthermore
wi)(z,y) = w(z,y). Thus, the equilibrium equations of in-plane forces take the form below:

h k
duop Z V. Ngz’my) =0, dugy: Z V- Nf.“y) =0,

i=h+1

. . (2.38)
dvgp ZV : Ngxy’x) =0, dvy: Z Y Ngxy’x) = 0.
i=1 i=h+1
The form of the other equilibrium equations are the same as those given by Eqs. (2.33))- (2:34)).
Finally, it is time to denote that the fundamental solutions of LEFM are singular for
problems including cracks (Anderson (2005); Hills et all (1996)). On the contrary, Eq.(2.8))

and Egs.(2306)-([237) do not contain any singular terms, thus the solutions in this work are
essentially nonsingular for all of the mechanical fields.
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Figure 3.1: Cross sections and deformation of the top (ESL2) and bottom (ESL1) plate
elements of a delaminated plate in the Y-Z plane (a). Distribution of the transverse shear

strains by FSDT, SSDT and Reddy TSDT (b).

In the case of the method of 2ESLs the plate is divided into two parts by the plane of the
delamination. These parts are further divided into two halves along the delamination front
perpendicularly to the plane of the plate midsurface resulting in the undelaminated and
delaminated portions. This latter fact is represented by the transverse splitting in Figures
BI and The SEKC is applied to the problem in accordance with Figures B.1] and
Using the SEKC defined by Egs.([2.2)-(2.6) we can eliminate certain parameters from
Eq.(2.1]), which involves 18 parameters altogether plus the deflections (wg)(z,y) = w(x,y)).
This step is called parameter elimination (defined in Section 2.2). The parameters to be

eliminated are chosen in order to obtain a system of equations, which consists of linearly
In the subsequent sections the undelaminated and delaminated
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Figure 3.2: Cross sections and deformation of the top (ESL2) and bottom (ESL1) plate
elements of a delaminated plate in the Y-Z plane (a). Distribution of the transverse shear
strains by FSDT, SSDT and Reddy TSDT (b).

regions are discussed separately. In the first step, the Reddy TSDT displacement field is
presented (Szekréngyed (2014¢)), then in the subsequent steps the SSDT (Szekrényed (2015))

and FSDT (Szekrényes (2013d¢)) fields are obtained by the reduction of the Reddy TSDT
equations.

3.1 Undelaminated region

The transition zone around the delamination front in the X — Z plane of the composite
plate is shown in Figure B.Jkh. The through-thickness distribution of the in-plane displace-
ment functions is piecewise cubic for the Reddy TSDT, piecewise quadratic in the case of
the SSDT and piecewise linear for FSDT. The corresponding shear strain distributions are
shown in Figure BIb: it is piecewise quadratic by Reddy TSDT, piecewise linear by SSDT
and piecewise constant by FSDT. In Figure the Y — Z plane is shown. In accordance
with Figures B.Ih and B.2h, the following conditions are formulated between the two ESLs
(continuity of in-plane displacement at the interface planes):

(1), V1), W) Larpy o = (12 0@ W) Loz o (3.1)

The reference plane belongs to the first ESL, therefore, the following condition is imposed:

(u(l),v(l))\zmzzg = (uo(,y), vo(z,y)), (3.2)

where the zg) = t9/2, zgp = 1/2(t; + t) in accordance with Figure BJIh and actually zg

coincides with the global midplane of the model (Reddy (2004)). The next set of conditions
impose continuous shear strains at the interface plane:

(%z(1)7 Wyzu)) |Z(1>:t1/2 = (%sz(z)7 Wyz(2)) |Z(2>:_t2/2 : (3~3)
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Finally, in accordance with the basic concept of Reddy plate theory (Reddy (2004)) we
impose traction-free bottom and top surfaces by (refer to Figures B.Ib and B.2b):

(’Yzz(l)a Vyz(l)) |Z(1):—t1/2 = (7:6z(2)7 '7yz(2)) ‘Z(Q):tz/g = 0. (34)

In Eq.(21) the displacement functions are modified in order to satisfy Eqs.(31)-(34). In
the case of the method of 2ESLs (i = 1..2), by applying the FSDT, SSDT and Reddy TSDT
theories the in-pane displacement functions can be written as:

U@y = Uo + (KZ-(](-)) + Kfjl)z(i) + KZ»(jz) 9] + KZ-(;) [z(i)]3> Yz, 1=1.2,
ey = Vo + (Kff) + K20+ KPLEOP + K [z@]?’) Dapjr = 1.2, (3.5)
we = w(w,y), i=1.2,

where the matrices denoted by Kj;; are related to the geometry (ESL thicknesses), i refers
to the ESL number, the summation index j defines the component in ), which is the vector
of primary parameters, finally w; (z,y) = w(z,y) for each ESL.

3.1.1 Reddy’s third-order plate theory

Using the conditions above (Egs.([3])-(3.4])) we can eliminate ten parameters from Eq.(2.1]),
the secondary parameters are: uo;, Voi, ()2, Oy)2, Py, Py for © = 1,2. The vector of
primary parameters is:

T
Y = ( Opn o ) , p=zory, (3.6)

where the elements highlighted by the circles are the so-called autocontinuity Farameters
(1

(see later in Chapter 4.). The calculation of elements of the matrices Kz(j), Kw , KZ] and

K (]‘3 ) are defined in Appendix [A.Jl The equilibrium equations of Reddy TSDT based on

1,

Eq.[3.0) and ([2.33) are:

ONziiy — ONgyi
dug © 4 y():0, oy -

— ox dy

ONzy(i) N ONy:)

o 5 =0 (3.7)

i=1

for the membrane displacements and:

2
ON.\  ON,,. OM. . OM.,, . OL.n  OL..
St (0) (i) wy(i) (1) (i) wy(i) (2) (i) wy(i)
U(w)j E K 5 + 9 + K B + 3 + K o + 9

=1

5 (OPuiy  OPpyi ,
+Kz‘(j) ( o + % )) - Kz‘(jl)Q:c(i) - 2Kz'(j2)R:c(i) - 3Kz'(j?))sz(i) =0, j=1.3,

ox oy
ON. ON,,; OM.,..c; oM, OL (s OL.,;
Z K xy(i) y(i) K.(.l) zy (i) y(i) K(?) zy(i) y(i)
Vs ( * oy A ox * dy T ox + oy

+K ( o 82()> EPQuu — 2KP Ry — 3K Sy =0, j=1.3,
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(3.8)

with respect to the primary parameters, furthermore the following equation is obtained based
on the deflection:

5w.z< o ) 4 5y >+q—0, (3.9)

=1

where QT and Qy are the equivalent shear forces:

xi:_K' zy(1 _ K (e zy(% _K() z(i zy(i
@ “ ( 8x + dy u ox * oy “ ox * dy

8P i OP,. i
7&4( © 4 Mo4i%m+2Kmeer§@ww

ox oy
A E)Nm ) ON, 0 n [ OM, 0 oM 0 9y [ OL, 0 oL 0
N =— K. y(i Y _ K-( ) Y y . K.( ) Y Yy
@y i ( ox + oy i ox + dy “ ox + dy
_&4(zﬁ)+ ép)+QwH4KﬁRmﬁﬁKﬁ%m
(3.10)

The first in Eq.([3.8) states the moment equilibrium (because the fisrt parameter in Eq.(3.0) is
a rotation), moreover Eq.(3.9) is the equilibrium equation of equivalent shear forces (deriva-
tives). By taking back the K;; constants into Eqs.(3.8) and the first of ([8.9) (with respect
t0 V(a1 = Oy and Y1 = (1), and subtracting the equivalent shear forces from Eq.(3.8))
it is possible to calculate the equivalent bending moments of the undelaminated region:

M, M, Na g i =1
| o= ) ek N ) wes =L LY
Mey /) My /) Ney /) A h e

(3.11)

Eq.(3II) is important, because the continuity and boundary conditions can be imposed by
using the equivalent bending moments, or stress resultants. The equations of 07,y and
3y in Eq.([3.8) can be rewritten as:

OMy) | OMayiy - )
0P(ay P a; = Qu(p) = 0, w1§: o D= Qupy = 0.

=1 =1

3.1.2 Second-order plate theory

In this case Ay = 0 and Ay = 0 in Eq.(21). Egs.3I)-B.2) apply, however Eqgs.(3.3)-
B4) are omitted. It should be mentioned that although it is possible to impose the shear
strain continuity even in this case, this was not applied in this thesis (Szekrényes (2015)).
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Therefore we can eliminate four parameters from Eq.(21]), the secondary parameters are:
Ug;, vo; for i = 1,2. The vector of primary parameters becomes:

T
Vo) = (01 o1 o2 b2 ) , p=zory. (3.13)

The elements of the matrices K'Y, KV and K are defined in Appendix [A.2l Obviously

ij ij
Kfjg ) = 0 in this case. The equilibrium of 1n—plane forces (equations for duy and dvg) are
given by Eq.(B.7). The equilibrium equations with respect to the primary parameters take

the forms of:

E:chg) 3MWO+K
X

_Kijl)Qfﬂ(i) - 2Kij R,y =0, j=1.4,

Z.(41) @) + y(0) + Kz@ (4) + y(i)
dy J ox dy J ox dy
2
ON (i ON,(; OM,y i oM, OL (i 0L,
Sthrns - KO zy(i) y(@) KD zy(i) y(@) K® zy(4) y(@)

—K”Qy)—zK Ry =0, j=1.4
(3.14)
The last equation becomes:
2
0Quw) . 0Qyw)
ow : =0. 3.15
w Z( e oy )T (3.15)

=1

Because of the fact that the first and third parameters in ¥ (Eq.([3I3])) are rotations, the
equations for j = 1,3 state the moment equilibrium. Summing the first (j = 1) and third
(j = 3) equations in Eq.([3.I4) and taking back the K;; constants in Appendix [A] results
in:

. . , .
0ﬂ4¢u)_+ OM.y i) 3 3ﬂ4&u>_+ OM.y i)

O ay - Ql(i) =0, ay o - Qy(i) =0, (316)

i=1

where the only difference compared to Eq.([312]) is that in this case there are no effective
shear forces, only equivalent moments that become the same as those by Eq.(3.11):

AL M, N ©) , 7(0) —gte if =1,
My - M, +(G +KG) Ny (KGR ) = Ly if =2
Moy /g N Mo /g New / i 2

(3.17)

The physical meaning of Eq.([8I7) is that the equivalent moments are equal to the sum
of the standard bending/twisting moments and the moment of the in-plane normal/shear
forces, where the arm of the forces is calculated as the distance between the local and global
reference plane of the plate (Szekrényes (2014d)).
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3.1.3 First-order plate theory

In this case ¢y = Oy = 0, A@)i = Ay = 0 in Eq.@1). Egs.@I)-B2) apply, however
Egs.(3.3)-(3.4]) are omitted again (shear strain continuity at the interface plane is not possible
to ensure because of the piecewise constant distributions, refer to Figure 3.1b). Thus, we
can eliminate only four parameters from Eq.(21]), the secondary parameters are: wug;, vo; for
t = 1,2. The vector of primary parameters is:

Yoy = (Oon Op2 ) , p=zory. (3.18)

The elements of the matrices K'” and K are defined in Appendix [A3l Apparently

ij
Kz(jz) KZ] = 0 in this case. The in- plane equilibrium is defined by Eq.(3.7). The mo-
ment equilibrium equations are:

2
ONgiiy  ONgyi OM, .y OM
. (0) a(i) ay(i) (1) a(i) ay(i) (1) _ o
0Y(a); * ZK” < or T Dy ) + K ( o T oy ) - K;;"Quiy =0, j=1.2

ONy(; oM., OM. .
xy(i () (1) zy(i) y(4) (1) B -
Z < + Ay ) * Kij < ox + oy ) - Kij Qui) =0, Jj=1.2

(3.19)

The equation for dw is equivalent to Eq.([3.I5]). The equivalent moments can be obtained
by taking back the K;; constants given by Appendix [A.3linto Eq.(3.19) and subtracting the
shear forces:

Mo e 0. won [ N 0, 1O —gtz if =1,
vy | o= ) ew@eR) (N ) aPerg) =g T L
Mxy () Mxy (%) Nggy () 2 ’

(3.20)

that have an important role in the assignment of the boundary and continuity conditions.

3.2 Delaminated region

In the delaminated region (refer to Figures BIb and B:2b) the top and bottom plates are
captured by independent ESLs, and thus these plates are modeled by traditional first-,
second-order plates and third-order Reddy plates. The displacement field can be given by:

) = Uob + (KZ'(JQ) + Ki(jl)z(i) + Kz'(‘2) [Z(i)]2 + K(g) [Z(i)]g) w(%)j? L= 17

V() = Vop + (Ki(][-)) + Ki(jl)z(i) + Ki( )[ (’) + K 3) 3) Wy =1,

uy = v+ (K + KP4+ KPP + KDL 3) i=2, (3.21)
vy = vor + (K + K0 4+ K0P LOR) by =2,
wey =w(z,y), i=1.2,
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viz., the global membrane displacement components are zero in this case and j is a summation
index. It is important to note that in accordance with Eq.(B.21]) the transverse deflections of
the top and bottom plates of the delaminated region are identical (constrained mode model,
(Szekrényes (2014d))). In other words, the crack opening is eliminated in the plate, and
the problem provides essentially mixed-mode II/III fracture without the presence of mode-I
(refer to Figure[[3]). The aim is to predict the mechanical fields in the plate as accurately as
possible compared to FE calculations. If this is done for mixed-mode II/II1, then the model
can be extended to general mixed-mode I/I1/III case in the course of further research work.

3.2.1 Reddy’s third-order plate theory

In this theory the top and bottom plates are traction-free at the top and bottom boundaries
(Reddy (2004), refer to Figures BIb and B2b), thus, from Eq.([34]) we have:

('-Yzz(l)a Wyz(l)) |z(1)=it1/2 = (7mz(2)a 7yz(2)) ‘Z<2)=it2/2 = O, (322)

meaning eight conditions. The secondary parameters are: @i, @), A@)ir )i for @ = 1..2.
The modified displacement field has the same form as that given by Eq.([321]), the coefficients
denoted by Kj;; are placed in Appendix [A.]l The vector of primary parameters becomes:

T
Y = ( Own % ) , p=zory, (3.23)

where 6,); is an autocontinuity parameter. The equilibrium equations with respect to the
membrane displacements are:

8Nz(l-) 8Nmy(i) aNzy(i) 8Ny(i) .
= = 1 p— 2 pumm . _24
5 oy 5 ey =0 (=0), 2(=t1). (3.24)

The equilibrium equations for the bending and twisting moments are:

(SUO(Z) : = O, (51)0(1') :

OM,  OMyyiy =
y(5) + y(i)

OM,jy  OMuyyy  »
: ’ + S Q - O’ 5¢(1/)J : ay 833 Qy(j)

51/}(33)3' o ay z(j) =

=0, j=1,2.

(3.25)
Finally, the equation with respect to dw in accordance with |Reddy (2004) is:

. )

, 0Qziy  0Qui) 3 (L) | PPy | PPy

5U).§Z:{ 5 T o — K; s +2 Sy + % +q¢=0, (3.26)
=1

where the equivalent shear forces are defined as (Reddy (2004)):

A 3 A 3 .
Qu(iy = Qutiy + 3K5 Sutiys Quy = Quoy + 3K Sy, = 1,2. (3.27)

Finally, the equivalent bending moments become:

M, M, g
M = | M, +KP | P, i=1,2. (3.28)
My /) Pay [ i)

)
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3.2.2 Second-order plate theory

In this case Ay = 0 and Ay = 0 in Eq.(21). No conditions are imposed against the
displacement field, and so there are only primary parameters in Eq.(3.2]), the vector of
primary parameters takes the form below:

T
Vo) = (o1 on Oop2 d2) . p=zory. (3.29)

The elements of the matrices K, K and KZ-(jZ) are defined in Appendix [A.2] Apparently

ij ij
KZ-(;)) = 0 in this case. The membrane force equilibrium is given by Eq.([3.24), the other
equilibrium equations are:

. OM,) +_0A4%mn

00 — N = 1 =1,2
(@i ox 8y Qx(l) 0, ) < (3 30)
50, - Moy OMyiy o |
()i - or ay y() ) 5 4
OLyiy  OLyyi
5y (i) y(@) 2R, =0, i=1,2,
Ox dy
(3.31)
Sy L Ol g g =1
(y)i - ox ay y(7) s 5 L
Finally, the shear force equilibrium involves:
2
0Quiy — 0Qy()
ow : =0. 3.32
wi) ( ot oy ) T (3.82)

i=1

3.2.3 First-order plate theory

For the FSDT ¢y, = 0, ¢y = 0, Ay = 0 and Ay = 0 in Eq.([2.1). Obviously, there are
only primary parameters in Eq.(@.2I)): wo;, voi, 0(2)i, O for i = 1,2. The vector of primary
parameters is:

T
V)= (Opn Op2 ) ,p=zory. (3.33)

The elements of the matrices Kg-)) and Kfjl) are defined in Appendix [A3l In this case
Ki(;) = Kg’) = 0. The in-plane force equilibrium involves Eq.(3.24), the moment and shear
force equilibrium leads to:

002y : o + 8yy
 OMayiy | OMy
- Ox oy

) _Qm(z)zoa 7;:1’27

(3.34)

08y L Qe =0, i=12
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Figure 3.3: Equilibrium of stress resultants of the FSDT (a), SSDT (b) and TSDT (c) for
an equivalent single layer.

2
5w:z< (9:1:()+ 82())+q:0. (3.35)
i=1

The equilibrium equations of ESL theories can be obtained by using differential plate
elements assuming differential changes of the stress resultants going from one boundary to
the other. This scheme is very simple in the case of FSDT as it is shown by Figure B.3h.
For the SSDT Figure B3k (moment and shear force equilibrium) should be complemented
with Figure showing the possible interpretation of the higher-order stress resultants (L
and R). Finally, Figure B3h, b and ¢ should be considered together if the general TSDT
is applied (L, P, R and S), although the equilibrium equations of this theory were not
presented, these are documented by |Szekrényes (2014d).
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The method of four equivalent single layers

The concept of the method of 4ESLs (developed recently by |Szekrényed (2016a,6)) is shown
in Figures d.Th and [£.2h. The bottom and top plates are modeled by two ESLs, and thus it is
a refinement compared to the method of 2ESLs. It will be shown later that in certain cases
it is not enough to apply 2ESLs. The SEKC is applied to the problem shown in Figures
ATh and E2h. Using the conditions defined by Egs.(Z2)-(28) we can eliminate certain
parameters from Eq.(2J]), which (for 4 ESLs) involves 34 parameters altogether plus the
deflections (w(;(z,y) = w(z,y)). The parameter elimination is carried out similarly to that
of the method of 2ESLs. In the subsequent sections the undelaminated and delaminated
regions are discussed separately. In the first step, the general TSDT displacement field is
presented, then in the subsequent steps the SSDT and FSDT fields are obtained by the
reduction of the TSDT equations. The meaning of the transverse splitting in Figure LTk

b.
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Figure 4.1: Cross sections and deformation of the top (ESL3 and ESL4) and bottom (ESL1
and ESL2) plate elements of a delaminated plate in the X-Z plane (a). Distribution of the
transverse shear strains by FSDT, SSDT and TSDT (b).
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is that different mathematical models are applied in the undelaminated and delaminated
regions.

a. Z A b.
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Figure 4.2: Cross sections and deformation of the top (ESL3 and ESL4) and bottom (ESL1
and ESL2) plate elements of a delaminated plate in the Y-Z plane (a). Distribution of the
transverse shear strains by FSDT, SSDT and TSDT (b).

4.1 Undelaminated region

The transition zone around the delamination front in the X — Z plane of the composite
plate is shown in Figure LTh. The distribution of the in-plane displacement functions is
piecewise linear by FSDT, quadratic in the case of the SSDT and cubic for the TSDT. The
corresponding shear strain distributions are shown in Figure EIb: it is piecewise constant
by FSDT, piecewise linear by SSDT and piecewise quadratic by TSDT with continuous
derivatives and curvatures in the latter case at the perturbation planes. The Y — Z plane is
shown in Figure 2l In accordance with Figures . Th and 2k and Eq.(2.2]), the following
conditions are formulated between the four ESLs (continuity of in-plane displacements at
the interface planes):

(1) v, 0) oy o = () V@ 0 @)oo
(2, V2, W) oy, o = () V) W) Loy o (4.1)

(), 3, W) |1y o = (W), V), W) Loy, o
The reference plane belongs to the second ESL (see Figures A1k and [£2b), therefore, the
following condition is imposed (refer to Eq.(23])):

<u(2)7v(2))‘z(2)22g) = (U0<x7y)7vo<x7y))7 (4.2)
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where zg) = 1/2(t3 + t4 — t1) in accordance with Figure [Ih and it gives the position of the
global midplane of the model with respect to ESL2. The next set of conditions imposes the
continuous shear strains at the interface planes using Eq.(2.4):

(’Y:gz(l), 'sz(l)) ‘Z(l)=t1/2 = (71z(2)7 7yz(2))|z(2):_t2/2 )
('sz(Q)v 'sz(2)) ‘z<2):t2/2 = ('sz(?))v 'sz(3))|z<3):_t3/2 ) (4.3)
(’sz(?,), 'sz(S)) ‘Z<3)=t3/2 = (7xz(4)7 7yz(4)) |Z<4):—t4/2 .

As discussed previously, the oscillations in the shear strain distribution can be reduced by
ensuring continuous shear strain derivatives at interface planes 1-2 and 3-4 (Eq.(2.3)):

?
Z(2)=—t2/2

M1y V(1)
0z 7 9z(1)

8'712(3) a’}/yz(S)
023 7 9z3)

(OVaz2) OVyz(2)
S\ 027 922

_ MVaza) OVyz(a)
o\ 0207 929

Z<1)=t1/2

(4.4)

)
2(4):—t4/2

Z(3):t3/2

furthermore, by imposing continuous second derivatives of shear strains in the same planes
by using the conditions below (Eq.(2.6)):

_ (82%2(2) 32%2(2))
S e \O(z)20(2@))?

_ (32%2(4) 32%2(4))
2(3)=t3/2 O(zW)27 9(z)?

To further reduce the number of parameters in the displacement field and to obtain more
accurate results, the SSCC is applied at the top and bottom boundaries (Eq.([2.1)):

)
2(2):—t2/2

PVarty 0y
(=02 302

82’%%(3) 82’sz(i’))

(4.5)

2(4):—t4/2

(Voo Yz |y o = Vaz@)s Ye@) L _y, 2 - (4.6)

The concept of the shear strain control condition (SSCC) is shown in Figure 3] where in
the undelaminated portion at two points in each cross section the shear strain is identical.
Although the SSCC is applicable even in the case of the TSDT it leads to large oscillations
in the transverse shear strains (Szekrényes (20161)), therefore it is applied only to the SSDT
solution. It is also important to note that the large oscillations in the shear strain distribution
take place even if the SSDT solution without the SSCC is applied (Szekrényed (2016a)).

In Eq.(21) the displacement functions are modified in order to satisfy Eqs.(Z])-(Z0).
In the general sense, by applying the FSDT, SSDT and TSDT theories the displacement
functions can be written as:

Uy = U + <KZ-(]Q) + Kz(j.l)z(i) + KZ-(J?) [z(i)]Q + Kg-))) [z(i)]3> Yy, =1.4,
vy = vo + (Kff) + K20+ KPLEOP + K [z@]?’) upir 1= 1.4, (4.7)
wey = w(w,y), i=1.4,

where the matrices denoted by K;; are related to the geometry (ESL thicknesses), i refers to
the ESL number, the summation index j defines the component in 1, which is the vector of
primary parameters, finally w(z,y) is the transverse deflection and identical for each ESL.
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Figure 4.3: The concept of controlled shear strain distribution on the X-Z plane (a) and Y-Z
plane (b) in the undelaminated and delaminated regions of the SSDT and TSDT solutions.

4.1.1 Third-order plate theory
Using the conditions above (Eqs.(@I)-(ZH)) we can eliminate twentytwo parameters from

Eq.(21), the secondary parameters are: wo;, Voi, O(z)i, P(y)i for i = 1.4, Az)i, A fori =1,2
and 4. The vector of primary parameters is:

T
Yo = (o1 0wz Ows Opn Aps ) , p=zory. (4.8)

The elements of the matrices Kl(]), KW, K2 and K in Eq.(@7) are defined in Appendix

ij i

B.Il The equilibrium equations can be obtained by usmg Egs.([232)-([2353) and Eq.(Z3):

ONagi) , ONay(i
ox dy
ONayiy | Ny
ox oy

Oug :
i=1

=0,
(4.9)

0vg :
i=1

:07

4
ONLiy  ONgyi OMyiiy  OMyyi OLyiiy  OLyyi
PN e e ) 20 @) \ | ) 20) w@) \ | @ (9l zy(i)
V)i ;é; ij 5 T % + K 5 T 3 + K 5

3y (OPuiy  OPpyi ,
+K9(éﬁ)+ @”)—KﬁerﬂKngrﬂK?&m=Q j=1.25

ON, ON,(; OM,..i OM, OL . (i OL.,;
K zy(i) y(d) K.(.l) zy(i) y(3) K(?) zy(d) y(3)
V)i Z ( * oy L ox * dy + ox + oy

+K$( o ip) EPQuu — 2KP Ry — 3KP Sy =0, j = 1.5,
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(4.10)

4
5w:z< 833()+ az()>+q:0. (4.11)
i=1

The first four parameters in ), are rotations, viz. for each ESL we have a single mo-
ment equilibrium equation. By summing the moment equilibrium equations (the first four
in Eq.(£I0)) and separating the terms of the stress resultants for each ESL using the con-
stants in Appendix [B.1lit is possible to obtain the following equivalent bending and twisting
moiments:

, . — Lat+ts+ty) ifi=1,

orEY) ) (0) ng(@9) 0 _ st —ts —ty) ifi=2,

M, = M| +Z;Kij N K = i+ ta—ty) ifis, (12
” Lty +ta+ty) ifi=4.

The fifth parameter in 9, is A¢)3, which is a parameter related to the third-order dis-
placement field term, therefore from the corresponding equilibrium equation it is possible to
obtain the equivalent P stress resultants:

4
(m = ZK’LS)P ) + ZKZ5 zx ) + ZKZ5 zx IZJ) (413)
i=1 i=1

=1

It is surprising that neither Eq.(@.I1]) nor (£I3]) contains the standard and higher-order shear
forces. The reason for that is ), R and S are related to the shear strains in accordance with
Eq.(220), which are always continuous across the transition between the delaminated and

undelaminated regions. Note that KZ(; ) = 0,7 = 1.4 (see Appendix [B.I]), and that is why

Pﬁf’my) is independent of the bending and twisting moments.

4.1.2 Second-order plate theory

In this case Ay = 0 and Ay = 0 in Eq.(Z1). Eqgs.(@I)-(@2) apply together with Eq.([&3)
(shear strain continuity), however Eqs.(@4)-(LH) are omitted. However, Eq.([L6]) is taken
into account (SSCC). Thus, we can eliminate sixteen parameters from Eq.(21]), the secondary
parameters are: uo;, vo; for i=1..4, 04)i, 0y)i, P(2)i, P(y)i for i = 1 and 3. The vector of primary
parameters becomes:

T
Vo) = ( O0)2 D)1 P(p)a > , p=zory, (4.14)

where ¢,)2 is an autocontinuity parameter. The elements of the matrices Kz(j), Kg) and Kg)

are defined in Appendix B.2l Obviously KZ»(;’) = 0 in this case. The equilibrium equations
take the same form as Eq.(@9)-(Z1I) but j = 1..4. In accordance with Eq.([@.I4]) we have a
single rotation for the bottom (f,)2) and top (6(,) plates, and therefore the first and third
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equilibrium equations in Eq.(4I0) contain the following equivalent bending moments of the
undelaminated region (2):

B =30 (KD KNS 4 (K + KPME 4 (K + KGHLE),

)
i=1,2

e (4.15)
M =S (<K< ) KSINE 1 (1D + KM 1 () + K L)

VA
i=3,4

Using the Kj;; constants given in Appendix [B:2 Eq.(TIH) reduces to:

~ (@,2y)

M5 ™ = M5 = 2ty 4 b5 + )N 4 ME™ 4 2 (1 — 5 — )N,
2 2 (4.16)

1 x,xr
JH+Q+MN(M.

<

T,z T,x 1 T,x T,x
é4 y):M:(s:y) 2(t1+t2—t4)N( y)_|_M( v 4

Comparing Eq.(ZI6) to Eq.(AI2) it becomes clear that M, is the sum of M; and M,,
moreover M3z, is the sum of M3 and My. The equivalent L stress resultants can be obtained
similarly, by taking the second and fourth equations in Eq.(#10):

]Z (z,2y) Z ((K(O) + K( ))N(m’my) + (K( ) + K( ))M(@@y) + (K(QQ) + K(j))L(mumy))
- (z,2y) — 1 2 2 (4.17)
L Z ((K(O) + K( ))N(fﬂ \TY) + (K( ) —|—K( ))M(fﬂ \TY) + (Kz‘(Q) —|—Ki(4))L§m’Iy)).

=34

4.1.3 First-order plate theory

If the FSDT is applied then ¢(m)i = O, gb(y)i = 0, )\(x)i = 0 and /\(y)i =0 in Eq.(D:[D. Only
Eq. (1)) is utilized together with Eq.(4.2)). The continuity of shear strains cannot be imposed,
neither the SSCC. Thus, we can eliminate eight parameters from Eq.([21]), the secondary
parameters are: ug; and vy; for ¢ = 1..4, The primary parameters are: vy and vy and 0,
Oy for i = 1..4. The vector of primary parameters is:

T
Yoy = (0o o2 Ops Opa ) . p=zory. (4.18)

The elements of KZ-(J(-) ) and Kfj are defined in Appendix B.3l K;; 2 = 0 and K () = 0 in this
case. Eqs.([@I)-(@II) are valid even for the FSDT, the equlvalent moments are given by

Eq.([@12).

4.2 Delaminated region

In the delaminated region (refer to Figures Ak and f2h) the top and bottom plates are
equally modeled by two ESLs, and thus the first and third of Eq.(&I]) still hold in each
theory. In accordance with Eq.(dJ]) the transverse deflections of the top and bottom plates
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of the delaminated region are identical (constrained mode model, (Szekrényed (2014d))).
The definition of the top and bottom reference planes involve:

(U(l)7 U(l)) |z(1):t2/2 = (uOb (.CE, y)7 UOb<x7 y))a

(4.19)
(@), &) |01y, o = (Won(@, y), v0r(, ),

where ug, and ug; are the global membrane displacements of the bottom and top plates in
accordance with Figures f.Th and f2h. Furthermore, the first and third of Eq.(Z3]) apply
again, as well as Eqs.(@4)-(Z5). Three more equations are formulated by using the shear
strain control conditions (Eq.(2.6])):

('chz(l)a Vyz(l)) ‘Z(l):_t1/2 = (712(2)7 ’sz(2)) ‘2(2):1&2/2 )
('Y:sz(S)v 7yz(3)) ‘Z(3):_t3/2 = (7&72(4)a 7yz(4)) ‘z(4):t4/2 ) (4.20)
(’sz(l)y 'sz(l)) ‘Z<1):_t1/2 = (7:1&2(4)7 7yz(4)) ‘z(4>:t4/2 )

i.e., instead of imposing traction-free boundaries (as it was done in Section 3.1 using Reddy

TSDT) we control the strain distribution by having identical values at the boundaries leading
to nine equation sets altogether. The displacement field is given by the following equations:

uy = ot + (K@ + KD 4 KOROP 4 k© [z@]?’) Yy, i =34, (4.21)

ij ij ij

vy = vor + (K + K20+ KPP+ KPEOF) vy, i =3.4,
y

where 7 is a summation index. The concept of the analysis is to start with the TSDT and
to give the SSDT and FSDT equations by the reduction of the TSDT equations.

4.2.1 Third-order plate theory

The first and third in Eq.(#I]) hold, moreover Eq.(£I9)) is implied, again the first and third
of Eq.(43)) are utilized together with Eqgs.([£4)- (L) leading to 20 conditions altogether. The
SSCC by Eq.([#.20) is not implied in this case. The secondary parameters are: uo;, Vi, @(z);
Gy for i = 1.4, Xayi, A for @ = 2 and 4. The modified displacement field is given by
Eq.(#21]) wherein the vector of primary parameters is:

T
¢<p>=(9<p)1 Op2 O O A(p)a) , p==xory, (4.22)

where A¢,; is the autocontinuity parameter. The coefficients denoted by Kj;; are placed in
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Appendix [B.Il The equilibrium equations become:

2 2
ONgi) | ONay) INzyi) | ONyG)

dugp : Z ax 2y =0, dvy: 2 B + By =0,
= (4.23)
4 4
ONg) | ONgy() ONzyi) | ONyG)
dugt Z 83) y =0, dvy: D + oy =0,

=3

4
ONgiiy  ONgy( OMyiy  OMyy i OL,iy  OLy
. § : (0 (1) zy(7) (D (i) zy(4) (@ (i) zy(i)
W ; g ( Ox * oy >+ g ( Ox + oy >+ g < Ox * Jy )

3y (OFpiy  OPpy :
®3) (i) zy(i) 1) () ®3) _ .
+mj<éh + >—KUmeﬂKﬁRwrﬂ&j&@_Q j=1.6,
4
ON, ONy(; OM i OM,,(; 0Ly OL,(;
N 50 (N | OV | ) (OMay b0\ | @ (Lo | 0Ly
MWy ; K < oz + oy T Ox + oy A Ox + oy
0P,y OP,;
®3) zy(i) y(@) 1 (2) ®3) _ :
Ky < ox + oy > — K Qyeiy — 2K Ryy — 3K57 Sy = 0, j = 1.6,
(4.24)
4
Qi) | OQy()
ow : =0. 4.2
w;<a$+ay>+q0 (4.25)
The equivalent moments are obtained by summing the first four in Eq.([#£24):
— 3ty ifi=1,
N w>+ZKO>Nw>ZKO> g Hi=2, (1.26)
2 — %t4 iti =3, '
1. ifi=4.

The last two parameters in Eq.([@22) are Ay and Ag)s, the equivalent P stress resultants
can be defined as:

15533,1/) :ZK1(5)P Iy)+ZK2)ny)+ZK0)NIy)

i4l =1 =1 (427)
~ (,y) . B)p(z,y) 2)1 (z,y) 0) T y)
P, =Y KJP +ZKL +ZKN

=1 =1 =1

that will be utilized by imposing the continuity conditions. It is important to note that
KP=KY=0i=1.4
i5 i6 K Rt

4.2.2 Second-order plate theory

In this case A¢;); = 0 and A(,); = 0 in Eq.(2.1]). The first and third in Eq.(@.I) hold, moreover
Eq.(#19) is implied, again the first and third of Eq.(&3) is utilized, however Eqs.(Z.4)-
([@3) are omitted. The SSCC (Eq.([@20))) is employed to obtain the modified displacement
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field. Therefore we can eliminate eighteen parameters from Eqs.(2.36)-(2.37), the secondary
parameters are: wug;, vo; for i = 1.4, 04, 0 for © = 1,3 and ¢y, @) for ¢ = 1,2 and 3,
The vector of primary parameters takes the form of:

T

Vi) = (0p2 Ops Spu ) . p=zory. (4.28)

The elements of the matrices K\°, K" and KZ-(;) are defined in Appendix [B.2l Apparently

ij iJ

K® =0 in this case. Egs. ([@23)-([@25)) are valid for j = 1..3. The equivalent moments are

(4]

obtained from the first and second of Eq.(d.24)):

NS = 3 (K + KNG 4 (KD 4 KOME 4 (KD + KOLE),
(z,2y) - 0 1 2 2 (4.29)
M34 Z ((K( ) + K( ))Nl(ﬂfzﬂfy) + (K( ) + K( ))M(ﬂﬁ ,ZY) + (Ki(l) + Ki(Z))LZ(@@y))’
i=3,4
furthermore, by using the K;; constants we obtain:
e\ T, T €T,T 1 T,T T,T 1 z,T
5 = M = SN M NG,
- @) 1 1 (4.30)
My, " = M:(;r,ary) 2t N(r zy) + M(:r zy) + 2t N(x xy)

which can be obtained by summing the corresponding moments in Eq.(@26]). The equivalent
L stress resultant is obtained by the third (j = 3) in Eq.([&24):

L = Y (KONE 4+ KPME) + KPLE), (4.31)

7 13 7
i=1..4

which plays a key role in the assignment of the continuity and boundary conditions.

4.2.3 First-order plate theory

Similarly to the undelaminated portion we have: @) =0, ¢y = 0, Az); = 0 and Ay); =0

in Eq.(21) and Egs.([236)-(237). Only the first and third of Eq.(@I]) apply together with
Eq.[@I9). The shear strains are approximated by constant distributions in all four ESLs.

Thus we can eliminate only eight parameters (ug;, vo; for i = 1..4) from Eqs.(2.30)-(237).
The vector of primary parameters is:

T
Yo = (o 0wz 0o Opn ) p=zory. (4.32)

The Ki(](-) ) and Ki(jl) elements are defined in Appendix [B.3] moreover Kl(f ) = KZ-(;)) = 0 in this
case. The equilibrium equations are given by Eqs.([@23))-([@27) for j = 1..4. The equivalent
moments are defined by Eq.(£.20]).
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Exact solutions for delaminated Lévy plates by
state-space formulation
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Figure 5.1: Simply supported delaminated composite plates subjected to a concentrated
force.

In this chapter exact analytical solutions are developed for laminated orthotropic plates
with an asymmetric delamination (i.e., the delamination is not in the midplane) shown
in Figures b.Ih and b. The governing equations in terms of the displacement parame-
ters are obtained by using the equilibrium equations developed in Chapters 3 and 4. The
plates are loaded by a concentrated force. In accordance with Lévy plate formulation
(Bodaghi_and Saidi (2010); |Hosseini-Hashemi et all (2011); |Kapuria and Kumart (2012);
Thai and Kim (2012)) at least two opposite edges of the plates should be simply supported.
The other two (opposite) edges can be free, built-in or simply supported ones. The basic
idea of Lévy plate formulation is that the primary displacement parameters, the external
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load parameter, ¢ in Eq.([21]), the deflection, w(z,y) and the membrane displacements are
expressed by trial functions in the form of:

u(z,y) U, (x)sin By

%c)i(w,y) }: s { (I)(x)m(x) sin By } v(z,y) _ oo V() cos By
{ Ywyi(@,y) ;—:1 D(y)in(z)cos By J7| alz,y) nz_:l Qu(zysingy (- O

w(z,y) W, () sin By

Considering the parameters in Eq.(5.0]) the trial functions for any ESL in the plate including
the undelaminated and delaminated portions are:

02y (7, ) X, (z) sin By uo(z,y) Uon () sin By
Oy (2, ) | Ya(z)cos By vo (T, y) | Von(@)cos By
by (,y) | _ Tpn () sin By uos(z,y) | _ Uosn () sin By
ey (z,y) [ ; Tyn(z)cos By (7] wos(z,y) [ ; Vosn(z) cos By [’ (5:2)
Ay (7, 9) Zyn(z)sin By q(z,y) Qn(z)sin By
A (T, 9) Zyn(x) cos By ) w(z,y) Wy, () sin By

where 8 = nn/b, b is the plate width and 6 = ¢ for the top plate, § = b for the bottom
plate, respectively. By taking back the solution in Eq.(5.2) into the strain field (Eq.(2I0)-
(210))), then by expressing the stress resultants in accordance with Eqgs.(2.19)-(2.20) we can
utilize the equilibrium equations given by Egs.(2.32)-([2.34) and (2.38)) to reduce the system
of PDEs to system of ODEs, which can be solved by the state-space approach (Jiangiac
(2003)). The state-space model of the plate system takes the form below (Jiangiaa (2003);
Reddy (2004)):

7' =TZ+F, (5.3)

where Z is the state vector, T is the system matrix, F is the vector of particular solutions,
the comma means differentiation with respect to x. The general solution of Eq.(5.3]) becomes
(Siangiad (2003)):

T*

Z(z) = eT* (K + / eTEF(g)dg> = G(z)K + H(z), (5.4)

where K is the vector of constants, z* is the lower integration bound and for problems @)
and (b) in Figures 5.1k and BEIb is given by:

zg + do for 0 for @

B o — f
g ] rem b o problem (a) ,2” = (2 —do)  or (D problem (b) .
0 for @ _(xQ + do) for

—c for @ —c for @

(5.5)

where z¢ and dj are given in Figure[5.Il The concept is to substitute the concentrated force
with a line load distributed on a small length with 2dy. The parameters of the state vector
can be expressed through:

@ _ N~ @ @) pd) _ N qlud) pelud) | ppud)
70 =3 "GYKY + 1Y, 2" =GR + H, (5.6)
j=1 j=1
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where subscript (d) refers to the delaminated, while (ud) refers the undelaminated plate
portion, r and s are the size of vectors and matrices of these parts, respectively. The state-
space models are discussed in the sequel for the method of 2ESLs and 4ESLs and in each
case the FSDT, SSDT and TSDT quantities are given.

5.1 Generalized continuity conditions

The generalized continuity conditions between regions (1) and (2) in Figures 5.1k and G.1b
can be written as:

(1) (2)

Ja Ja

ho ho

M, =1 mgy , (5.7)
N N

Pa 2=+0 Pa 2=—0

where g, h, m,n and p denote parameter sets or functions defined in the sequel.

e The continuity of deflection, its derivatives and the primary parameters can be defined
by a parameter set:

g0 = (w, oo Y)gid = 1.Min(g), (5.8)

where [ is the actual region (D) or (2)) and ¢ is the number of parameters in ),
in both regions. We note that ¢; is the total number of parameters in 1,);. As an
example, for the TSDT model in Eq.([d.8) there are five parameters, on the other hand
in Eq.(Z22)) we have six, and thus for the TSDT theory with 4ESLs Min(g,) = 5.

e The continuity condition of membrane displacement parameters can be imposed by
using the following functions:

q1
(1) _ ( uob 3 0 [ @),
o _<U0b>+. 1K” (W )
]:

Y)J

1) (2)

(1)

Y)J

q1
(1) _ ( uor N ) < V() )

where \ = s +1 and w is even number.

It will be shown later that the membrane displacement continuity requires the impo-
sition of the conditions above for a single layer in the bottom and a single one in the
top plate.

e Since ¢; is not always the same number for the delaminated and undelaminated parts
of the plate, it is required to define the so-called autocontinuity condition (see later)

: (5.10)
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where ¥ = 1,2, 3 depending on the vector of primary parameters (see later).

o The continuity conditions of stress resultants can be defined by:

pg) = < Z N'Em7my)7M§m’my)"'a ]?-‘im’my)"'a PgLy)a ) (511)

i=1..k

The continuity conditions between regions (1) - and - for problem (@) in Figure

BTk are imposed by :

1 1 1 1
Y < I e T
r=xg—do r=xg—do r=xg—do r=x0g—do (5 12)
19 _ 0 A0 _ 0 '
s $:$Q+d0 B $:$Q+d0 ’ K :EZl'Q—l-do 7 $:$Q+d0 ’

where the parameter sets are:

ow .
gg) = (UJ, %, ----- 7u0bau0tavl)b7v0taw(p)j§] = 1--QZ)a p=xYy
® (5.13)
gV = > NE N NEE) M LE P ) i= 1Lk

i=1.k/2 i=k/2+1.k

For problem (b) in Figure BIb the continuity conditions can be imposed in a similar way by
using Eqgs.(5.17)-(512) and changing the evaluation bounds.

5.2 Method of 2ESLs - Reddy TSDT

5.2.1 Undelaminated region

In the case of the Reddy TSDT the state vector contains the parameters of vector 1 (refer
to Subsection 3.1.1), the global membrane parameters uy and vy and the first derivatives of
all these parameters, finally the deflection w and its first three derivatives leading to (and
using the Lévy solution by Eq.(5.2)):

Z(Ud) (UOnUén‘/OnVE)InXlnX{nyln}/l/angnZ/

x2n

ZyonZ,

y2n

Zman/

xln

ZyinZ,

yln

W W/ W”W’”)T
(5.14)

i.e. the vector Z("? contains 20 elements, moreover the system matrix size is 20 x 20, matrix

T is placed in Appendix[C.1.1]to show its structure and the fact that it contains 90 constants.

In the sequel the constants in the system matrix of the undelaminated part are denoted by
the 777, The vector F in Eq.(53) is:

Fe—(000000000000000000O0 Sg-Qn) , (515

where So; is a constant and can be determined based on the governing equation for dw
(Eq.(3)). In accordance with Figure Bl for problem @) @, = 0 because there is no
external load in region (2). For problem (b) in Figure 5.1 Q,, = 2% sin Byo (Reddy (2004)),
where gy = Qo/(2dp), Qo is the value of the concentrated force.
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5.2.2 Delaminated region

The state vector of the Reddy TSDT model of the delaminated part contains the following
elements:

Z @ = (UOtn U(,)tn %tn V[)/tn XQ” Xén Yv2nyv2/n UObn Uébn %bn ‘/E),llenXin lean1/n Wn erz W7/LI WTIL/,) ! )
(5.16)

viz. the size of vector Z(@ is 20, the system matrix size is 20 x 20 (similarly to the undelami-
nated portion). It contains 58 constants, which are denoted by the ” ~” symbol. The system
matrix can be found in Appendix [C.1.] its structure differs from that of the undelaminated
part. Vector F is:

FO=(00000000000000000O0GO0O0 S9-Qn) , (517

where Ssy is a constant and can be determined based on the governing equation for dw
(Eq.(326)). In accordance with Figure 5.1k, for problem @) @, = 29 sin 3y, in region ,

where ¢y = Qo/(2dy), Qo is the value of the concentrated force. For problem (b) in Figure
61 Q, =0.

5.2.3 Boundary conditions

The number of B.C.s is always equal to half of the size of the state vector in Eq.(5.3). Only
the conditions for problem (@) in Figure b.1k are given, for problem (b) the conditions can be
derived in a similar way. The B.C.s can be classified as simply supported, built-in and free

edge conditions. For the delaminated region @ we have:

(la)

r=a

Slmply sup.: { (wa (327157 Vob, Vot » 9(1/)17 9(1/)27 Mx(l)a Mx(2)7 Nx(l)a Nx(Q))

1. s w la
built-in: { (U), ?)77 Upp, Uots Vob, Vot 0(93)17 e(y)la 0(93)27 0(1,/)2) ‘i:i = 07 (518)
(la)

2
free edge: { (Ngx@y)’ Ngv’xy)a ng’xy)v ng@y)) =0, (g%u? ; Qi)

r=a
r=a

For the undelaminated region (2) we have:

1 2
simply sup.: {<w= v0; Oty)1, Ayt Awyes Maor)s Maz), Nay + Nagz), Loy Px(?))|( ! —o,

@
built-in: (w, %2, ‘_ZEQN‘T@), '_21:2ny(1'), 0215 01> A1, A1 A@)2> Aw)2) =0,
(2) 9 (2)
free edge: ( Z Nz(:s,my)7 ng’my), sz,my)7 sz,zy)) =0, (%371;7 Z Qaz(i)) = 0.
1=1..2 T=—cC i=1 T——¢c
(5.19)

As it can be seen, at each boundary and each case there are ten conditions, which is exactly
the half of the system matrix size of the TSDT model.
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5.2.4 Continuity conditions
The parameter sets in Eq.([5.7) for the continuity conditions are defined below.

e The set of deflection, its derivatives and the mutual primary parameters in Eqgs.(B.6])

and ([B.23) is

ow w Pw
Jo = <w7 %7 W? %7 0(1)17 e(y)l) (520)

o For the A and m{ parameter sets in Eq.(59) ¢ = 3, ¢ = 4 (refer to Eqgs.(B.6]) and
B23)) and A = 2 (w = 2, continuity of membrane displacements).

e The sets of the so-called autocontinuity condition are:

(2) w 1)
1) — K(3) ( (P)J ) 591
9 na ] 9 .
Z 15 ¢(p)j ( )

J=1

where \,1y and A, are the autocontinuity parameters (refer to Eqgs.(3.6) and (B3.23)).
Taking back the Kj;; constants given in Appendix [Al into the condition above yields
the following:

® 4 [ #0n+ 5)
=—c| 1 ou (5.22)

z=—0 3 g(e(P)Q + 8_)

It is clear that there is a parameter in Eq.(3:23]) that no conditions are imposed against,

and this is f(,),. The autocontinuity means that by imposing Eq.(5.22]) the continuity

of 0(,)2 is satisfied automatically. This can be proven by taking the linear parts in

Eq.2J) and ([2.8) and taking back the K;; constants of the Reddy TSDT solution of
the undelaminated region (Appendix [AT]):

4 (2)

p)2 sc——O ZKU (p)J

3 3 ow
:<1-9(p)1——t§)\()2+ t)\)1+0 )

4 0 _
r=—0 p r=—0
(5.23)
Substituting Eq.(5.22]) yields:
2) (1)
02| e = 02 ,m o (5.24)

In a similar way, by taking the quadratic parts in Eq.(21]) and (2.8)) and taking back
the K;; constants we have:

@ @

1 3 1 ow
= (t Gp)1+0 )\p)2+4t1)\(p)1+t 8p>

4
z—O ZK wp)y

2=—0 r=—0
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(5.25)
Taking back again Eq.(5.22]) results in:
2)
S|, o =0. (5.26)

Because of the fact that the KZ-(jQ) constants are zero for the delaminated region (see
Appendix [AT]) we obtain:

()
—0, (5.27)

3
1 _ (2)
Swn| =D K1) by
j=1

i.e. the autocontinuity is satisfied against the quadratic terms, as well.

e The continuity of stress resultants is ensured by the parameter set below:

= (SN ) e 525

1=1..2

e The parameter sets for the continuity between the regions @— and .— are:

ow 0*w FPw PRV
= \W, 3779 a3 Uob Uot; Vob, U )l y U(x)2, )
9s "ox 0x2’ Or3’ 0by Yot Vob, Vot, V(z)1, Y(y)1, Y(z)2, Y(y)2 (529>
gy = <Ngm,my)7 Ngc,my)7 Mgm,my)7 Mgm,my)> :

totaling 20 conditions.

5.3 Method of 2ESLs - Second-order plate theory

5.3.1 Undelaminated region

In the case of the SSDT the state vector of the undelaminated part contains the parameters
of vector v (refer to Subsection 3.1.2), the global membrane parameters uy and vy, the
deflection w and the first derivatives of all these parameters leading to 22 elements:

209 — (U, Up Vo Vi Xon X3y Yo Vi Zoon 2,

x2n

ZymZ]

yanlnX{nYInY{n len Z/

xln

/
Zyln Zyln

w.w;)"
(5.30)

The size of system matrix is 22 x 22 and it contains 121 constants, it can be found in
Appendix [C.T.2l Vector F becomes:

F®) = (00000000000000000000O0O0 Rin-Qn),
(5.31)

where ng is a constant determined based on Eq.([3I3]) and @, is calculated exactly in the
same way as that for the Reddy TSDT.
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5.3.2 Delaminated region

In the delaminated region the number of parameters in Z is 26:

Z“D = (Uotn Ub, Vo Vi Xon X5, Yon Y3, Taon Thoy Tyon T,

z2n y2n

UOlm Ué(m VE)lm VE)/bn Xln X{n }/ln }/1/71 Tmln T T T/

zln yln

5.32

The structure of matrix T is shown in Appendix [C.1.2] the number of constants is 93. The
vector F is calculated as:

FP=(0000000000000000000000000 Res-Qn)", (533)
where Ry, is a constant based on the governing equation of the SSDT solution by Eq.(3:32).

5.3.3 Boundary conditions

The B.C.s for the delaminated region are:

(la)
simply sup.: (w, UObaUOta )1 Ow)2, D)1 ¢(y)2,)‘x " O
( Maz(l), Maz(2) 1)’ ((1 ))| =a 7
built-in: @UU%Um,(m9w%¢wh¢wﬂ| 0,
(Ul)ba UOt, 9@)2, ¢( ) ¢(y)2)‘m:a — ()’ "
(1a) 2 la
etz | (NP N M M ) "0 =0

r=a

(5.34)

where in each case there are thirteen conditions. At the same time, for the undelaminated
region (2) we have:

@

(w, Vo, 01, Oz, Pyts bwy2) o=, =0
simply sup.: ~ - - A @

(ug;gf%dn,ﬂﬂiuaaﬂ4¢m>,LIUJ,Lx@>) =0,

2 2 o @
built-in: (w, ; Ny, ; Nayiiys O@)1, 01, O)2, O)2s @)1, Ow)1s Pa)2s @)2) =0,
~ (T,T x,xr ~ (T,T ~ (T,T (2) 2 (2)
free edge: ('_1 ZNZ(x,xy),Mg ; y)’ M( Y) L( y)’ L; y)) =0, ;Qx(i) =0,
(5.35)

defining eleven conditions in each case.

5.3.4 Continuity conditions

e The parameter set in order to ensure the continuity of displacement parameters is:

ow
Joo = (W, = 01, Oy Oz, Opes Pty s d@s Pw)2)- (5.36)
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e To satisfy the continuity of membrane displacements the AP and m parameter sets
in Eq.(59) involve ¢; = g2 = 4 (refer to Eqgs.(813) and (8:29))) and A = 2 (w = 2).

e The continuity of stress resultants is imposed by the following set:

p = <Z Ngww,mgrurw,tgmw) L i=1,2. (5.37)

i=1..2

e The continuity between the (D— and regions are ensured by the parameter

sets of:

ow
gs = (ﬂh 57 Uobs ot Vob, Vot Oyt 01y Ow)2, O)2: )1y @)1 Pa2s Cb(y)z) ,
x (5.38)

gy = (Nga:,a:y)’ Ngr,a:y)’ Mg:r,a:y)’ ng,xy) Lgx,xy) Lé:r,a:y)) '

? Y

5.4 Method of 2ESLs - First-order plate theory

5.4.1 Undelaminated region

According to the parameters of vector ¢ in Subsection 3.1.3 the state vector becomes:

Z(ud) — (UOn Ul Von Vo, Xon X5, Yo Yy, X1, X1, Yin Y{, Wi W/l)T, (5.39)
viz. the vector Z contains 14 elements, the system matrix size is 14 x 14 and can be found
in Appendix [C.1.3l The number of constants in T is 49. The vector F is:

FCO— (0000000000000 Qso-Qn) (5.40)

where Qs is a constant determined on the base of Eq.(3I8) and Q, is calculated as it is
given in Subsection 5.2.1.

5.4.2 Delaminated region

On the base of Subsection 3.2.3 the state vector takes the form of:

ZD = (Ut Uy Voin Vo Xon Xb3, Yan Ya, Uson Ul Voon Vg Xin X0 Yin Yi, W W)
(5.41)

as it is seen the vector Z contains 18 elements, consequently the system matrix size is 18 x 18
with the structure shown in Appendix and 45 constants. The vector F is given below:

F(d):(OOOOOOO0000000000Q46-Qn)T, (5.42)

where Qg is a constant determined by Eq.([3.35) and Q,, was given in Subsection 5.2.2.
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5.4.3 Boundary conditions

In the delaminated part @ the B.C.s of FSDT are defined as (nine conditions):

. la
Slmply Supported: { (wa Vob, Vot e(y)la 9(1/)27 Nx(l)a Nx(?)a Maz(l)a Mx(?)) |§3:31 = Oa
built-in: { (wa Uob,; Uot; Vob, Vot 0(:13)17 e(y)la 0(:13)27 9(1,/)2) ‘S:a()l = 07 (5 43)
@ay) py@aw) gy ypean | 2 "
free edge: (NG NG MG ML =0, Qu)) =0.
r=a =1 r=a
On the other hand, for the undelaminated region (2) we have seven conditions:
_ @
simply supported: (w, 0, Q(y)l, Q(y)g, Nm(l) + Nm(g), Mm(l); Mm(g)) = 0,
2)
built-in: (w, > Na@ys 2o Nay@)s 01, Oyrs O(zy2, O0y2) =0, 5 44
i=1..2 i=1..2 ——c (5.44)
~ (z,2y) A(mm)(2) 2 .
free edge: ( N v v =0, Qu) =0.
i=1..2 o——c i=1 e
5.4.4 Continuity conditions
The parameter set in accordance with Eq.([5.8), Eq.([3.I8) and [B3.33) is:
ow
Ja = (wa 8—1” 9(3?)17 e(y)la 9(3?)27 0(y)2) (545)

For the A and m{" sets in Eq.(B9) ¢1 = ¢ =2 and A = 2 (w = 2) (continuity of membrane
displacements). The set p is the same as Eq.([5:28)), and finally the sets for Eq.([5.13) are:

ow
g = (w, a—,uomuonvomvone(x)la 0(y)170(x)27 0(1/)2) )
x (5.46)

?

gy = <Ng:r,a:y)’ Ngx,xy) Mg:r,a:y)’ Mgr,a:y)> '

5.5 Method of 4ESLs - Third-order plate theory

In the case of the method 4ESLs the number of parameters is in general higher than in the
case of the 2ESLs, especially for the TSDT. However, the accuracy of the model is expected
to be much better compared to that of the 2ESLs method.

5.5.1 Undelaminated region

According to Eq.(d7) and Subsection 4.1.1 the state vector of TSDT solution contains 26
elements and becomes:

Z(Ud): ( Uon Uén Von ‘/b/n Xin X{n Yin Ylln Xon Xén Yon YQ/”

T
Xsn Xén Yan Y?),n Xin Xﬁ/ln Yin Y4/n Tasn Ta/??)n Ty3n Tg;?)n Wy W’r/z) .

(5.47)
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The system matrix dimension is 26 x 26 and placed in Appendix [C.2.7] The number of
constant in T is 89. The vector of external loads takes the following form:

F(“d):(O00O00OO00OOOOOOOOOOOOOOOSgO-Qn)T,(5.48)
where Sy is a constant based on Eq.[@II) and @, is defined in Subsection 5.2.1.

5.5.2 Delaminated region
In Eq.([#22)) there are twelve parameters, the state vector can be given as:

ZD = (Uobn Ufy, Vobn Vin Xin X1 Yin Y1, Xon X5, Yau Y4y, Torn Thrn Tyrn T

zln yln (5 49)
Uotn U(gtn Votn ‘/O/tn Xsn Xil’)n Y5, }/S/n Xan XZ/Ln Yin }qn Tsn Tw?m Tyi’m T’q?m Wy W/ )

i.e. the system matrix dimension is 34 x 34, its structure involving 85 constants is shown in
Appendix [C.2.1l The vector of external loads takes the form of:

FO = (000000000000000000000000000000000 Ss-Qy,)", (5.50)
where Sgg is a constant based on TSDT (Eq.[2H)). Q, is given in Subsection 5.2.2.

5.5.3 Boundary conditions

The B.C.s of the problem in Figure[5. 1k are determined through the displacement parameters
and stress resultants in accordance with the following for the delaminated region :

(la)

(wvwwwﬁ<nﬁ@>9@&9@@A@hkwmmpa=0’ ”
- simply sup.: a
(Z Na(iy, Z Nagiy, M1y, Ma2), My(s), Myy, Poq), Poz))| =0,
(1a) .
builtin. (w UOanOt?e(x)lv9(3:)279(30)379(3:)47)‘( )1 A(ng))\ =0, (5.51)
(vomvon@( 11012, 093, Oy 1 Ay1s Ay ) [y = (2 ) '
(z,z ,x x,x z,x ~ (x ~ (z la
(M y) ( ) Mé ) Mi ) Pg ,y)7Pé ,y)) =0,
- f dge: 1 la) "
ree edge ( N > N(z@y)) 1 Sy (la) 0
) i ) i z() = U,
1=1..2 1=3..4 T=a i=1..4 r=a
and for the undelaminated region (2):
(2)
(w, 00, 0y)1- 0992 O3 Oy As) |-, = "
- simply sup.: 4
(22 Natiys Maays Ma2), Max(z)s Maays Pre(s)) =0,
@ °
(w, 21:4 Naiys O@)15 0(2)25 0(2)35 O(2)4> M@)3) =0,
- built-in: =i r=—c
@) (5.52)
(20 Noyiy, O 0w Ops: Oy Awps)| =0,
~ (ZT,T T,Tr x,xr T,xr ~ (_23
(M( ) Mé ) Mé ) Mi y)7Pi(’> y)) " =0
- f dge: N
ree edge 5 @) 2) o s o (2) .
) i =Y x (1) = Y
\ i=1.4 r=—c i=1..4 r=—c
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5.5.4 Continuity conditions between regions (1) and (2)

The conditions between regions (1) and (2) (refer to Figure B.Ih) involve the continuity
of the displacement parameters and stress resultants. In the sequel, the continuity of the
displacement field and stress resultants are discussed separately using the parameter sets in

Eq.(&7).

5.5.4.1 Continuity of displacement parameters

In the case of the general TSDT the continuity of the in-plane displacement is ensured only if
the constant, linear, quadratic and cubic terms in Eqs.(238]) and (2:36])- (237 are exactly the
same in the delamination front (z = 0) in each ESL. Because of the parameter elimination
based on the SEKC it is not possible to match directly the constant, quadratic and cubic
terms in the displacement function from layer by layer. Only the continuity of primary
parameters can be defined between each ESL. In spite of that the continuity of the remaining
membrane, linear, quadratic and cubic terms can be ensured indirectly (automatically) if
certain conditions are met. In fact this feature of the problem has already been shown in
Subsection 5.2.4 in the course of the Reddy TSDT, however, here a more general description
is given. The requirements of automatic continuity are formulated in the form of a theorem.
We define the following set of parameters to satisfy the first in Eq.(5.7):

ow
Ja = (W, 5 Oy, O, Oarz, Oz, O3, s, O, Opadrars, Aws), (5.53)

which contains the deflection, slope and the mutual primary parameters in Eq.([£S) and
({.22)) as a necessary condition. However the first in Eq.(5.7)) is not a sufficient condition.
The sufficient conditions are presented through a theorem.

5.5.4.2 The theorem of autocontinuity (AC theorem)

AC theorem: If the displacement fields in the form of Eqgs.(2.8) and (2:36)-(2.37) in a
laminated plate with delamination is developed by using the SEKC requirements and Ny € N
and N,4 € N are the numbers of eliminated parameters in the delaminated and undelami-
nated parts, respectively, and Ny # N,q4, then the total continuity of the first-, second- and
third-order terms in the in-plane displacement functions of each ESL in the delaminated
and undelaminated plate parts - apart from those imposed by the first of Eq.(5.7) (mutual
primary parameters) - can be ensured by imposing the continuity of |Ng — N,q| € N number
of parameters. These parameters are the autocontinuity (or simply AC') parameters, which
are at the same time primary parameters too. The autocontinuity is satisfied only if along
the interface planes (interface planes 1 — 2 and 3 — 4 in Figures [I.1] and [£.2]) except for the
delamination plane (Figures 2.2l and [23]) the same conditions are imposed in the delaminated
and undelaminated regions. Along the delamination plane (interface 2 — 3 in Figures [4.1]
and [.2)) different conditions can be applied. Figure [5.2h shows a case when the autoconti-
nuity between the delaminated and undelaminated parts is satisfied, Figure indicates
a case when dissimilar conditions are imposed at interface 3-4 leading to a discontinuous
displacement field in the top plates.

Proof: In the case of the TSDT model Ny = 20, N,q = 22 (refer to Subsections 4.1.1
and 4.2.1), so the number of AC parameters is [Ny — Nyq4| = 2. The AC parameters can be
assigned based on the vector of primary parameters: the comparison of the ), vectors in
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a.
Z Z
delamination
front
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f
interface ,z® \ B/ A o 2z
plane 3-4 R R LR Ol €| R
= 3
. = 2 7 Lo
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1
/;sm

interface

plane 1-24¢ [UCI pE—— > B

ESL
ESL1

delaminated
portion

undelaminated
portion

delaminated
portion

undelaminated
portion

e continuous in-plane displacements (FSDT, SSDT, TSDT)

O continuous shear strains (SSDT, TSDT)

[0 continuous shear strain derivatives & curvatures (TSDT)
Figure 5.2: Ilustration of the theorem of autocontinuity: similar (a) and dissimilar (b)
conditions are imposed at interface planes 1-2 and 3-4 of the delaminated and undelaminated
parts.

Subsections 4.1.1 and 4.2.1 (Eqgs.(&8) and (£22)) reveals that the AC parameters are Ay
and A(y); in the delaminated region. The comparison of the displacement field (Eqs.(&.7)) and
(@21)) for the undelaminated and delaminated regions using the K;; constants in Appendix
[B. results in the following sufficient conditions:

= > Ko

j=1..5

(5.54)

p)l = +O

The former conditions ensure the continuity of the cubic terms in the displacement fields of
regions (1) and (2) at x = 0 (Figure 5.2h). Considering the fact that the parameters in g, by
Eq.(5.53)) are continuous between regions (1) and (2) and by using the matrix elements given
in Appendix Bl (TSDT) it is possible to have the following expression for Ay at « = +0:

(2t3 + ta)ts Az | ¥

ta(t1 + 2t2)

D)1 _Q@W]

Ao | =2 (1 (2t + t4)0p)3 = t30p)a
Pllz=10 = 3 t1 +ta |t + 2t t2

)
to(t3 + t4)(t1 + 2t2)

r=—0

(5.55)

Taking the former condition back into the quadratic part of the displacement field given by
Eq.([&7) of each ESL of the undelaminated part (2) yields the following at x = —0:

2)

Z <K1(2)¢(p)j) _ ( 1 |:_ (3752 + 2t1)9(p)1 (tl + 2t2)9(p)2:|
s J L (t1 + t2) (t1 + 2t2) to (5.56)
(2t +ta)0)3 — t39(p)4> (2t3 + ta)ts )z |
ta(ts + tq)(t1 + 2t2) ta(ty +2t2) |,__, ’
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2

Z (KQ(?)WP)J')

7j=1..5

_ ( -1 { lon tleuaz} N
(t1 + t2) | (t1 + 2t2) to
2=—0 (5.57)
(tl + tg)((2t3 + Zf4)(9(p)3 — tge(p)4)> n 3 (2253 + t4)(t1 + tQ)t3)\(p)3 (2)

to(ts + t4)(t, + 2t5) 4 ta(ty + 2ts)

2=—0
(2) (2
Z (K:g)w(p)j) = W - %(t:’) +t4)A\p)3 ; (5.58)
= z==0 2=—0
(2) (2
(ng(mj) = W + %(t:’, + L) Ap)3 - (5.59)
= z==0 2=—0

Simultaneously, by taking back Eq.(5.53]) into the displacement functions of every ESLs of
the delaminated part (1) defined by Eq.([@Z2I]) we have at z = +0:

(1)

> (B voy)

_ ( 1 B (3t2 + 2t1)9(p)1 (tl + 2t2)9(p)2
(

5 popp NAFRIL (1t 20) " (5.60)
_K%3+tQWM3—Eﬂ@M> (265 + ta)ts A3 |
tg(tg =+ t4)(t1 + 2t2) t2(t1 + 2t2) 2==+0 ’
. 1T b0 6
@) 4 _ — 20(p)1 1Y(p)2
| <K2j w@)ﬂ) ((tl +t9) [(tl + 2t3) + to } +
=t e (5.61)

ey

(t1 +t2)((2t3 + ta)f ()3 — 7539(p)4)> L3 (2t3 + ta)(t1 + t2)t3 A\ (p)3

ta(ts + ta)(t1 + 2t2) 4 ta(t1 + 2t2) v—io
6 (1)
—0(p)3 + 0 3
2) _ Y3 Tt Oy
- (K%w@ﬂ S i alTes (5.62)
j=1..6 =0 Y
6 (1)
—0(p)z + 0 3
(2) _ Y3 T Oy
pay <K4j w(p)j) BCEEN) + Z(t?’ + t4) A\ )3 : (5.63)
j=1..6 210 _

Obviously, the right-hand sides of Eqgs.(5.50)-(559) and Egs.(5.60)-(5.63) in pairs are the
same. Considering the continuity of the parameters in Eq.(5.53) by the first of Eq.(5.7) it

can be seen that the continuity of the quadratic term in the displacement functions of regions
(D and (2) is automatically satisfied. The same proof has been given for the Reddy TSDT
in Subsection 5.2.4. We note that in accordance with Subsections 3.1.1 and 3.2.1 N,g = 8
and N; = 4, and so four conditions were imposed by Eq.([2.22]). Despite there are more
autocontinuity parameters than |N; — Ny4|, only |Ng — Ny4| number of conditions should be
imposed. In other words, out of A2, A1, (p)2 (6 conditions) we have to choose four.
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Consequence (of the AC theorem): If the continuity of linear terms (rotations) in
the displacement field in each ESL given by Egs.(2.8) and (2.30)-(2.37) are continuous be-
tween region (1) and (2), moreover the continuity of quadratic and cubic terms of each ESL is
imposed using the AC parameters (Eq.(5.54)), then the continuity of the membrane displace-
ment components between the top plates (as well as the bottom plates) of the delaminated
and undelaminated regions can be ensured by imposing the equality between the membrane
(constant) displacement terms of only a single ESL in the delaminated part (1) and a single
one in the undelaminated part (2), but not every ESLs. The ESLs can be chosen optionally,
however the chosen ESLs should be in the same through-thickness position in the delami-
nated and undelaminated plate regions. In this case the continuity of the membrane parts
in the other ESLs is satisfied automatically. The consequence of the theorem is expressed by
Eq.(59). In the TSDT we choose the first (in the bottom layer) and third (in top layer, i.e.
A =3 and w =4 in Eq.(59) ) ESLs to impose the continuity of the membrane displacements
using the equations below:

(1) (2)
G ) s ()| =(0) =2 (0r)
Vop =16 (v)7 0 j=1..5 y)J 0
= T=—
0 & (5.64)
gy © ( V), ) » ( ug ) ) ( V()i )
+ 3 k0 ( _ L3 KO
( Vot ) 221:6 Y\ Yy vo ;5 S\ Yy
J =0 J z=—0

Eq.(564) is the fourth condition in Eq.(B.7) (b and ma)) The autocontinuity theorem is
also valid for the SSDT. The only difference is that the KZ»(j) constants are zero.

5.5.4.3 Continuity of stress resultants

The continuity conditions can be defined based on the equivalent stress resultants by

Egs.([@12)-EI3) and by Eqs.([@26)-(E27):

Z Nrmy mmy) P my)) | O 5 =1.4. (5.65)

i=1.4

5.5.5 Continuity between regions (1)-(1q) and (1q)-(1a)
The continuity between regions (1) - and (see Figure b.Th) can be imposed by

defining the sets of parameters below:

ow .
98 = (uop, Uot, Vob, Vor, W, o O (2)is O)ir )1, A1 A@)s, Awys), ¢ = 1.4,

<Z N (z,2y) Z N :E:Ey Zx ,TY) Pgm,my)7P:(sm,my)> . i=1.4.

i=1..2 1=3..4

(5.66)

The summary of the equations results in: Eq.(5.51)-(552) means 30 B.C.s, Egs.(2.53),
(5:54), (5.64) and (5.65) yield 30 conditions between regions (1) and (2). Eq.(5.66) provides
2 x 34 conditions. That means 30+30+34+4-34=128 conditions altogether in the case of the
TSDT solution of problem @ in Figure F.Ih. Problem (b) in Figure B.Ib can be solved
similarly, therefore the details are not given. The B.C.s and the C.C.s for the FSDT and
SSDT models can be defined similarly, these are discussed in the sequel.
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Definition: Over-constrained plate model. If the displacement fields given by Eqgs.(2.8)
and (2.30)-(2.37) are developed by using the SEKC requirements and the resulting equilib-
rium equations by the basic theory of elasticity, as well as the solution of the corresponding
boundary value problem do not make it possible to provide the continuity of the equivalent
bending (M,) and twisting moments (M,,), between each ESL, moreover the sum of in-plane
normal (N,) and shear forces (INV,,) of the delaminated and undelaminated plate regions,
then the model becomes over-constrained. The result of the over-constraining is the bad
estimation of the displacement, strain and stress fields.

Definition: Well-constrained plate model. If the solution of the boundary value prob-
lem (the number of constants in the solutions functions) makes it possible to provide the
continuity of the of the equivalent bending (M,) and twisting moments (M,,) between each
ESL, moreover the sum of in-plane normal (N,) and shear forces (N,,) of the delaminated
and undelaminated plate regions, then the model is well-constrained.

The models proposed in this thesis are well-constrained models. If we impose even the
dynamic B.C.s (Szekrényes (2014c¢)), then in the delaminated portion there are four traction-
free surfaces, leading to eight further conditions. Moreover in the undelaminated part, there
are two traction-free surfaces involving four dynamic B.C.s. Due to these conditions the
number of parameters that should be eliminated from Eqs.(47) and ([@21]) leads to an over-
constrained model with incorrect results (similar to the locking phenomenon (Reddy (2004))),
although the autocontinuity is satisfied even in this case. These aspects are also true for
the SSDT solution. That is the reason for why the dynamic boundary conditions are not
imposed at the traction-free surfaces of the plate.

5.6 Method of 4ESLs - Second-order plate theory

5.6.1 Undelaminated region
According to Eq.(dI4) the state vector of SSDT solution contains the following 22 elements:

Z (ud) — (UOTL U(/)n ‘/On Vb/n Xon Xén YQnYQIH T$2TLT

x2n

TyonT,

y2nX4nX4/LnnnY4/nT$4nTag4nTy4nT 4% W/)

yin
(5.67)

The vector of external loads takes the following form:

Fe9=(000000000000000000000 Rin-Qn) , (568

where Rys is a constant determined by (Eq.(@I1) and @, is defined in Subsection 5.2.1.
The system matrix T? is a 22 x 22 one and its structure is exactly the same as that of the
SSDT with 2ESLs, placed in Appendix [C.1.2l

5.6.2 Delaminated region

In Eq.([#28) there are six parameters, considering the membrane displacements and the
deflection as further parameters, the state vector can be defined as:

Z(d) — (UObnUébnVObTLVb/anZTLXénYQnYénTIQHTIZnT y2n

UotnUon Votn Vorn XanX iy Yan Y i, W Wy )
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(5.69)

The vector of external loads takes the form of:

FY9=(000000000000000000000 Se0-Qn), (5.70)

where Sgy is a constant based on the state space model of the SSDT solution (using
Eq.[@25)). It can be seen that in this case the size of the system matrices is the same
for the undelaminated part as the delaminated one (T(d), 22 x 22), even the structures are
the same (see the matrix of the undelaminated part for the 2ESLs solution in Appendix

C12).

5.6.3 Boundary conditions

The B.C.s of the SSDT solution can be determined based on Subsection 4.2.2 and are sum-
marized as follows in the delaminated part (refer to Figure BIh):

(la)

. 1 d (w Vob, UDt? (¥)2» 9(1/)4’ ¢(y)4)‘x=a - 0’
simply supported: N .
(ZN ZN M2y, M, (34),Lm(4))(1 ) =0,
la r=a
built-in: (U) Uob, uOta (z)25 0(m)4a ¢(mzﬁll)‘x:a = 07 5 71
(vov, Vot Oyyzs Oyas G|, -, = 0, (5.71)
hdzmw mmw iuy5<m>__0
, Mg, 1234 =0,
free edge: T (la)
( z Ngm,my)7 z me,my)) Z QI 1) — 0
i=1..2 i=3..4 r—a i=1..4 r=a

According to Subsection 4.1.2 the B.C.s of the undelaminated part (2) are (Figure 5.1a):

(

(2)
(w, vo, Oy)2, D2, Oyas dya) |- = 0,

4 . N
(; NGy M2y, Mazay, L), Luy)®

(2)

simply supported:

r=—cC

=0,
T=—C

(2) (5.72)

N/~

(w, > Na@)s Oz, )2, Owyas P(a)a)

i=1..4

( 22 Nay(i)s Op2: P12 Owyas Py)4)
(@) (@) ¢ (), | @)
7M34 aLlQ 7L34 )x
free edge: 2

built-in:

r=—cC

5.6.4 Continuity conditions
The parameter sets for Eq.(5.7) based on Eqgs.([£14)-(£I1) become:

ow
W = (w, e O()2, 0)25 P(2)25 P2, 9(I)479(y)4)|(l)7

B0 = (VI B 5, 3 NS

i=1..4

(5.73)
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The continuity of the membrane displacement is imposed by Eq.(5.9), wherein ¢; = 3 and
g2 =4 and A = 3 (w = 4). Moreover, the continuity of the second-order terms is imposed by
(autocontinuity condition):

:13——0 Z K2J

7=1..3

The continuity between regions @— and (see Figure 5.1a) can be imposed by

defining the sets of parameters below:

, p=1,y. (5.74)
=40

ow
gs = <u0baU0taU0b7UOt7wa 8—x 0(17)270(3;)27 0(17)470(3;)47 ¢(m)4 ¢(y)4),

ggl) _ (Mgmy)’ my 1234’ Z N (z,2y) Z N my)

i=1..2 1=3..4

where L§234) = Lg’y) + ﬂgﬁ’y) in accordance with Eq.(ZI7).

(5.75)

5.7 Method of 4ESLs - First-order plate theory

5.7.1 Undelaminated region

According to Eq.([@I8) and Subsection 4.1.3 the state vector of the FSDT solution contains
22 elements and becomes:

Z0D = (UpnUb Vo Vi Xin X 10 Yin Y Xon Xt YonYan Xan Xb Yan Vi Xan X Yin Vi, WaW2) .
(5.76)

The vector of external loads takes the following form:

FC9—(000000000000000000000 Rimp-Qu), (5.77)

where Ry is a constant based on Eq.(@II) and @, is defined in Subsection 5.2.1. The
system matrix T? has the same structure and size (22 x 22) as the one for the SSDT
solution by the method of 2ESLs. This matrix is placed in Appendix [C.1.2l

5.7.2 Delaminated region

In Eq.([@32) there are eight parameters, considering the membrane displacements and the
deflection as further parameters, the state vector can be defined as:

ZD = (Uppn Ul Voon Vipn Xin Xin Yin YY, Xoy X5, You Yy,
UOtn Uétn %tn Voltn X3n Xi,’m de Y:%/n X4n XA/Ln Y;ln Y;l,n Wn WTIL )T

The vector of external loads takes the form of:

(5.78)

FO=(0000000000000000000000000 Ros-Qy)", (5.79)

where Ry, is a constant based on the state space model of the TSDT solution (Eq.(#25]).
The matrix T¥ has again the same structure and size (26 x 26) as the one for the SSDT
and can be found in Appendix [C. 1.2
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5.7.3 Boundary conditions

The B.C.s of the FSDT model can be determined based on Subsection 4.2.3 and are sum-
marized as follows in the delaminated part (refer to Figure 5.1h):

la
il d (w ob, Vo O, Oy >279< 5 0| =0,
simply supported: “
(Z: 2(i); ;,N 1 M), Moy, Moay)) 9| =0,
= 1 (la) r=a
builtoin: (w, uop, Uot, O@)1, )2, O3 9(39)11 )|I:a =0, - 50
(vob, Vot Oy 0(y)270(y)370(y)4)‘z:a =0, (5.80)
my (z zy) ~e(@ay) (@), |19
(M aM3 y Vg ) =Y
free edge: - (0.0 (1a) e (la)
<. NM‘”,Z Ni’y) :Oa' Qz(i) = 0.
=1..2 1=3..4 r=a i=1.4 r=a

In accordance with Subsection 4.1.3 the B.C.s of the undelaminated part (2) are (Figure
B.Ih):

@)
(w 00, Oy)1, 0wy, Owys, Owpa) |, = 0,

r=—cC

simply supported:
ply supp (E Natiys Myry, My(2), Mys), Mx(4))(2) =0,

N/~

(wa Z N:c(z)7 e(m)h 9(m)27 0(1‘)37 9(m)4)

i=1..4

r=—cC

( 22 Nay(a), O1s Oz, Owys: Oa)

free edge: 2)

5.7.4 Continuity conditions
The parameter set for Eq.(0.7) based on Egs.([£I]) and (£32) becomes:

ow
Go = (w, % 0215 01 0212, 012, O)3, O(y)3: O(wyas Oiaa),

pO = (N N NE |0 = 1,

i=1..4

(5.82)

The continuity of the membrane displacements is satisfied through Eq.(5.9]), wherein for the
FSDT solution ¢ = g2 = 4 and A = 3 (w = 4). Finally, the continuity between regions

(D— and (see Figure (.Ih) can be imposed by:

ow .
as = (U'Oba Uot, Vob, Vot, W, %a e(as)u e(y)z)a 1= 147

(5.83)
= <Mma Z ina Z inaMxyia Z Na:yia Z Na:yz) ) 1=1.4.

1=1..2 1=3..4 1=1..2 1=3..4
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Results - displacement and stress

6.1 Geometry, material, load and finite element model

In this section laminated orthotropic composite plates with simply supported B.C.s and
two different geometries are analyzed in accordance with Figures B.Ih and E.Ib. The data
of problem (@) depicted in Figure BIh are: a = 105 mm (delamination length), ¢ = 45
mm (undelaminated length), b = 100 and 160 mm (plate widths), ¢; + t, = 4.5 mm (plate
thickness), Qo = 1000 N, zg = 31 mm, yo = 50 mm and yg = 80 mm (point of action
coordinates of Qy), dp = 1 mm. For problem (b) in Figure B.Ib the data are: a = 55 mm
(delamination length), ¢ = 35 mm (undelaminated length), b = 60 and 90 mm (plate widths),
t: +t, = 4.5 mm (plate thickness), Qo = 10000 N, zo = 11 mm, yo = 30 mm and yg = 45
mm (point of action coordinates of Qy), dg = 1 mm. The problem was solved by replacing
the concentrated load by distributed force on the distance of 2dy. The plate is made out
of a carbon/epoxy material, the lay-up of the undelaminated part was [£45//0/ & 45f /0]¢
(superscript f means that the ply is woven fabric). A single layer was 0.5 mm thick, refer to
Figure 21l The properties (moduli and Poisson’s ratios) of the individual laminae are given
by Table (Kolldr and Springer (2003)). Four different positions of the delamination
was studied, these were assigned as cases I, II, III and IV and are shown in Figure 2.1l
The computation was performed in the code MAPLE (Garvan (2002); \Kamerich (2011))
in accordance with the following points. The stiffness matrices of each single layer of the
plate were determined based on the elastic properties of the laminae given in Table 6.1 using
Eq.([222). The problems in Figures[5.Th and [5.Ib were solved by varying the number of terms
(N) in the trial function by creating a for-do cycle. Based on the displacement parameters
the stress resultants and the stresses were calculated. The convergence of the results was
analyzed and it was found that after the 13" trial function term there was no change in the
displacement field, stresses, forces and energy release rates.

In order to verify the analytical results finite element (FE) analyses were carried out.
The 3D finite element models of the plate with different delamination positions were created
in the code ANSYS 12 using 8 node linear SOLID elements. The model for problem (b) is
shown in Figure [6. Il The global element size was 2 mm x 2 mm X 0.5 mm. In the vicinity
of the crack tip a refined mesh was constructed including trapezoid shape elements. The
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Table 6.1: Elastic properties of single carbon/epoxy composite laminates.

Ez Ey Ez Gyz Gzz Ga:y Vyz Vs Vey
(GPa] [GPa] [GPa] [GPa] [GPa] [GPa] []  [] [

+45/ 1639 16.39 164 546 546 164 05 05 0.3
0 148 9.65 9.65 491 466 371 027 025 0.3

Z displacements of the contact nodes over the delaminated surface were imposed to be the
same. The displacements in the Z direction were constrained at the edges of the model, the
X and Y displacements were constrained in order to eliminate the rigid body motion of the
model. The enlarged views in the vicinity of the delamination front are also shown in Figure
The position of the delamination was varied in the through thickness direction, these
were assigned as cases I, II, III and IV. The mode-II and mode-III ERRs were calculated
by the virtual crack closure technique (VCCT) (e.g.: [Bonhomme et all (2010); |Raju et al)
). The scheme and the relevant equations can be found in Appendix The size
of the crack tip elements were Ax = 0.25 mm, Ay = 2.0 mm and Az = 0.25 mm. The
delamination tip elements and the global mesh resolution were chosen in accordance with
recommendations of the literature (Johnston et all (2014); [Mehrabadi (2014); |Rag
(@ ')). The main aspect is that Az and Az should be between the one quarter and one

case L.

-
-
P

-
-
-
-
-
—
-
-
—

delamination \
front delamination

Figure 6.1: 3D FE model of a delaminated composite plate (problem @ in Figure 5.1b).
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half of the thickness of a single layer (0.5 mm, refer to Figure 2] and Figure [D.1]). In this
case convergent results can be expected for the ERRs. For the determination of Gj; and
Grrr along the delamination front a so-called MACRO was written in the ANSYS Design
and Parametric Language (ADPL). The MACRO gets the nodal forces and displacements
at the crack tip and at each pair of nodes, respectively. Then by defining the size of crack
tip elements it determines and plots the ERRs at each node along the delamination front.

6.2 Method of 2ESLs

6.2.1 Solution of problem (a)

A w(z,b/2) [mm]| w(x,b/2) [mm]
40 20 0 20 40 60 80 100  [mm] I—40 200 0 20 40 60 80 100 z [mm]
a. 0.0%c ; . . ; 8 ’ > 0.0% . 8 ; . >
—:— FSDT —:— FSDT
-0.51 —— SSDT —— SSDT
Reddy TSDT Reddy TSDT f
: o FEM
1.04 o FEM J.
¢
1.5 <
.
) g ! case IV, b=100
01 % case II, b=100,
-2.54
-3.0- case I, b=160
problem @) problem @) case III, b=160
3.5 -2.5
w(z,b/2) [mm] p w(z,b/2) [mm)]
b -50 -40 -30 -20 -10 0 10 20 30 = [n}m] -50 -40 -30 -20 -10 0 10 20 30 z [mm]
. 0.0 T T T T T T T {’—‘ 0.0 T T _._v FSDVT T T T L >
—-=— FSDT / — SSDT
1.0] SSDT -1.07 Reddy TSDT
. Reddy TSDT o FEM
o FEM 1 )
-2.0 case IV, b=60
90 case III, b=90
- ' -3.0
-3.04 N -4.07
N
\ e -5.0
-4.01 case II, =90 S
-6.01
case I, b=60 problem(b) problem(b)
-5.0 -7.0

Figure 6.2: Comparison of deflections at Y = b/2 calculated from FE analysis, FSDT, SSDT
and Reddy TSDT using 2ESLs for problem @ and (b) in Figure 5.1 (Compare to Fig. B.21)).

In this subsection the analytical and numerical results are compared to each other. The
analyses were carried out by using the present TSDT (Reddy), SSDT and FSDT solutions,
respectively. Four cases were investigated (cases I-IV, refer to Figure 2.]), simultaneously
two different plate widths were applied. The corresponding geometry and lay-up are always
indicated in the legend of the subsequent figures.

In Figure[6.2]the deflections calculated by the FE model and the FSDT, SSDT and Reddy
TSDT are plotted. The displacements were determined along the middle line (Y = b/2, refer
to Figure b)) of the plates. For problem (@) it is seen that the Reddy TSDT involves a little
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Figure 6.3: Distribution of the in-plane displacements (u, v) and normal stresses (o, o)
over the thickness, problem @) in Figure 5] case I, b = 160 mm (Compare to Fig. [6.22]).
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Figure 6.4: Distribution of the shear stresses (7., 7,:)
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over the thickness, problem (@ in
Figure 5.1 case I, b = 160 mm. Solution by constitutive equations (Compare to Fig. [623]).

stiffnening (i.e. locking) and the displacements are below those by FE solution, on the

contrary the FSDT and SSDT solutions agree well with the numerical set of points.

Figure depicts further results for case I with b=160 mm. The in-plane displacements
and the stresses were evaluated at cross sections located on the delamination front (refer to
the legends again). It can be seen in Figure that the displacement distributions agree
very well, in contrast the stress distributions by the Reddy TSDT, SSDT and FSDT do
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Figure 6.5: Distribution of the in-plane displacements (u, v) and normal stresses (o, oy)
over the thickness, problem @) in Figure [5.] case II, b = 100 mm (Compare to Fig. [6.24]).

N
case 11 z

1IN

+457

+457

+457

(==} fe=}
A J
ESL2
(o]
= T

. =)
) XV S S
+45 3 —.— FSDT - b = 100
i © | ——s$SDT-b=100 .
+45 H 1 === Reddy- b = 100 !
0 e FEM-b=100
+457 —2- —2
< " " " . s T T
-12 -10 -8 -6 -4 0 2 —30 —20 —10
722(0,b/2, 2) [MPa] 7y:(0,0, z) [MPa]

Figure 6.6: Distribution of the shear stresses (7, 7,,) over the thickness, problem ® in
Figure 5.1], case I, b = 100 mm. Solution by constitutive equations (Compare to Fig. [6.25]).

not contain a so significant peak than that the FE solution gives. This aspect takes place
in each case and can be explained by the singular nature of the FE stress field around
the delamination tip: it is well-known that by increasing the mesh resolution the stresses
become higher and higher. On the contrary the analytical solution is nonsingular and can
be considered as a better solution than the FE one. An immediate observation in Figure
is that there is a misalignment between the numerically and analytically determined u
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Figure 6.7: Distribution of the in-plane displacements (u, v) and normal stresses (o, o)
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Figure 5.1 case III, b = 160 mm. Solution by constitutive equations (Compare to Figl6.21).

and v displacement distributions, more clearly, the intersection point of the displacement

distributions by FEM are not the same as that of the analytical solution.

It has

to be

mentioned that we can compare only the slope of the solutions, because the intersection
point with the horizontal axis slightly depends upon the boundary conditions related to
the in-plane displacements. The rigid body motion of the plate in the X — Y plane (refer
to Figure 6.1]) can be eliminated in several different ways, e.g. in the present analysis the
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Figure 6.9: Distribution of the in-plane displacements (u, v) and normal stresses (o, oy)
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A
case IV 14
/ S i i e [ R ——— T
445 }U) 24 "'.~.\ ;I_ [____,:’ 21 e P
3 _ o N
0 [ 2 -,
+457 19 14
+457 /
E) E)
0 XY =20 - 20
f Zh A
+45 = f —-— FSDT - b = 100
f ] ! .| ——sspr-b=100
5 -1 _ 1 ——- Reddy- b = 100
f ® FEM-b=100
s B | 2] | : =
o , , ,
-5 -4-3-2-10 1 2 3 4 5 6 7 —40 =30 -20 -10
T2(0,b/2,Z) [MPa] 7y:(0,0,Z) [MPa

Figure 6.10: Distribution of the shear stresses (7,., 7,,) over the thickness, problem @) in
Figure 5.1l case IV, b = 100 mm. Solution by constitutive equations (Compare to Fig. [6.29).

following conditions were imposed: X = a,Y = 0,2 = —(t;, +t)/2 : v = 0,v = 0 and
X=aY=07Z=—(tt+1)/2: u=0. In the case of the normal stresses o, and o, the
average stress was calculated, which means that the stress in region (1) at = +0 and the
one in region (2) at = —0 were added and divided by two. For o, the FE solution indicates
a peak in the plane of the delamination, the peak by Reddy TSDT solution is significantly
less. The FSDT approximation is quite similar to the Reddy TSDT for case I. For o, each
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Figure 6.11: Distribution of the shear strains v, ((a) and (b)) and ,. ((c) and (d)) by Reddy
TSDT at the transition between the delaminated and undelaminated regions at Y'=b/2 and
Y'=0 (case I, b=100 mm), p is the delamination plane (Compare to Fig. 6.30).

solution agrees more or less.

The approximation of shear stresses is again very contradictory as it is shown in Figure
This solution was obtained by the analytical models directly, called as the solution by
constitutive equations. The FE solution shows a peak in the delamination plane. The major
difference between the analytical solutions is that the shear stress by FSDT and SSDT does
not vanish at the top and bottom boundaries (the traction-free condition is violated). In
contrast, the Reddy TSDT does satisfy the dynamic boundary conditions, the shear strains
(and so the stresses) vanish even at the delamination tip. Although there are differences,
the area under the curves is approximately the same, which is in fact proportional to the
shear force.

The further cases (II, IIT and IV) are presented in Figures In Figure the
three analytical solutions agree very well with respect to each field in case II. The shear
stresses by constitutive equations are plotted in Figure The conclusions are similar to
those for case I. Apparently, the shear stresses are better approximated by Reddy TSDT
than by SSDT and FSDT and it is the only solution that satisfies the dynamic conditions.

In case III (Figure [6.7) the displacements and the normal stresses agree well again,
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Figure 6.12: Distribution of the interlaminar shear stress by Reddy TSDT for case I, b=160
mm, 7 (a), 7 (b), Tﬁ) (c) and Té? (d) (Compare to Fig. [6.31).

however in Figure the direction of 7., from Reddy TSDT, SSDT and FSDT in the top
plate does not agree with the FE result. The stiffening effect in Reddy TSDT is clearly seen
in Figure regarding u and v, even the stresses are better predicted by the FDST and
SSDT theories. Apart from that in case IV (Figure [610) the shear stresses are a little bit
overpredicted in the top plate again by each theory.

Figure plots the distribution of the shear strains by Reddy TSDT in the neigh-
borhood of the delamination tip in case I if b = 100 mm. As expected the shear strains
change suddenly at the transition between the delaminated and undelaminated plate por-
tions. It has to be mentioned that the condition of shear strain continuity (Eq.(3.3)) in the
delamination plane of the undelaminated part is very important to obtain accurate ERR
distributions (see later). In the case of the FSDT the shear strains (and so the stresses)
are discontinuous in the through-thickness direction, this leads to significant errors if the
delamination gets closer to the top boundary surface of the plate. The results are similar in
case III (see Appendix [E]), as well. The distributions of the interlaminar shear stresses (7.,
and 7,,) calculated by Reddy TSDT in the delamination plane of the undelaminated region
are plotted in Figure for case I with b=160 mm. Satisfying the basic concepts of Reddy
plates the shear stresses vanish along the delamination tip, which is followed by a sudden
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Figure 6.13: Distribution of the in-plane displacements (u, v) and normal stresses (o, oy)
thickness, problem (b) in Figure 51} case I, b = 60 mm (Compare to Fig. 6.32).
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Figure 6.14: Distribution of the shear stresses (7, 7,.) over the thickness, problem () in
Figure 5.1l case I, b = 60 mm. Solution by constitutive equations (Compare to Fig. [6.33).

increase and a subsequent decay. Although it is possible to obtain these distributions by
the FE model too, the post-processing (plotting) would be a lengthy process, the analytical
solution is more reasonable in this case, especially because of the singular (and so the not
invariant) nature of the FE solution.
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Figure 6.15: Distribution of the in-plane displacements (u, v) and normal stresses (o, gy)
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Figure 6.16: Distribution of the shear stresses (7., 7,.) over the thickness, problem @ in
Figure 0.1, case II, b = 90 mm. Solution by constitutive equations (Compare to Fig. [6.35]).

6.2.2 Solution of problem (b)

The problem @ in Figure[5.Ib is also solved by the present analytical models. For problem
@ the FSDT and SSDT analytical solution agreed very well with the FE solution, the Reddy
TSDT showed some stiffening. The main aim to solve problem (b) is to assess the accuracy
of the models for a plate with smaller size and shorter delamination, respectively. Since each
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Figure 6.17: Distribution of the in-plane displacements (u, v) and normal stresses (o, oy)
over the thickness, problem (b) in Figure 5.1, case III, b = 60 mm (Compare to Fig. [£.30).
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Figure 6.18: Distribution of the shear stresses (7., 7,.) over the thickness, problem @ in
Figure 5] case III, b = 60 mm. Solution by constitutive equations (Compare to Fig. 6.31).

theory is capable to model thick plates it is expected to find them suitable even for problem

For problem @ the deflections are plotted in Figure [6.2b: the locking phenomenon is
significant in the case of Reddy TSDT, especially for case IV. The FSDT and SSDT solu-
tions seem to be more reliable. Figure presents the displacements and stresses in case
I. It is clear that the perturbation because of the delamination is significantly stronger than
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Figure 6.19: Distribution of the in-plane displacements (u, v) and normal stresses (o, 7,)
over the thickness, problem (b) in Figure 5.1 case IV, b = 90 mm (Compare to Fig. (.38).
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Figure 6.20: Distribution of the shear stresses (7, 7,.) over the thickness, problem OF
Figure 5] case IV, b = 90 mm. Solution by constitutive equations (Compare to Fig. [6.39).

in problem ®@. The SSDT is the best in approximating the shape of the FE solution for
u, however, the curve obtained by Reddy theory approximates better the values of the FE
solution over the whole plate thickness. Similarly to problem (@), the v displacement com-
ponent is well approximated by the analytical models. The difference between the stresses
by analytical models is not significant, the FE model provides a peak in the plane of the
delamination.
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The shear stress distributions from constitutive equations are plotted in Figure for
case I. Similarly to problem (@) each theory provides a good prediction of both shear stress
components. The major conclusions for cases II-IV are the following. In case II (Figure [6.15)
and cases 111 (Figure [6.17) the perturbation of the u displacement is significant, however it
decreases significantly in case IV (Figure[6.19). The v component is excellently approximated
by each theory, it can also be observed that Reddy TSDT becomes a little bit inaccurate in
cases IIT and IV for u. Considering the normal stresses the peak appears in the plane of the
delamination in accordance with the FE model, however each theory predicts more or less
similar distributions. Regarding the shear stresses (Figures [6.16] [6.18 and [6.20), it is evident
that the analytical solutions approximate the area under the curve of the FE solution but
not the aspect of the FE distribution. It is the peak stress and the mesh resolution that
governs the distribution by the FE solution.
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Figure 6.21: Comparison of deflections at Y = b/2 calculated from FE analysis, FSDT,
SSDT and TSDT using 4ESLs for problem @) and (b) in Figure 511 (Compare to Fig. B.2).

6.3 Method of 4ESLs

6.3.1 Solution of problem (a)

The deflections calculated by using the method of 4ESLs for problem (a) are shown in Figure
62Th. In each case the result of the SSDT and TSDT agrees excellently with the FE
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Figure 6.22: Distribution of the in-plane displacements (u, v) and normal stresses (o, 0y)
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Figure 6.23: Distribution of the shear stresses (7,., 7,,) over the thickness, problem (@) in
Figure B.] case I, b = 160 mm. Solution by constitutive equations (Compare to Fig. [6.4]).

solution. It is surprising, but in this case it is the FSDT solution that involves some locking
phenomenon, especially in case I.

Figure 6.22] shows the distribution of the in-plane displacements v and v and normal

stresses o0,, 0, at specified cross sections at the delamination front for case I, when the

delamination is nearby the midplane.

The results of the FSDT, SSDT, TSDT and FE

solutions are presented applying the method of 4ESLs. The displacement curves show very
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Figure 6.24: Distribution of the in-plane displacements (u, v) and normal stresses (o, oy)
over the thickness, problem @) in Figure 5.} case II, b = 100 mm (Compare to Fig. [6.5).
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Figure 6.25: Distribution of the shear stresses (7., 7,.) over the thickness, problem (@) in
Figure 5.1l case II, b = 100 mm. Solution by constitutive equations (Compare to Fig. [6.0).

moderate nonlinearity, it can be seen that considering both components the TSDT and SSDT
provide the best fit to the numerical results. In contrast it is the SSDT that approximates
the normal stresses (0, and o,) in the best way, especially the peak in the plane of the
delamination. Regarding the shear stresses in Figure the TSDT provides the highest
accuracy in 7,, compared to the FE results. For 7,, the SSDT is definitely the best. It
has to be mentioned that the SSDT solution becomes overperturbated without the SSCC,

71



dc_1254 16

CHAPTER 6. RESULTS - DISPLACEMENT AND STRESS

A
case 111 12 3 R
+457 n o - o1 \
€2} R
0 2 == FSDT - b = 160
) N | ——SSDT-b=160 — Jo—
145/ Mo ——1spT-b=160 14
N ® FEM-b=160 7
+457 7 / B
Mg / g
0 > £0 / £0
) Xy() A N
+45
(]
+457 — 1 —14
= (]
wn
0 €]
(]
+457 _o1 _o]
- /' T T T T T T T
—0.10  —0.05 0.0 0.05 010 -30 -20 -10 0 10 20 30
u(0,6/2,7) [mm] 0,(0,b/2,Z) [MPa)
AZ
+457 <t S
3 2 N 2
& \
0 Y
+457 21 \ 1 N
wn
i45'[ Mm \\
N \ z
0 > E0 20
E Xy /o
+457 S N
(J
+45/ —~ 1 —1 N
=2 o _
0 = N
457 _ol N o N
| A N ;
—0.06 —0.04—0.02 0.0 0.02 0.04 006 —40-30-20—10 0 10 20 30 40
v(0,b,7 ) [mm| 04(0,b/2,Z) [MPa

Figure 6.26: Distribution of the in-plane displacements (u, v) and normal stresses (o, 0,)
over the thickness, problem @) in Figure [5.] case III, b = 160 mm (Compare to Fig. [6.7).
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Figure 6.27: Distribution of the shear stresses (7,., 7,,) over the thickness, problem @) in
Figure 5] case III, b = 160 mm. Solution by constitutive equations (Compare to Fig. [6.8]).

i.e. large fluctuations can take place in the through thickness distribution of 7,, and 7,

(Szekrényesd (20165)). In the case of the shear stresses, each theory approximates well the
area under the distribution by FEM. The SSDT solution with SSCC is called the ”triangle”

solution because the shear strain distributions are triangles in the delaminated region (refer

to Figure [6.30]).
The distributions of case II are presented in Figure Again, the TSDT and SSDT
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Figure 6.29: Distribution of the shear stresses (7., 7,.) over the thickness, problem (@) in
Figure 5.1l case IV, b = 100 mm. Solution by constitutive equations (Compare to Fig. [6.10).

provide the best fit to the displacement distributions by FEM. However, this time it is FSDT
that fits the normal stresses in the best way. The TSDT and FSDT approximate the shear
stresses in Figure well, the SSDT result is also good.

Cases III and IV - when the delamination is located closer to the top surface of the plate
- are demonstrated through Figures [6.26H6.291 Briefly summarizing the results, it can be
seen that the SSDT provides very similar results for the shear stresses to those calculated
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Figure 6.30: Distribution of the shear strains v,, ((a) and (b)) and v,. ((c) and (d)) by
SSDT at the transition between the delaminated and undelaminated regions at Y'=b/2 and
Y'=0 (case I, b=100 mm), 2p is the delamination plane (Compare to Fig. 6.11]).

by Reddy TSDT plotted in Figures and On the other hand the FSDT and TSDT
are still very reasonable to approximate the mechanical fields. Overall, the most accurate
results are obtained by the TSDT and SSDT models.

In Figure the shear strain distributions in the transition between regions (1) and (2)
are plotted. Case I is investigated with the plate width of b = 100 mm, and so the results
are comparable to those presented in Figure by using the Reddy TSDT and the method
of 2ESLs. Based on Figure it is concluded that the SSCC is in fact the alternative of
the dynamic boundary conditions, without the appearance of the stiffening in the deflection
(refer to Figures and [621). The SSDT without the SSCC was utilized by

) and in cases III and IV large oscillations in the mechanical fields were observed,
thus the SSCC has a key role in this respect. The distribution of the interlaminar shear
stresses at the interface plane between ESL2 and ESL3 is shown in Figure for case I
and b = 160 mm. Again, the comparison with Figure (calculated by Reddy TSDT,
method of 2ESLs) reveals that the two approximations predict different stress values, even
though the distributions are similar. For case III the shear strain and interlaminar stress
distributions are presented in Appendix [El
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Figure 6.31: Distribution of the interlaminar shear stress by SSDT for case I, b=160 mm,
o (a), 2 (b), 7':52) (c) and Tﬁ) (d) (Compare to Fig. [6.12).

6.3.2 Solution of problem (b)

The results of problem (b) in Figure B.Ib are shown in Figures It is shown that
in this example because of the smaller plate dimensions and the shorter crack length the
perturbation in the mechanical fields is significantly more intense than in problem &). The
results in case I are displayed in Figure An immediate observation is that the wu
displacement by FEM is inaccurately predicted by all of the theories, or neither one of the
theories capture well the FE solution. Nevertheless, it has to be emphasized that the load
of problem @ is Qo=10000 N, i.e. ten times higher than that of problem (@). Thus, smaller
displacements and - as Figure shows - significantly higher stresses are obtained. In
case I the normal stress, o, is again better predicted by the SSDT than FSDT and TSDT,
however for o, the FSDT is the best. Moreover with respect to the shear stress 7,. plotted
in Figure the FSDT seems to be the best, the TSDT and SSDT give also reasonable
results. On the contrary 7, is badly estimated by both (SSDT, TSDT) theories. The higher
perturbation of the system is the reason for the latter discrepancy compared to the FE results.
The subsequent cases II, IIT and IV are presented in Figures The conclusions are
in fact the same as those for problem (@). It can be stated that considering both problems
and all the four cases it is not to easy to choose an optimal solution. The FSDT provides
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Figure 6.32: Distribution of the in-plane displacements (u, v) and normal stresses (o, g,)
over the thickness, problem (b) in Figure 5], case I, b = 60 mm (Compare to Fig. B.13).
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Figure 6.33: Distribution of the shear stresses (7., 7,.) over the thickness, problem @ in
Figure B.] case I, b = 60 mm. Solution by constitutive equations (Compare to Fig. [6.14]).

the highest error in the approximation of the deflection (Figure 6.21]), at the same time
the SSDT and TSDT perform excellently in this respect. The in-plane displacements and
stresses are similar by all the three theories. The results of the method of 2ESLs and 4ESLs
can be compared to each other based on the figure captions: each caption refers to the ”pair”
of the actual solution.

It is important to highlight the basic differences among the FE and the higher-order
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Figure 6.34: Distribution of the in-plane displacements (u, v) and normal stresses (o, oy)
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Figure 6.35: Distribution of the shear stresses (7, 7,.) over the thickness, problem () in
Figure 5.1l case II, b = 90 mm. Solution by constitutive equations (Compare to Fig. [6.10).

plate models. The FE model is based on the 3D approximation of the original continuum
mechanics problem. The solution is directly obtained for the nodal displacements based
on the stiffness equation. On the contrary the plate models are based on the equilibrium
of the stress resultants (and their derivatives), that are calculated by integrating the stress
distributions over the thickness. Eventually, the latter is a 2D approximation. On the base
of the solution for the displacement parameters we calculate back the through-thickness
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Figure 6.36: Distribution of the in-plane displacements (u, v) and normal stresses (o, 7,)
over the thickness, problem (b) in Figure [5.1], case III, b = 60 mm (Compare to Fig. E.17).
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Figure 6.37: Distribution of the shear stresses (7, 7,.) over the thickness, problem OF
Figure 5.1l case III, b = 60 mm. Solution by constitutive equations (Compare to Fig. [6.18)).

distributions, that depend on the SEKC conditions. However, based on the results of problem
@ (i.e., when the plate dimensions are relatively small) the perturbation because of the
delamination can lead to significant differences between the numerically and analytically
calculated u displacements and shear stress distributions. In spite of that the distributions
of the other quantities (v, o,, 0,) are well approximated. However, to choose a suitable
analytical model that can be the candidate for development of a plate/shell finite element it
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Figure 6.38: Distribution of the in-plane displacements (u, v) and normal stresses (o, oy)
over the thickness, problem (b) in Figure 5] case IV, b = 90 mm (Compare to Fig. G.19).
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Figure 6.39: Distribution of the shear stresses (7, 7,.) over the thickness, problem () in
Figure 5.1 case IV, b = 60 mm. Solution by constitutive equations (Compare to Fig. [6.20).

is required to assess the accuracy in approximating the energy release rates, as well. This is
carried out in the next chapter.
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7.1 J-integral calculation in delaminated composite plates

pd S N
AL crack tip 7 /\\
N 2 \
c > ~7" crack front \
gl N, b
< i
~

Figure 7.1: Reference system and parameters for the 3D J-integral (a). The stress resultants
by FSDT (method of 2ESLs) in regions (1) and (2) in the case of a zero-area path (b).

The J-integral was originally developed by |Cherepanou (1967%) and |Rice (1968) to charac-
terize strain concentrations in plane problems including cracks and notches. For 2D fracture
problems the J-integral was applied recently in several papers (Mladensky and Rizov (2014,
20134); |Rizov and Mladensky (2015, 12016)). Earlier, it was extended to three dimensional
problems too. The general definition of the 3D J-integral is (Rigby and Aliabadi (1998);
Shivakumar and Raju (1992)):

Jm = /(an — Jijui7mnj)ds + / (W5m3 — O'igui’m)gdA, m = 17 2, 37 (71)
C A
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where in accordance with Figure [I.Th C is a closed contour containing the delamination tip,
W is the strain energy density, n,, is the outward normal vector, o;; is the stress tensor,
u; is the displacement vector, s is the arc length coordinate along contour C, ¢;; is the
Kronecker symbol and A is the area enclosed by contour C. The strain energy density for
shear deformable plates (refer to Eq.(2Z1I7)) can be written as (Reddy (2004)):

E’L]

1 1
W = 5 /O'Z'jdéfij = 5(0'181 + OyEy + TayVay + TazVaz + Tyz'sz)- (72>
0

We calculate the J-integrals for a delaminated composite plate by applying a zero-area path,
i.e. in Eq.(71) the area A becomes zero, and so the last term vanishes. Since the J-integral is
path independent (Ricd (1968)) this gives the same result as any other appropriate contour.
The zero-area path is shown in Figure [[.Ib together with the stress resultants acting on
both sides of the delamination if the FSDT is applied using the method of 2ESLs. In our
case 11 =z, Ty = 2 and x5 = y. It is also important to highlight that because of the zero
area-path vector n is always parallel to the X axis in Figure[ZIb, thus J; is the only nonzero
term and Jo = J3 = 0. We calculate the first term in Eq.(I]) by integrating between k
number of ESLs. By using Eqs.(210)- (2.11) we have:
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(7.3)

= —ti/2

2
Taz2(i ( a:z? a(sz)Q() a:z? [Z ]2)
(2) 2 i
Tyz2(i ( yz2 yz2( ) yz2 (7) Z ] } dZ )‘x——O ’

where subscript 1 and 2 refers to the delaminated region (1) and undelaminated region (2)
and the stresses are calculated in accordance with Eq.([217)). For the second term in Eq. (7))
we apply the following displacement field for the i** ESL:

Wp(i) = W,

where the different terms can be identified based on Eq.(2.8]) for the undelaminated part
2 (p = 2) and based on Egs.(236)-(237) for the delaminated part (1) (p = 1). Thus, the
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second term in Eq.(7I]) becomes:
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By applying Eq.(2Z9) to Eq.(74) and taking back Egs.(73]) and (Z5) into Eq.(]) yields:
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Utilizing the definition of stress resultants by Eq.(2I8) and considering that the plate is

modeled by k number of ESLs leads to the following:
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7.2 Mode partitioning of the total J-integral

in Lévy plates

Considering the fact that we applied a zero-area path and the shear forces (Q,, Q),), higher-
order stress resultants (R,,R,, S, and S,), the corresponding shear strains and the first
derivative of the deflection are continuous at the transition between regions (1) and (2) (refer
to Eq.(553) the J-integral can be simplified significantly. The result can be written in the

form of:

Jv = Jir + Jir,

(7.8)

where Jyr is the mode-II, Jyr; is the mode-111 J-integral (refer to Figure [[3). The task of
mode separation can be carried out very simply for Lévy plates by taking back the solutions
by Eq.(52) into the strain components by Egs.(ZI0)-(ZTII) and the stress resultants by
Eqs.(ZI9)-(220). This leads to terms related to sin?(By) and cos®(By), respectively. Mode
separation in this special case is very simple: terms containing sin?(3y) contribute to the
mode-II, terms containing cos?(By) are associated to the mode-IIT J-integral. Thus, we have:
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where:
@ 9@

are the so-called conjugate shear strains. In Eqs.([C.9)-(710) £ = 2 for the method of 2ESLs,
and k = 4 for the method of 4ESLs. Egs.(7Z9)-(7I0) are valid upto third-order plates,
however, it is easy to generalize for nth order plates. It is important to note that Eqs.(9)-
(TI0) agree with the concept of |Righy and Aliabadi (1998). As it can be seen the mode-II
J-integral is contributed by N,, Ny, M,, M,, L., L,, P, and P,, on the other hand the
mode-IIT J-integral contains N, M,,, L, and Py,. In the sequel the results of the method
of 2ESLs (FSDT, SSDT, Reddy TSDT) and 4ESLs (FSDT, SSDT, TSDT) are presented and
compared to the results of FE analysis obtained by using the VCCT method (Appendix [DI).
It is important to note that although the code ANSYS is capable to determine the J-integral
numerically, it is not available for orthotropic materials. Therefore, the only alternative
to calculate the ERRs in ANSYS is the VCCT using the models described in Section 6.1
(Figure 6.1). It is well-known that under static conditions and for a linear elastic material
the J-integral is equivalent to the energy release rate, i.e.: G;; = J;; and G = Jrgg.

7.3 J-integrals and mode mixity by the method of 2ESLs
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Figure 7.2: Distribution of the ERRs and mode mixity along the delamination front, problem
@ in Figure[5.] case 1. Plate widths: =100 mm (a), b=160 mm (b) (Compare to Fig. [[.I0).

The ERR and the mode mixity are presented through Figures and for problem
@ in Figure Bk and through Figures for problem (b) in Figure 5.Ib. In each figure
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Figure 7.3: Distribution of the ERRs and mode mixity along the delamination front, problem
@ in Figure[5.] case II. Plate widths: =100 mm (a), b=160 mm (b) (Compare to Fig. [[.1T]).
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Figure 7.4: Distribution of the ERRs and mode mixity along the delamination front, problem
@ in Figure[5.] case I11. Plate widths: =100 mm (a), b=160 mm (b) (Compare to Fig[T.12]).
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Figure 7.5: Distribution of the ERRs and mode mixity along the delamination front, problem
@ in Figure[5.] case IV. Plate widths: b=100 mm (a), b=160 mm (b) (Compare to Fig[T.13)).
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Figure 7.6: Distribution of the ERRs and mode mixity along the delamination front, problem
(b) in Figure 5.1], case I. Plate widths: =60 mm (a), b=90 mm (b) (Compare to Fig. [[.14).
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Figure 7.7: Distribution of the ERRs and mode mixity along the delamination front, problem
(b) in Figure[5.1], case I1. Plate widths: =60 mm (a), b=90 mm (b) (Compare to Fig. [.I5).
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Figure 7.8: Distribution of the ERRs and mode mixity along the delamination front, problem
(b) in Figure 5.1 case III. Plate widths: 5=60 mm (a), b=90 mm (b) (Compare to Fig. [[.10).
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Figure 7.9: Distribution of the ERRs and mode mixity along the delamination front, problem
(b) in Figure 5.1 case IV. Plate widths: b=60 mm (a), b=90 mm (b) (Compare to Fig. [.IT).

Gr = Gi; + Gy is the total ERR. The solution by the VCCT, Reddy TSDT (Szekrényes
(2014c)), SSDT (Szekrényes (2015)) and the corresponding FSDT (Szekrényed (2013c¢))
results are compared to each other. The material is the same as that in Chapter 6 (Table
6.1)). In Figure[T.2h it can be seen that for case I the FSDT and SSDT solutions underpredict
G 11, moreover the FSDT agrees quite well with the Reddy TSDT in the case of Gy, in this
respect the SSDT is worst if b = 100 mm. On the contrary, the Reddy TSDT agrees
excellently with the numerical results for both components. Figure presents the results
for the wider plate, this time the SSDT performs better, even though the Reddy TSDT and
FSDT provide good agreement, as well. It is important to highlight that the agreement
between analysis and numerical calculation is the worst at and nearby the edges (if y = 0 or
y = b), it is clear that the analytical models do not take the edge effects into account. So
the agreement is investigated along the delamination front except for the edge regions. In
case II, presented in Figure [[.3] the same conclusions hold. Based on Figures [[.4] and
for cases III and IV (i.e. when the bottom plate thickness is larger) it is shown that the
FSDT overpredicts, the SSDT underpredicts/overpredicts significantly the mode-I1T1T ERR,
simultaneously, the mode-II ERR by Reddy TSDT agrees better with the numerical results.
The major difference between the FSDT, SSDT and Reddy TSDT solutions is the shear
strain continuity at the interface plane and the satisfaction of the dynamic B.C. in the latter
case. That is the reason for the differences presented in Figures [[.4] and In accordance
with Figures[7.4 and [[.5] the FSDT seems to be inaccurate in cases I1I and IV for both plate
widths. Eventually, the SSDT and especially the Reddy TSDT approach quite well both
ERR components for each plate width in case III (Figure [[4]), but if 5=160 mm, then the
mode-II ERR is dissimilar to the FE solution at the edges. Compared to the VCCT results,
the mode-III ERR is approximated very well by Reddy TSDT, on the contrary the SSDT
solution becomes inaccurate in case IV (Figure [[H). The fracture is mode-I1I dominated in
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problem (@).

Figures demonstrate the ERR and mode mixity distributions for problem (b).
Similar results were obtained to those presented in Figures [[.2H7.5] however the fracture
is mode-IT dominated, and so the mode-II ERR agrees better with the numerical results.
Running through on cases I, II, III and IV, the conlusions are that the FSDT gives correct
results only in cases I and II, in case III the overprediction of the mode-III ERR becomes
moderate, while in case IV the estimation of Gj; is not acceptable. The SSDT and Reddy
TSDT perform very well compared to the FSDT. Considering all of the cases the Reddy
TSDT is definitely the best solution for problem (@) with b = 100 mm, however if b = 160
mm the overall performance of the SSDT solution is better.

The final conclusion is that the FSDT is applicable only to those cases, when the delam-
ination is not far from the midplane of the plate. The SSDT solves the problem better in
case IV than Reddy TSDT, however, considering all of the cases the Reddy TSDT would
be the best choice among the models based on the method of 2ESLs. However, we should
not forget about the locking effect taking place in the deflection and shown in Figure [6.2]
Also, it is clear, that the presence of the delamination induces complex deformations along
the delamination front, which could be better captured by higher-order plate theories than
FSDT. This consequence has already been confirmed in recent papers (Szekrényes (20130,
201406)d)). It can be seen based on the results, that case IV is the critical case, when the
accuracy of the method of 2ESLs is not satisfactory. Therefore in the sequel the results of
the method of 4ESLs are presented.

7.4 J-integrals and mode mixity by the method of 4ESLs
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Figure 7.10: Distribution of the ERRs and mode mixity along the delamination front, prob-
lem @) in Figure 511 case I. Plate widths: =100 mm(a), b=160 mm(b) (Compare to Fig[T.2]).
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Figure 7.11: Distribution of the ERRs and mode mixity along the delamination front, prob-
lem @) in Figure 5] case II. Plate widths: =100 mm(a), b=160 mm(b)(Compare to Fig[T.3]).
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Figure 7.12: Distribution of the ERRs and mode mixity along the delamination front, prob-
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Figure 7.13: Distribution of the ERRs and mode mixity along the delamination front, prob-
lem @) in Figure[5.] case IV. Plate widths: b=100 mm(a),b=160 mm(b)(Compare to Fig[TH]).
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Figure 7.14: Distribution of the ERRs and mode mixity along the delamination front, prob-
lem (b) in Figure 5.1}, case I. Plate widths: =60 mm(a), b=90 mm(b)(Compare to Fig[Z.).
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Figure 7.15: Distribution of the ERRs and mode mixity along the delamination front, prob-
lem (b) in Figure 511 case II. Plate widths: b=60 mm(a), b=90 mm(b)(Compare to Fig[Z.7).
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Figure 7.16: Distribution of the ERRs and mode mixity along the delamination front, prob-
lem (b) in Figure[51] case IIL. Plate widths: b=60 mm(a), b=90 mm(b)(Compare to Fig[Z.).
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Figure 7.17: Distribution of the ERRs and mode mixity along the delamination front, prob-
lem (b) in Figure 511 case IV. Plate widths: b=60 mm(a), b=90 mm(b)(Compare to Fig[Z.).

The ERR (Gy; = Ji7, Grir = Jirr) and mode mixity distributions are plotted in Figures
| for problem (@) in Figure G.1] using the method of 4ESLs. In Figures [0l and
EII cases I and II are presented for both plate widths (b = 100 and b = 160 mm). The
symbols show the results of the FE calculations by the VCCT (I.Bﬁuhxzmmu&ﬂ (tZ_QI_d)
\Mehrabadi (2014)), the curves represent the analytical solutions. The results of case I show
that compared to the FE model the mode-II ERR is underpredicted by the FSDT and TSDT
models if b = 100 mm. Although the SSDT still shows underprediction, it is obvious that
it provides the best agreement with the numerical model. The mode-III ERR is captured
better by the TSDT and SSDT than by FSDT. The mode mixities (G = G;; + Gyj;) are
well predicted by each theory (b = 100 mm). If the plate width is b = 160 mm then again the
SSDT and TSDT are definitely the best choices, although the FSDT theory also performs
well. In case II (Figure [[I1)) it is shown that the FSDT performs better than the other
two theories for both plate widths. Figure shows the results in case III for both plate
widths. In case III (top half of Figure [[.12) if b = 100 mm the three theories provide similar
distributions compared to the FE results. For b = 160 mm the FSDT follows better the
ERRs and the mode mixity than the SSDT and TSDT. In case IV (Figure [[.I3)) it is the
FSDT that can be ranked as the best solution for both plate widths, at the same time the
SSDT and TSDT theories provide similar accuracy. It is again surprising that in case IV
the FSDT is slightly better than the TSDT in the estimation of the ERRs, even the mode
ratios are better predicted by FSDT. Considering all of the cases (I-IV) in Figures [[.T0] and
(problem (@) it is concluded that the FSDT approximates the numerical results with
the highest accuracy among the three theories considered.

The results for problem (b) in Figure [5.1] are displayed in Figures [[.I4H7.I7l It has to be
mentioned that the perturbation of the displacement and stress fields is significantly more
intense than in the case of problem (@), even the size of the plate is smaller. Therefore the
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agreement with the FE results is expected to be worst than in problem (&). The layout of
these figures is the same as that for Figures Briefly speaking, in case I (Figure
[[.14]) the SSDT overestimates slightly the mode-IIT ERR for both plate widths (b = 60 mm
and b = 90 mm), while the FSDT and TSDT perform with similar accuracy. Nevertheless
each theory overpredicts the mode-III ERR a little. In case II (Figure[7.I5]) the performance
of all three theories is similar, but the FSDT seems to be the best. Figures and [.17]
show the results for cases IIT and IV. In case III (Figure [[.10) the FSDT theory seems to
be the best choice, while in case IV the SSDT and TSDT are definitely better than FSDT
in approximating Gr;. Obviously each theory is suitable to calculate the ERRs and mode
ratios. The results of the method of 2ESLs and 4ESLs are comparable based on the figure
captions.

Based on the results obtained it can be concluded that the accurate description of the
displacement and stress fields is very important to obtain ERR and mode mixity distributions
with high accuracy. Moreover each theory gives finite stresses, that is why the stress field
is nonsingular in each cases. The comparison of the shear stress distributions in Figures
6.23] 6.25] [6.27 [6.29] 6.33] 6.35] and to the ERR and mode mixity distributions in
Figures [[.TOH7. 17| indicates that the better the approximation of shear stresses is, the higher
the accuracy of the approximation of the ERRs is. Although it is also noteworthy that the
J-integrals do not depend directly on the shear and higher-order forces (@, R and S, refer to
Egs.([3)- (ZI0)), only indirectly through the equilibrium equations. The final conclusion is
that for problem (@) the FSDT theory gives the best approximation of the numerical results,
however the inaccurate approximation of the deflections should be kept in mind, shown in
Figurel6.2l In contrast, for problem @ the FSDT and TSDT theories should be highlighted,
especially in case IV. However, the approximation of the deflection by FSDT plotted in
Figure involves more significant errors than those appearing for problem @.

Table 7.1: Ranking of the results of the applied plate theories for G;; and G with respect
to the agreement with the VCCT results for problem (@).

B.C.s: simply supported 2ESLs 4ESLs
Theory FSDT SSDT | Reddy | Figure | FSDT SSDT TSDT | Figure
Size of T9 case | 18 x 18 | 26 x 26 | 20 x 20 26 %26 | 22x22 | 34 x 34
Size of T(*¥) 14 x 14 | 22 x 22 | 20 x 20 22 x 22 | 22 x 22 | 26 x 26
I @ @ Q 7.9 @ Q @ 710
G 0| @ | ® | @ Q| @ | @ |
L. 2. (3) (1) ! 2.) (1) (3. AV
Problem ® V. @ e G e e G 713
b=100 mm L. (1) (3) ) (3) ) (1) 7101
Gy | 1L @ @ G Q e @ [L11
L. (3) 2) (1) ! (1) @) (3. AV
v B | 6y | @ Q| 6 | @ | s
ENCHNONN® m | ® | @ o
|| ® | ® | O B3| 0|6 @ |
1. @) 1) (3. A (1) ) (3. 712
Problem (& V. Q e e @ G @ 713
b=160 mm L @ Q @ @ @ Q 710
Gy | 1L @ Q @ Q @ e [L11
1. (3 1) ) A (1) @) (3. A
v @@ | @ O] ® |6 |rm
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7.5 Ranking of the applied plate theories

The performance of the developed analytical models with respect to the agreement with the
ERRs by the VCCT results for problems @) and (b) are ranked in Tables [7.1] and The
main viewpont of ranking is the degree of agreement of the results by the actual theory
with the results of the VCCT for G;; and Gy along the whole delamination front of the
plates. In Table[7 Tl the results of problem (@) are ranked, the relevant figures are also referred
to. The best one is the Reddy TSDT (method of 2ESLs) if b = 100 mm and the SSDT if
b = 160 mm. Considering the slightly inaccurate deflections by Reddy TSDT in Figure
the overall winner is the SSDT using the method of 2ESLs. The results of the method of
4ESLs in Table [7.1] shows that the FSDT provides the best approximation, however as it
was mentioned before, the deflections in Figure are better captured by the SSDT and
TSDT. Considering this fact and the system matrix sizes shown by Table [T.1] in each case,
the SSDT is declared as the winner for the solution of problem (@).

Table 7.2: Ranking of the results of the applied plate theories for G;; and G with respect
to the agreement with the VCCT results for problem (b).

B.C.s: simply supported 2ESLs 4ESLs
Theory case | FSDT | SSDT | Reddy TSDT | Figure | FSDT | SSDT | TSDT | Figure
Lo 0] ® (@00 0]
wlt | @] O @|0O|l®|0 | m
L | 2) | (3) (1) 7S ) | 3) 2) | I8
Problem (b) V. e Q e e Q @ 717
b=60 mm L G | @ (1) | G| @) | 13
Grr | 1L G @ @ 7 @ @ Q .
mr | (L) ) (3) s 2) | 3) 1) | I8
v @D 6 olRolRoRE="
R NORNORE ONEORNONE="
wlt | @] O @000 | m
mr | (1) (3) 2.) s 1) (3) 2) | I8
Problem (b) IV. G e e e e Q 717
b=90 mm L e @ Q Q e @ [C14
Grr | - e @ Q 7 Q @ @ L]
L | (1) | (2) (3) 7S ) | @) 2) | I8
.| 3) | 1O (2 7.9 B) | @ | 0) | 1

For problem @ the ranking is presented in Table If the method of 2ESLs is applied,
then the Reddy TSDT would be the best, however, the approximation of the deflection is
even worst than in the case of problem @) (see Figure[6.2)). Even though the FSDT has more
1% ranks than the SSDT, the FSDT has more 3" places as well. Thus for both plate widths
the SSDT is the optimal solution. Based on a similar logical concept if the method of 4ESLs
is applied again it is the SSDT that can be declared as the best solution based on Table
[C2 It has to be mentioned that the TSDT has more 1% places than the SSDT, but the
difference between the SSDT and TSDT is marginal, moreover the system matrix sizes are
significantly higher for the TSDT as it is highlighted in Table [[.Il Thus, the overall winner
is the SSDT theory for both the method of 2ESLs and 4ESLs and for problem @ and (b)
as well. Therefore, the SSDT model can be recommended to develop plate and shell finite
elements for the nonsingular delamination modeling in laminated composite plates.
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Summary

In this thesis the delamination in composite plates was investigated assuming mixed-mode
II/IIT fracture conditions and straight delamination fronts. Based on these assumptions the
general equations of delaminated orthotropic composite plates were presented. The so-called
semi-layerwise technique was developed for the modeling of plates with optional number of
layers. The in-plane displacement functions in each equivalent single layer were captured
by general third-order functions, at the same time the transverse deflection was captured
by a single term, i.e. the plates were assumed to be shear deformable, but transversely
inextensible. The kinematic continuity between the equivalent single layers was established
by the system of exact kinematic conditions. The basic aspect is that the set of conditions are
related to the through-thickness direction. This set of conditions includes the continuity of in-
plane displacements, the location of the global reference plane, the continuity of shear strains,
their first and second derivatives, and finally the so-called shear strain control condition.
The latter condition is an alternative of the dynamic boundary condition against the shear
stresses, however, the shear strain is not zero at the traction-free surfaces, but at several (at
least two) points the value of the shear strain is imposed to be the same.

With the aid of the kinematic conditions the number of parameters in the displace-
ment functions was reduced significantly. A general expression was defined for the modified
displacement field by introducing the vector of primary parameters and the displacement
multiplicator matrix containing constants. The strain and stress fields were derived based
on the modified displacement field and by using the basic equations of elasticity. The equi-
librium equations of the delaminated and undelaminated parts were derived by means of
the principle of virtual work. Using the general description the method of two equivalent
single layers was developed. In accordance with this approximation the delaminated plate is
divided into two subplates (top and bottom) by the plane of the delamination. Three theo-
ries were utilized in order to show the performance of the model: the first- and second-order
shear deformable plate theories and Reddy third-order theory. In each case the equilibrium
equations were derived for the undelaminated and delaminated regions of the plate based on
the vector of primary parameters. The so-called equivalent stress resultants were derived,
as well. As a next step the method of four equivalent single layers was proposed, which is
a refinement compared to the method of two equivalent single layers. In this respect the
first-, second- and third-order plate theories were applied. The whole plate was divided into
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four parts, so apart from the delamination plane further two interface planes (or perturba-
tion planes) were generated. The vector of primary parameters, equilibrium equations and
equivalent stress resultants were derived even in this case.

To exemplify the performance of the developed models layered simply supported plates
subjected to a concentrated load were considered. The problems were solved by developing
the system of governing partial differential equations by the Lévy plate formulation. The
mathematical solution was obtained by the state-space approach. For the method of two
equivalent single layers the boundary and continuity conditions were given. It was shown
that for the Reddy third-order theory the number of parameters that continuity conditions
are required against is not the same for the undelaminated as for the delaminated part.
Therefore, the so-called autocontinuity condition was defined. The boundary and continu-
ity conditions were also documented for the method of four equivalent single layers. The
autocontinuity condition was given in the form of a theorem and even the proof and conse-
quence of the theorem was provided. The continuity conditions were formulated in a general
way, through different parameter sets. These sets included the continuity of the deflection,
its derivatives and the primary parameters, the continuity of membrane displacements, the
autocontinuity condition and finally the stress resultants. The sets were defined for each
theory. Even the state space models were detailed together with the structure of the state
vector, the vector of external loads and the system matrix.

In the results section composite plates with nine layers and four cases were investigated
with respect to the position of the delamination in the transverse direction. The deflection,
in-plane displacements, the normal and shear stresses were evaluated and were compared to
each other and to the results of 3D finite element analysis. It was shown that the Reddy third-
order theory involves some stiffening in the deflection, although the in-plane displacements
and the stresses are accurately described by this theory. On the other hand the method of
four equivalent single layers showed that some stiffening takes place in the deflection by the
first-order plate theory, in spite of that the other functions are reasonably approximated.

Considering the fracture mechanical point of view the 3D J-integral was applied to the
mixed-mode II/III problem and the total J-integral was separated into mode-II and mode-
III components. It was shown that the J-integral can be calculated by the stress resultants
and the strain field components by applying a zero-area path around the delamination tip.
Eventually, the distribution of J;; and J;;; was determined along the delamination front.
The results of the analytical models were compared to those by the virtual crack closure
technique. The agreement among the analytical models and the numerical results were
assessed and in each case the models were ranked, as well. It was concluded that considering
all the fields and the J-integrals the SSDT theory is the optimal choice for the delamination
modeling of composite plates. This conclusion holds equally in the case of the methods of
two and four equivalent layers. Even though it is reasonable to apply rather the method
of four equivalent single layers because it provides a better description of the mechanical
fields than the method of two equivalent single layers. The theses related to this work are
summarized as follows.

8.1 Novel scientific results - Theses

Thesis @

I have given the definition of the semi-layerwise plate model for delaminated plates.
The concept is that a laminated composite plate consisting of N; number of layers is modeled
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by Ngsp number of equivalent single layers and Ngg;, < IN;. The planes between the adjacent
equivalent single layers are the interface or perturbation planes. Out of the perturbation
planes a single one has to be located in the plane of the delamination.

I have formulated the system of exact kinematic conditions for the modeling of
delaminated composite plates built-up by Nggr number of third-order equivalent single
layers. The system of exact kinematic conditions is the set of conditions related to the
kinematic continuity in the transverse direction between the equivalent single layers of a
semi-layerwise plate model. The set of conditions consists of the following elements:

e continuity of in-plane and transverse displacement components,

e the definition of the global membrane displacement components at the reference plane,

e continuity of transverse shear strains and their first and second derivatives at the
interface planes,

e the shear strain control condition.

The system of exact kinematic conditions can be implemented into any plate theory. For
shear deformable but transversely inextensible plates the system of exact kinematic con-
ditions is the set of conditions against the in-plane displacement components, their first,
second and third derivatives with respect to the local transverse coordinates.

e Related publications: |Szekrényes (2013t,d, 12016a).

Thesis @

I have shown that the displacement field satisfying the system of exact kinematic
conditions in the i*" equivalent single layer of a semi-layerwise plate model can be given as:

“m:”%+(K$”+K§5m+lﬁ?MW”+Kﬁka>m@p i q.s.
ww=vé+<K$L+Kg5@+Jﬁ?ka+KﬁWWWﬁw@ﬁ i=q.s,
we =w, 1= 1.k

where in the third-order functions vy; (p = = or y) is the vector of primary parameters,
K;; is the displacement multiplicator matrix, moreover the following hold for the

undelaminated region (ug, vg) = (uo,v0), q=1, s =k,
delaminated region, bottom plate » = ¢ (ug,vs) = (vop, vob), ¢ =1, s = h,
delaminated region, top plate (ug, v5) = (uor,vor), q=h+1, s=k,

where k is the total number of equivalent single layers, h is the number of equivalent single
layers in the bottom plate. The membrane displacements ug vg, wop, Vop, U, Vor and the w
deflection are typically primary parameters. The further primary parameters of the system
can be chosen in order to have a system of algebraic equations based on the system of exact
kinematic conditions built-up by linearly independent equations. Based on the principle
of virtual work I have derived the invariant form the equilibrium equations for third-order
plates. I have shown the form of the equilibrium equations if the method of two and four
equivalent single layers is applied. I have shown that by summing the convenient equilibrium
equations it is possible to derive the vectors of equivalent stress resultants, like equivalent

moments l\A/I(m’m’l)7 equivalent IA_;(I’Iy) and P(I’Iy) stress resultants. The equivalent stress resul-
tants play a key role in assigning the boundary and continuity conditions of the boundary
value problems.

e Related publications: |Szekrényes (20148, 12016a)t).
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Thesis @

I have shown that the generalized continuity conditions between the delaminated
(1) and undelaminated (2) regions of third-order orthotropic composite Lévy plates can be
written as:

Yo Ja

ha ha

Mg = Ma )
N Mg

DPa =40 DPa z=—0

where g, is a parameter set containing the deflection, its derivatives depending on the applied
theory, and the components of 1,;, ho and m, are parameter sets for the membrane part
of the displacement field, n, is the set of autocontinuity condition and p,, is a parameter set
containing the standard and equivalent stress resultants.

I have derived the theorem of autocontinuity. The autocontinuity theorem states
that the total continuity of the displacement field of the delaminated and undelaminated
regions at the mutual cross section of third-order orthotropic composite Lévy plates apart
from the continuity of the g, ho, Mo and p, sets can be ensured by imposing the continuity
of [Ny — Nyg4| € N number of parameters, where Ny and N,4 are the numbers of eliminated
parameters in the delaminated and undelaminated regions. The former parameters are
the autocontinuity parameters, that are at the same time primary parameters too. The
autocontinuity is satisfied only if along the interfaces between the equivalent single layers
the same conditions are imposed in the delaminated and undelaminated regions. Along
the delamination plane different conditions can be applied. I have given a proof of the
autocontinuity theorem for the third-order plate model with the method of four equivalent
single layers and the Reddy third-order theory including the method of two equivalent single
layers. The consequence of the theorem has also been given resulting in the reduction of the
number of continuity conditions against the membrane parts of the displacement fields.

e Related publications: |Szekrényes (2015, 12016ab).

Thesis @

I have determined the closed-from expressions for the 3D J-integral in third-order
delaminated composite Lévy plates under mixed-mode II/TII fracture condition consisting of
optional (k) number of equivalent single layers. I have shown that the general expression can
be reduced by applying a zero-area path containing the delamination tip. It was shown that
the J-integral can be calculated by using the stress resultants and the strain field components
calculated at the mutual section of the undelaminated and delaminated regions of the plate.
I have decomposed the total J-integral into J;; (mode-II) and J;;; (mode-I11) components in
delaminated orthotropic Lévy plates. Moreover, I have shown that the mode-II J-integral is
contributed by N,, N, (in-plane plate forces), M,, M, (bending moments), L,, L,, P, and
P, (higher-order stress resultants), on the other hand the mode-III J-integral contains N,
(in-plane shear force), M,, (twisting moment), L,, and P, (higher-order stress resultants).
This result is in agreement with the basic concept published in the literature. 1 have also
defined the so-called conjugate shear strain. The expressions of J;; and Jy;; have been
applied to simply supported delaminated first,- second- and third-order delaminated plates.

e Related publications: |Szekrényes (2014a,d,d).
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Thesis @

I have applied the method of two equivalent single layers to problems involving
the bending of simply supported orthotropic composite plates containing a through-width
delamination with straight front. The solution was obtained by the first-, second-order and
third-order Reddy theories. I have determined the mechanical fields in simply supported
delaminated plates with different geometrical parameters and I have compared the results
of the analytical models to those by 3D finite element analysis. I have shown that the
Reddy third-order theory involves some stiffening (locking) leading to inaccuracies in the
approximation of the plate deflection. I have also applied the method of four equivalent
single layers to the plate problems mentioned before using the first-, second- and third-order
plate theories. The stiffening effect in the first-order plate model was shown.

Considering the results for the mechanical fields and the J-integral by the methods
of two and four equivalent single layers I have made the ranking of the different plate theories
regarding their accuracy. The primary viewpoint was the agreement of the transverse deflec-
tion and the distribution of the J-integral over the delamination front with the finite element
results. The agreement of the in-plane displacement and the stress distributions compared
to the finite element results was only a secondary viewpoint. Based on the ranking of the
plate theories I have concluded that considering the accuracy and the model size the opti-
mal solution of the problems discussed is the second-order plate theory, which can be the
candidate to develop a plate/shell finite element for the modeling of laminated composites
with delamination.

e Related publications: |Szekrényes (20134, 2014d, 12016a).

8.2 Application possibilities of the results

The results presented in this thesis can be applied equally in the field of experimental and
research engineering according to the following.

e The models presented can be used to develop beam, plate and shell finite elements or
can be implemented into isogeometric analysis, which can replace the computationally
expensive 3D modeling of cracks and delaminations in laminated composite thin- and
thick-walled structures.

e The models can be applied to fracture mechanical plate specimens (e.g. the edge
cracked torsion (ECT, \Marat-Mendes and Freitas (2009)) or the 4-point bending plate
(4PBP, |Mehrabadi (2014))) to derive analytical (closed-form) solutions.

e The method of 2ESLs and 4ESLs can be applied to free vibration problem of delam-
inated beams, plates and shells. The significance of the novel formulations is that
it is possible to determine the stress resultants in the top and bottom plates sepa-
rately. Recently it was shown that the free vibration in delaminated composite beams
(Szekrényes (2014, 12015)) and plates (Szekrényed (2015)) is the source of paramet-
ric excitation. The models can also be applied to the stability (buckling) analysis of
laminated structures with delaminations.

e The models can be complemented with the effect of normal deformation in order to
improve the accuracy. Instead of using shear strain continuity between the interface
plane shear stress continuity can be employed.

e The developments can implemented into sandwich and functionally graded beam, plate
and shell theories including delaminations and cracks.
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Matrix elements (K;) - Method of 2ESLs

A.1 Reddy’s third-order plate theory

In this Appendix the K;; constants of the model presented in Subections 3.1.1 and 3.2.1 are
listed.

A.1.1 Undelaminated region
The displacement components in the x direction for the Reddy TSDT are:

2 3
U(l) = U + U1 + H(m)lz(l) + ¢(m)1 [Z(l)] + >\(m)1 [Z(l)} ,

(2) (2)12 273 (A1)
() = o + oz + 02z + by [2V]7 + A2 [27]
The shear strains by Eq.([2.9) are:
0 0 0
Yooty = =2+ Z% = 01+ 262D + B [2V] + So,
00  Ozx ox (A.2)
Oup)  Ow 912 Ow '
Yox = 53 T gy = Owy2 + 200122 @ + 3A@p2 [2P] + e

We apply the SEKC to the displacement functions and shear strains. It is important that
the conditions are the same for the v displacement component, as well. Thus, the condition

by Eq.(BJ) results in:

1
—“Aa)pts. (A.3)

1
At 5

8
The application of Eq.(B.2]) provides:

1 1 1 1
Ug + Ug1 + 59(1)1751 + Z¢(m)1t% + = Ug + U2 — 59(1)2752 + Zﬁb(m)ztg —

uor + 02 + by [zgg] + A [mr:o. (A.4)
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APPENDIX A. MATRIX ELEMENTS (K;;) - METHOD OF 2ESLS

The shear strain continuity imposed by Eq.(B.3)) yields:

3 ow
02y2 — t Aapls + =— =
(z)2 ¢()22+4 )2 o7

3 ow
O o1t + =A@t + 5= =0. A5
@1+ Pt + J Aty + o (A-5)

Finally, based on Eq.(3.4) the traction-free bottom and top surfaces involve:

3 ow
01 — Pyt + 4/\ oth + 8— =0,
x (A.6)
buts + A2+ 28— g
x)2 (z)202 4 (z)2%2 al’ .

Egs.(A.3)-(A.6) mean a linear algebraic system of equations, wherein the unknowns are: g,
102, O(2)2, P2 and @(g)2, i.e. the secondary parameters. The solution for these parameters
in terms of the primary parameters is:

() ()
1) (1) w
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K?(l’) K KE)
1 1,
Uga = E(?ﬂfl(tl + 1) — 42’2)( (1) +11)) O @) _Ztg A@)2+
[\ 1 ~ / v
K{) K9 (A5)
L m\? (3, 1 m)? 0w
{1—6(525:{)4‘9?52?5%)— (ZR > <Zt1_ZR ) )\(ac)l +é171(t1+t2t1—4<ZR > 2%7
K@ K@)
Opo=_1 -0 —EﬁA +§ﬂA A9
@2 =L Vw1 — 2 Awz + 71 e, (A.9)
Ké}) (1) (1)
K22 K23
1 3 1 ow
Qb(:r)l - E 0(3:)1 + Ztl /\(33)1 + E —x, (AlO)
~ ~—~
K{Y Ky K{P
1 3t? 1 Ow
oy = —— O —— L Ay —— —. A1l
P2 =~ Yan =3 Aen — 5y (A11)
K§Y K§) K§)

The K;; coefficients in Eq.([35]) can be determined by applying Eq.(21]) for two ESLs and
taking back the results of Eqgs.(A.7)-(A.11), and finally making a comparison to Eq.(33]).
The coefficients denoted K; are collected based on the vector of primary parameters defined
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A.2. SECOND-ORDER PLATE THEORY

by Eq.([30), some of the coefficients are also indicated within Eqs.(A.7)-(A.11). Therefore,
the coefficients for the Reddy TSDT are:

2 2
(1) Z(l) Z(l)
KO = — +20), K9 =0, K= ( }Z> (3t +425)), K = L )

= 12 = = R 4 Pt
1
(A.12)
1 1.
Ky = g Bh(t +6) 42 G 1)), Ky = — 38 (A.13)
0 H\?2,3 1 0 1 1)) 2
K;)_16@H+9@ﬁ)—(ég)(Zm+¢gb, K&):ZE@%+QU—4<%¥)) (A.14)
1 1 1 1 3 1
Ky =1, K =Kly=Kij=0, Ky'=1 Ky =-18, Bg;_.zh, K=o,
(A.15)
2 1 2 2) 3 2 1 2 1 2
KoL koo k@t kDol K@ol @0
1 1 2
9 3t2 2 1 3 3 3
K- M K;;:—g, K = o, K1 K= i

where le = t3/2. The determination of the K;; coefficients for the delaminated part and
for the other theories works in the same way, and therefore only the results are given.

A.1.2 Delaminated region

K = K9 = K = k) = K = K =0, (A.19)
K =1 KR =K =Kl =0, KY=1 K =0 (A.20)
K = K = K@ = k@ = Kk = K =, (A21)
k) =gy =0 K =g K=o k=g k-5

A.2 Second-order plate theory

In this Appendix the K;; constants of the SSD'T model presented in Subsections 3.1.2 and
3.2.2 are given.

A.2.1 Undelaminated region

Ky =2y, Ky = <Z D) Kiy = K{) =0, (A.23)
1 1 1 1
Ky = -2 — <t K§g> = (=20 (0 +2:)), Kl = St KfY =83,
(A.24)
Ky =1, Ky =Ky =K =0, Ky =Ky =0, Ky =1, Ky =0, (A2
K =0, Ky =1 K =K =0 K=K =Kg =0, Kj=1 (A2
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A.2.2 Delaminated region

0 0 0 0 0 0 0 0
I = K9 = K9 = K9 = K9 = 16 = 19 = K9 = A
K= K=Kl = 0= k) =K S0k =1 K=o
A Y R I I T e

A.3 First-order plate theory

This Appendix contains the K;; constants of the FSDT model presented in Subsections 3.1.3
and 3.2.3.

A.3.1 TUndelaminated region

1 1
K9 = 5t z(g>::_ng__§t% KW =0, K =2 (A.30)
KY =1, K=K =0, K =1 (A.31)

A.3.2 Delaminated region

KO - KO K -k -0 K1 KoK o0 Kol am
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Matrix elements (K;) - Method of 4ESLs

B.1 Third-order plate theory

This Appendix collects the K;; matrix elements for the third-order plate theory presented
in Subsections 4.1.1 and 4.2.1.

B.1.1 Undelaminated region

O _ 1ttt 220 (513 + Thits — 102t + 8(=7)? + 263 — 422

_ : B.1
1 12 (t, + 2t2)(t1 + t2) (B.1)
© 1 (t; + by + 220)2(8y + 4ty — 42172

K12 —_ — = ] (B'Z)

12 tz(tl + tg)
1 (t 4ty + 22D02(8, + 1y — 429V (2t5 + ¢

@ _ 1 (tte 4+ 2257 ) (t + 22 — 42y ) (23 + 1) (B.3)
D) to(ty + 2to)(ts3 + ty) ’

10 _ Lt + 2502 (0 + 1 — 42 (B4
14 12 to(ty + 2ty) (ts + ty) ’ '

© 1 (t 4 ta+ 22802 + ty — 42571525 + 1)
K5 = — ) (B-5)
16 to(ty + 2ts)

(0) — 1(3752 - 42’%))(2’%))2 ©0) _ _1 (3t1t2 _ 3tlzg) . 4(Zg))2 + 375%)25_—? (B 6)
Tod3thAm)(hrh) T3 ta(ty + t2) ’ |
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20 _ L2+ 1)(30 + 3t + 42 (2)) o) _ LBt + 3t + 42 )t (=)
23 3 to(ts 4 ta)(t1 + 2ty) 3 oty ) (b +2t)
(B.7)
1t5(2ts + t4)(3ty + 3ty + 422 (2172
(0) 3lals T 14 1 2 zr ) (2R")
Ky = —— ) (B-S)
A t2(t1-+-2t2)
ST 12 (4 + 2t2)(t1 +ty) P12 tg(tl + 2t5) ’ '
}ﬂm_(mm+5uﬁ§+@qu+6qm+1%@y+wﬁﬁ§+v{mu+2ugwgf
33 12t5(ts + t4)(t, + 2t2)
(6t1t4t3<+-9t1t3)t2«—-4( Dh2(2t) + ) (3t1 + 212)
12t5(tg + t4)(t1 + 2to) ’
(B.10)
KO _ _ts (584 (3t 1 6t + (Btty — 127 — 4GP U +30)
34 12 to(ty + 2to)(ts + ty) ’ ‘
10 _ s (10t + 5ta)t] + (6tats + 1082 + 3tyty + 6tats)t2 + (—(12t4 + 24t5)(21D)?
® 16 to(ts + ta)(t, + 2ty)
+&m@+5m@@-ﬂ4%%%ymgwm+@?)
ta(ts + ta)(t1 + 2t5) ’
(B.12)
%0 1 (t2 +422))(t2 — 229)° (o) 1 (dha+ 3t +42p))(t2 — 421))° (B.13)
702 (f +20) (b 1) 2T 12 ta(ts + t2) ’ ‘
0 _ (234 14)(5 + (4t + 11+ 200)13 + 3(huta + taty — 4228y — 42212422 4 38y)
43 12t9(ty + 2t2)(t3 + t4)
(B.14)
0 _ L 563t 1 3(tats — dtaty — 263)63 4 3(—tat] — 2atsty — Ats(2$D)2)t,
“T ta(ty + 2t)(t3 + ty) (B.15)
1 4t3(2 (2)) (4= (2) + 3t1)
12 tg(tl + 2752)(753 + t4) ’
) (2t + ta)(5t3ts + (3tats — 2tsts + 415 — 2t3)t3
K5 = 16to(t1 + 2t5) +
(B.16)

| (@08 — tatsty — 12t3(2\2)2 — 1112)ty — 4t5(=1P)2 (421D + 3ty)
16to(t1 + 2t9) ’

1 1 1 1 1 1 1 1 1
Ky =LK = Ky = Ki) = Ki) = 0.5 = 0.K3) = 1Ky = K3 = K3 =0,
1 1 1 1 1 1 1
Kigl) = K:§2) = 0,K§3) = 1,K§4) = :)55) =0, Kzil) Kiz) = ( ) =0, KLL) =1 K£5) =0,

kO Bh42) o) (h42t) @) (2 +i)(h+)
1 (t1 + 2t2) (11 +tg) " 12 to(ty +1tg)” 13 ta(ts + ta)(t1 + 2t2)’
Kﬁ) _ (tl + tg)tg 2) _3 t3(2t3 + t4)(t1 + tg)

oty + 2t2) (3 + t4)" " 4 bty +2ty)

(B.17)

(B.18)

(B.19)
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B.1. THIRD-ORDER PLATE THEORY

t t
K@ _ _ 2 K® - B.20
= (ty + 2ty (ty + o) 2 ta(ty +t) ( )
2 2 2 2 2 2
Ké:a) = _K§3)7 K§4) = —K£4), 55) = _K£5)a (B~21)
1 1 3
76 S o ¢ S ¢ . — B.22
33 (tg + t4) 34 <t3 n t4) 35 4( 3 4) ( )
2 2 2 2 2 2
KAES) = K?E?))a i4) = K?E4)a K4E5) = —K§5), (B~23)
4 4
Ky =K = K =Ky = B.24
1 Bt 2yt ty) 22 3to(t; + o) (B.24)
4 2t3 + 14 3 3) 4 t3
KY =Ky =~ : K =K =— B.25
13 2B Byt + 2t0)(ts + ty)” M 24 Sto(ty + 2ty)(ts + tg)’ ( )
Ots + 1)1 ,
KO = Kk = (2t + fa)ts K® =KP =1, (B.26)

P byt 4 2t)
where zg) =
coordinate system of ESL2 (refer to Figure [.1]).

B.1.2 Delaminated region

1/2(t3 + t4 — t1) is the coordinate of the global reference plane in the local

L1622t +12) 0 1t

g0 _ _Lb ©_ 1 1B B.27

1 4 (ti+ty) T8 4 (t; +to)’ (B-27)
1
K9 =r9 =0,r9 = 30 + )2, K =0, (B.28)
1 & Lty (ty + 2to)

o 1 0 (0 _ 1ttt + 2t) B.29

BoAt4R) T A (it t) B
1
K9 =K =0, K = —gltt 3t,)2, K =0, (B.30)
1t4(2ts+t1) 0 1 2

K(O) _ K(O) 0, K( ) _2A\e M) (0 2 B.31

KO = g0 - Ly B.32
35 36 16( s+ ta)t], (B.32)

1 2 1t3(ts + 2ty)

KO _ K(O) 0, KO _2_ % g 223\ T 2% B.33

41 43 4 (tg 4+ t4)7 44 4 <t3 + t4) ’ ( )
1

K9 =0,KY = — 16t + 3t4)t2, (B.34)
1 1 1 1 1 1

Ky =1L,K{ = Ky = Ky = KiJ) = Ki§) =0, (B.35)

K =0,K5) =1, Ky = K{) = K§)) = Kig) =0, (B.36)

KV =k =0 K% =1,K{) =k =K} =0, (B.37)

KY =KY =kl =0KY=1K) =Kl =0, (B.38)
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1 1
K® - @ _ _ K® _ @ _ B.39
11 21 (tl +t2)7 12 22 (tl +t2)7 ( )
3
Ky = -K{ = _Z(tl +t), Kif =0, (B.40)
(2) (2) 1 (2) (2) 1
K3y = Kyy = ———, K3 = Ky = —— B.41
33 43 (l+ 1a) 54 YT LT ( )
3
Kig = —Kiy) = =7 (ts + 1) K35 =0, (B.42)
2 2 2 2 2 2 2
K£3) = K?El) K£4) = KL) = Kés) - K:gz) - K§4) - K( ) = =0, (B-43)

K = Kiy = K3 = Ki)) = 0. K[ = 1, Kjg) =0, (B.44)
K® =K =K =K =0, Ky =1,k =0, (B.45)
K =K = K9 =K =K =0, K§) =1, (B.46)
K=K =K® =Kk =K% =0,K =1. (B.47)

B.2 Second-order plate theory

In this Appendix the K;; matrix elements for the second-order plate theory presented in
Subsections 4.1.2 and 4.2.2 are listed.

B.2.1 Undelaminated region

3 1 3 1 1
K = Sty =z + gt Kiy) = Stata — (=) + 783, K = 8753,1((0) = —Ststs,  (B43)
1 1 1 1
KO = Zt3— 29 1 2ty KD = “taty — (22)2 4+ =42, (B.49)
2 2 2 4
1 1
K = 5ts + 2t4,K4(°> = —ta(ta +2t3), (B.50)
1 1 1 1
K =L Rl = Lo K = LA = Loy g =1, K = 0, K8 = 0,80 o,
(B.51)
1 1 1
Ky = 5. Ky = Sto Ky = 5 Ky = 4MJQQ_0KP 0K =1,k =0,
(B.52)
1 1t 1 1t, 2
K@= K9 =22 K2 =-— KJ=-22KP=0K3=1 B.53
11 21517 12 2 t17 13 2t17 14 2 tl ) S22 ’ ( )
2 2 2 1 2 Lty 1 2 Lty
Ké:a) =0, K§4) =0, K?Sl) - _Q—t?)aK:gz) = _525 K:’Ss) - f K:’E4) - _§g7 (B.54)
KP =0K2=0K2=0KY=1 (B.55)
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B.2.2 Delaminated region

©0) Lto(2t1 +t2) 0 113 0 1t3ta (o) 1 (3t3 — 13+ t1to)
Ky =—""" 2 Ky =2 Ky = 2% Ky, =~ B.
1 4 i1 a2 4t 33 4t 2 4 t1 ’ ( 56)
2 42 2 42
Ké?____l(tl tQ—%tﬁQ)%Ké?::__1t4ﬁl t2+-u¢ﬂ’}(m) 0 Ké?-—-—lt% (B.57)
4 t1 4 t 2
o 13 Lta(t3 — 13 + tsty)
K = Tiy K =0,K9 = §QJQ3::—Z — : (B.58)
KD =1, k0 =k =0,k =1, k) = K{) =0, (B.59)
K =0 kY =1,k{) =0,k =0,k) =1,k =0, (B.60)
1 1 t 1 1 t
t t1 T b to
tq
§1) =0, K§2) =0, Kgs) = _£7K4§1) 0, KiQ) =0, Kis) =1 (B.62)

B.3 First-order plate theory

This Appendix collects the K;; matrix elements of the FSDT solution detailed in Subsections
4.1.3 and 4.2.3.

B.3.1 Undelaminated region

0 1 0 2 1 0 0 0 0 2) (0 0
S Y O
(B.63)
1
Ky = 0Ky = —z) + Sto, Kig) = @Jé) 0, (B.64)
1 1
K9 =0KY9 =- (m+f%Kg_@Jﬁ2_f& (B.65)
1 1
K9 =0KY9 = - ()+2QJQ3_¢&KL)_2Q, (B.66)
51) = 17K£2) = Kfs) = 54) =0, Ké =0 Kéz) =1 Ké:a) = K§4) =0, (B.67)
K5 = K =0, K5 = 1,K5) =0, K5 = K = K§) =0, K = (B.68)

B.3.2 Delaminated region

0 1 0 0 0 o 1 0 1 0 0
Kfl) = _§t2aK£2) = K£3) = K§4) = OaK§1) = 5@1 - t2)7K§2) = §t2aK§3) = K§4) =0,
(B.69)
0 0 0 0 0 0 0 1 0 1
0 = 0 =0~ o 9 00— 0 0. = 3010~ L
(B.70)
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1 1 1 1 1 1 1 1

Ky = 1LEY = Ky = Ki) =0.K3) = 0. K = 1K) = 155 =0,
1 1 1 1 1 1 1 1

K?El) = K?EQ) =0, K:’E:a) = LK?§4) =0, Kzil) = KAEQ) = Kis) =0, KLL) =1
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System matrices of the state space models

C.1 Method of 2ESLs

C.1.1 Reddy’s third-order plate theory

In this Appendix the system matrix of the Reddy TSDT presented in Sections 5.2 is shown.
The matrix elements are quite lengthy, and therefore these are not detailed an this thesis.

C.1.1.1 Undelaminated region

9 1 0 9 9 0 O 9 9 0 O 9 9 0 O 9 0 9 0 ~0

St 0 0 S S3 0 0 5S4 S 0 0 S¢S 0 0 Sg 0 S9 0O 10

0 ~0 ~0 1 0 ~0 ~0 0 O ~O ~0 0 O ~O ~0 0 ~O 0 ~0 0

0 S11 52 0 0 Si3854 0 0 Si5856 0 0 Si7 58 0 Sig 0 Sy 0

~0 0 O ~0 ~0 1 0 ~0 ~0 0 O ~0 ~0 0 O ~0 0 ~0 0 ~0
So1 0 0 Sy S23 0 0 Sgq S5 0 0 Sy Sar 0 0 Sy 0 Sy 0 Sy

0 ~0 ~0 0 O ~0 ~0 1 0 ~0 ~0 0 O ~0 ~0 0 ~0 0 ~0 0

0 S31 82 0 0 S3353 0 0 S35 53 0 0 S37 53 0 S39 0 Sy O

~0 0 O ~0 ~0 0 O ~0 ~0 1 0 ~0 ~0 0 O ~0 0 ~0 0 ~0

T(ud) 41 0 0 Sg2 843 0 0 Sy 545 0 0 Sge Sa7 0 0 Sgg 0 Sg9 0 Sso (C.1)

0 ~0 ~0 0 O ~0 ~0 0 0 ~0 ~0 1 0 ~0 ~0 0 ~0 0 ~0 0 ’ '
0 Ss51 852 0 0 S53554 0 0 Ss55 556 0 0 S57 558 0 Ss90 0 Seo O

~0 0 O ~0 ~0 0 O ~0 ~0 0 O ~0 ~0 1 0 ~0 0 ~0 0 ~0

61 0 0 Se2 93 0 0 Sesa S5 0 0 Se6 S67 0 0 Segs 0 Seg 0 Sto

0 ~0 ~0 0 O ~0 ~0 0 0 ~0 ~0 0 0 ~0 ~0 1 ~0 0 ~0 0

0 S71 82 0 0 S35 0 0 Si5S%6 0 0 S778%s 0 Srg 0 Sgo O

o o o o o o o o o o o o o o o o0 o0 1 o0 o0

o o o o o o o o o o o o o o o o0 o0 o0 1 o0

0 ~0 ~0 0 O ~0 ~0 0 O ~0 ~0 0 O ~O ~0 0 ~O 0 ~0 1

0 Sg1 Sgs2 0 0 Sg3Ssa O 0 Sgs Sgg 0 0 Sg7 Sgg 0 Sgg 0 Sgp O

where the parameters denoted by S are constants and can be found in |Szekrényes (2014d).
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C.1.1.2 Delaminated region
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C.1.2 Second-order plate theory

In this Appendix the system matrices of the SSDT solution can be found. The state space

models were developed in Section 5.3.
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C.1.2.2 Delaminated region
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C.1.3.2 Delaminated region
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C.2 Method of 4ESLs

C.2.1 Third-order plate theory

This Appendix presents the system matrices of the TSDT model detailed in Section 5.5.

C.2.1.1 Undelaminated region
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C.2. METHOD OF 4ESLS

C.2.1.2 Delaminated region
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The virtual crack closure technique

Az Az
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Figure D.1: Reference system and parameters of the virtual crack closure technique (VCCT).

In accordance with the VCCT the ERRs in a 3D FE model can be calculated as:

1 1 1
- 2AxAyFZ1<w2_w3>’ Gir = . yFyl(Uz—U3)7 G = ﬁFxl(UQ—U,g), (D.1)

Gr
where F1, Fy; and F}; are the sum of positive nodal forces coming from those corner of the

neighboring elements, that coincide with node (1), s, us, v2, vs, wo and ws are the nodal
displacements at nodes (2) and (3) in Figure [D.11
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3D distributions of shear strains and
interlaminar stresses
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APPENDIX E. 3D DISTRIBUTIONS OF SHEAR STRAINS AND INTERLAMINAR
STRESSES

Figure E.1: Distribution of the shear strains 7, ((a) and (b)) and v, ((c) and (d)) by Reddy
TSDT at the transition between the delaminated and undelaminated regions at Y'=>b/2 and
Y'=0 (case III, b=100 mm), p is the delamination plane (method of 2ESLs).
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Figure E.2: Distribution of the interlaminar shear stress by Reddy TSDT for case 11, b=160
mi, 7 (a), 7 (b), Tﬁ) (c) and Tﬁ) (d) (method of 2ESLs).
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APPENDIX E. 3D DISTRIBUTIONS OF SHEAR STRAINS AND INTERLAMINAR
STRESSES

'YIz(Xa b/2a Z) 'VZ'Z(X7 b/Q»Z)

-5.5 1

triangle _—
solution

Figure E.3: Distribution of the shear strains v, ((a) and (b)) and ~,. ((c) and (d)) by SSDT
at the transition between the delaminated and undelaminated regions at Y'=b/2 and Y'=0
(case III, b=100 mm), Qp is the delamination plane (method of 4ESLs).
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Fi%ure E.4: Distribution of the interlaminar shear stress by SSDT for case 111, b=160 mm,
7 (), 72 (), 752 (¢) and 732" (d) (method of 4ESLs).
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