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Abstract
We propose 2-D Cosserat type orthotropic constiuiquations for laminated shells for the purpose

of initial failure estimation in a laminate lay&/e use nonlinear 6-parameter shell theory with
asymmetric membrane strain measures and Cosseea&iics as the framewaork. This theory is
specially dedicated to the analysis of irreguladishinter alia, with orthogonal intersectionscs it

takes into account the drilling rotation degredreédom. Therefore, the shell is endowed naturally
with 6 degrees of freedom: 3 translations and &tiarts. The proposed equations are formulated from
the statement of the generalized Cosserat plaggsstrith additional transverse shear components and
integrated over the shell’s thickness using thevadent single layer approach (ESL). The resulting
formulae are implemented into the own Fortran ceriEbling nonlinear shell analysis. Some

numerical results are presented to show the pedliocsof the proposed approach.

Keywor ds: orthotropic Cosserat, Cosserat laminates, cheniatit length, drilling rotation DOF,
irregular shells

Glossary of key notations

0...0,,,0.,.,0,, - asymmetric membrane stresses in shell lager (
0,,0, -transverse shear stresses in shell ldger (

m,,m, - Cosserat coupling moments in shell laygr (

€, S - shell strain and shell stress vector

e, o - local strain and stress vector in shell layer

E., E, - Young moduli ina andb directions of layerk)

v,, - Poisson ratio of layek)

G, G, , G, - shear moduli im-b, a-c, b-c planes of layerk)
G. - Cosserat shear modulusaib plane of layerk)

N - Cosserat coupling number

|, - characteristic length of Cosserat continuum

a, - shear correction factor

a, - drilling stiffnesscorrection factor

h,H - thickness of the layek)and the shell, respectively
FFt - fiber tension failure index

FFc - fiber compression failure index

FMt - matrixtension failure index

FMc - matrix compression failure index

FPF — first ply failure

NLF1 —number of shell layers with at least oneui@lmechanism
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I ntroduction

Application of laminated composites as the stratoraterial is today very common. In turn, itis a
very good alternative to the use of steel, conavetgher ordinary ones in civil engineering. A &t
research is done to find the best approaches duiioss for the understanding and description ef th
composites behavior. New theoretical methods offyarsaof laminated composites are still
formulated, developed or evaluated. Some seleetszht papers in this field are

[L[2][3][41[5]1[6]1[ 71[8][9][10]. Experiments are caducted at the same time, as they are inevitable to
validate the new theories or to check the perfoceant novel structures or their elements. The tesul
of selected latest achievement in this area arm$bance available in [11][12][13][14][15][16]. An
important aspect to focus on, regarding analysisdasign of laminated composites, is their initial
failure or progressive damage. Although some metlamodl approaches have been already validated
and evaluated, for instance during the World Wididure Exercises, see for example [17][18][19],
efforts are made to analyze new modern methoddagienodify the existing ones
[20][21][22][23][24][25][26][27].

In our paper we follow the aforesaid directionsadearch. We focus on the proper description of the
material law in the geometrically nonlinear anadysi laminated shells. For this purpose we use the
nonlinear 6-parameter (6p) shell theory [28][29eT6p theory is specially dedicated to the analysis
of geometrically irregular shells, with emphasisastihogonal intersections, as it takes into account
the drilling rotation degree of freedom. It is consere, because a lot of structures made of laedna
composites have intersections and proper desangpbbtheir behavior are desirable.

Our aim is also to estimate the initial failureaitaminate layer with aid of the new material |ae
estimation of initial failure, also named as thes&Ply Failure (FPF) method is of great importaimce
the design of structures made of laminated compasdbviously, FPF describes the onset of damage
in the laminate layer, which should not appearmdythe life cycle of an engineering structure, ttue
its expected reliability and durability. Thereforeorder to enable FPF calculations for the
sophisticated theory and the new material law, w@@se a modification of Hashin criterion,

compatible with the 6p theory.

Shell theory

The shell theory used here belongs to the cla€os$erat-type shells, see for instance [30] and has
the same kinematical structure as the theory of€as rods, see [31] and references given thee. Th
governing equations, jump conditions and weak fdnasbeen already presented by the present
authors and other researchers, see for instanfi@3§34][35][36][37][38][39][40]. Following, for
instance [28] and notations used in [37] we preshatt account of the ingredients of the theory
necessary to develop the constitutive relationscéresider the shell reference surfddein the

undeformed configuration. We assume, without gaing technical considerations, that the open
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subset of the sé¥1\(0M I I") is regular enough to assert the existence of #teiertensor with the

components given respectively by:

a, =t O, t;=x,,, f=1,2 1)

At each pointx I M, later identified with the finite element nodedFi), we assume that the base

vectorstg =X, £ =1,2 together with the normal vector

t) xtd

It =<t ||

0—4+0_
=t, =

(2)

form rigid orthogonal triadio(x), i =1,2,3.Therefore, we have Cosserat structure at ealchM in

the initial configuration. Motion of such structsreef. for instance [41] or [42], is described hg t

vector of displacement(x) and the proper orthogonal teng@(x) 1 SO(3). The current position of

x and the current orientation(x) are defined by the formulae

y(x) =x+u(x), () =Q(X)t(x) (3)
In the present approach the strain fields corredipgrto (3) have the following forms
£,=U,, +(1-Q)t?, K, =axl@Q,, Q") (4)

The definitions (4) are exact in a sense that #magnate from the principle of virtual work, see for
instance [28][29][37]. However, as shown in [43Haeferences given there, a multitude of formulae

exist when large strains are considered.

Fig. 1. Shell in 6-parameter theory, notation

In FEM approach the reference surfddeis discretized with appropriate set of finite etes /7, .

Here we use authors’ 16-no@® elements denoted as CAM, described for instan§28j Each

node a of the mesh within the finite elemeit, is defined by its position vector, and the triad of

directors{t} ., i =1,2,3 (more generally: within the regular area of thelsisince at given noda

on the edge” the number of triads of directors equals to thelper of intersecting regular areas).
The latter are treated as the given data of thiel@moand are defined through five parameters assuri

non-singular parameterization of proper orthogaraisformation, see e.g. [44]
{000} ={To(x)}, &, T,050(3) (5)
In view of (3) the current orientation field is defined by

{00}, ={Q0} {100}, (6)


http://mostwiedzy.pl

AN\ MOST

It follows from (6) that there is a necessityiterpolate the values @(x) [ SO(3). Unlike in the
case of vector-valued functions such as, (Bl direct interpolation 080(3) elements (3)is not
available. Thus we use the concept of the indirgetpolation as described in detail for instante i
[45].

Constitutiverelation

Moving towards particularization of constitutivdaton and its further implementation we write

collectively components of (4) in the vector fore a

€={en 0 61,8,| 646 Yl e o5 g Je k) onM (7)
and corresponding energy conjugated componentgearhial forces and internal couples
sS={N"N®N“NIQQiM M ™ ® M M ¥ onM (8)

The shell theory considered here, see e.g. [29][4€Hs only 2D surface resultants ¢ ) defined on
M . Let's assume that the local stress state in Cais$gpe laminated shells (typical lay®d (&)

defined by¢) is given by
0 ={0,,04, 04,04 0,0,/M;m}" on M(¢) )

We propose the approach based on integration 0b\(@) the thickness directiod[-h",+h’], (

h=h"+h") to the form of the stress resultards(8), see e.g. [45] , using the kinematics of the

laminate layerM (&)
e ={cPe% e e 2"k k)" on M (&) (10)

The formula (10) is obtained with the useedf7) and (4) under the assumption of Reissner-Nfindl
(RM) kinematics of the shell fiber and its formtiee same as for stress resultasté3), see e.g. [45].
The method has been already described, see eld3E5[45]. The components of (8) are required in

the entire shell space of the volume of the sliedl-lbody B, i.e. at each pointx &(x, 0 B,

E0[-h",+h"], xOM . In the present approach we indirectly connectdbmponents of (8) with

those of (7) by th€osserat orthotropic relation. Our approach is motivated by the idea presemted i
[46] where the authors analyzed numerically linplane stress problems of orthotropic continuum.
The constitutive relation, from the work [46], ivgn directly for an orthotropic layer, in contrast
approaches presented e.g. in [47][48], where maitniat inclusions are treated as isolated isotropic
Cosserat materials. We extend the study from [d@janlinear numerical analysis of shells with &nit
rotations and translations. Let's assume thataxtif ,x )OM ¢ ,x)O B, c0[-h",+h], xOM of

the surfaceM (&), see Fig. 2, there exists locally &h(&) a generalized orthotropic plane stress state

of Cosserat type in the following form
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S Wb g o | o o 0o o
0., 1-v,v,, 1-v, v, &=
O | | Y 5, 0 0 o o| o o |5
Op| |1-vyv,, 1-V V., £®
Oul_| O 0 G,+G; G,-G.| 0 0 0 0 [J&® 1)
o, 0 0 G,-G. G,+G.| 0 0 0 0 ||&
g, 0 0 0 0 |aG, O 0 0 ||¢
m, 0 0 0 0 0 aG.| O 0 ||%,
m, 0 0 0 0 0 0| B2 0 ||k,
0 0 0 0 0o 0 0 B2

Usual notation holds in (11) (see [49], [50]) i(E,), ., (E,), are the Young’'s moduli in the direction
of the reinforcement and perpendicularly to thefi@icement, respectivelfG,,),, (G,.)., (G.). are
the shear moduli im—b, a—C, b-c planes andv,,), , (), denote the Poisson’s ratios such that

E.v..=E,v,, (no summation)p, is the shear correction factor.

Fig. 2. Shell-like body in 6-parameter shell theargtation

The presence of the Cosserat structure is visiblled in-plane shear components where

N2
G.=G,———, 0<N<1 12
C ab 1_ N2 ( )
and in the drilling couple stresses where the dtaristic lengthl, appears. In (12) we use the

Cosserat coupling numbdd (see for instance [51]) which is discussed lafercalculate stress and

couple resultants in each laykr we follow exactly the same idea as presented5h [Bhe direction

of the reinforcement in layek is denoted by anglé,,, (see Fig. 2). The transformation of (11) from

(9.(6),9,(9)) to (Byy.byy) system, is defined as follows:

C2 & £ sc|o oo o
$ c?2 -sxc -xc|0 0|0 O
-xc sc Cc* -S’|0 0|0 O
2 2
oo o e S| o | e ) STING) a3
0O 0 0 ofs c|o o
o o 0 o]0 o|lcCc -s
0o 0o o0 o0 0|S C|

The final structure of the constitutive relatioriveeen (7) and (8)

s=Ceg (14)
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is obtained assuming the equivalent single layeSLjEapproach and Reissner-Mindlin (RM)

kinematics of the shell fiber. Specifically, thetdibution of plane stress componem{s,o,,,0,, ,0,,
in the thickness direction is assumed to be linedigreas the transverse shegyo, and drilling
terms m,,m, remain constant. Such a combination: ESL+RM iscglpand was used in many papers:

[11][20][27][50][52]. In this study we assume tithe components o€ are kept constant during the
analysis, which however does not exclude the filgt failure (FPF) analysis that will be also

presented.

Discussion of proposed equation, selection of material parameters
As it can be observed, equation (11) is dependenbnly on usual material constants that can be
obtained through standard laboratory tests but afsthe parameters of the Cosserat medium. We

assume, as in [46], that the Young's moduli, Paissoatios and shear modu,, , G, and G,,

ac

have the same character as in Cauchy continuuns. &itables the use in (11) of exactly the same

values as those reported in the literature. Asafathe Cosserat parametdds and |, are concerned

the situation is more complicated. Theoretical ®siek.g. [53] and experimental results presented in
[42] give the range of applicability for the couminumberO< N <1 and for the characteristic length
[.>0. The order ofl, is somewhere between 0.22 mm to 5.0 mm. Nonethélegl 7] it is equal to

50 mm and in [51] the characteristic length valagies between 0 and ®énm. In our approach

N =0 (as argued also in [36]) is not possible singeelds degenerated constitutive matrix, refer to
(11), in a sense that the third and the fourth bmeome linearly dependent. Therefore, we assume
0< N <1 as the valid range for the present formulationc8ithere are no physical recommendations
for the determination of the characteristic lenigtthe analysis of shells, we assume in the usecryh
that this parameter is related to the shell thiskneee [36]. In [36] it is clearly shown that rojoolar

length is related to the drilling stiffness paraemnet, , which was used in the initially proposed

constitutive law established for isotropic shefistihe framework of 6p shell theory. The numerical

studies presented in e.g. [29] reveal thatdor~1 some numerical instabilities can occur, especially
in the analysis of irregular shells. Therefore tieage of o, <~1 is suggested. The proposed

constitutive law associated with the drilling radat integrated over the shell thickness (under the
assumption of constant distribution of the drilliogrvatures) is analogous to that used in the oise

isotropic shells. Thus, it is justified to utilizlee relation between, and characteristic length derived

in [36], stating that:

Ay (15)
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where H is the total thickness of the shell. If we assuhs o, =1 is the approximate upper bound

value, it follows from (15) that the limit value rf@haracteristic length i§, = H/\/12. It has to be

however stressed, that this is not a strong recardat®n, since the significance of the drilling
stiffness influence depends on the analyzed problednused finite element e.g. [29]. For example in

[36] the value of characteristic length based onctusions drawn numerically can be greater than

H/+/12 but should not exceed the shell thickness. Moneadwvbas to be emphasized that the relation

(15) is valid only for N=+2/2. Therefore, it is still crucial to investigate thefluence of the

characteristic length. In this paper it will be Bxaed numerically, but in contrast to the above
mentioned works, this will be done on the basi®oél behavior as the stress state and first plyréa
onset will be studied.

To sum up, it is possible in our approach to uaedsdrd values of Young’'s moduli, Poisson’s ratios

and shear moduls,, , G, andG,.. The remaining term&_ and|_ >0 are parameters that must be

assumed. According to relation (1&) becomes a multiplier o&,, .

Failurecriterion

To estimate the FPF load we use the Hashin cnitetiavas developed in 1980 [54]. Historicallyist

a very important criterion as it was the first omeere different modes of failure were distinguished
namely fiber failure in tension or compression amatrix failure in tension or compression. It idlsti
in use although almost 40 years have passed sisdermulation. The recent papers, where the
criterion is utilized are for instance [55][56][$38][59][60]. The original version of Hashin criten

makes use of symmetric stress tensor. As the rahtavw (11) onM (&) used by us within 6p theory
includes asymmetric membrane stress measurgs4(o,,) and drilling couple stressem( #m,) itis

not possible to apply the original approach heieeréfore, we formulate its special form for the
purposes of the present shell theory [35], and wsipect to the law (11) for

fiber tension:

2 2
FFt:[%j +a, [QJ failure whenFFt =1 (16)
X, S
fiber compression:
2
FFC:[%J failure whenFFc=1 (17)

matrix tension
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2 2
FMtz(%J +[%b} failure whenFMt =1 (18)

t

matrix compression

FMC:[ﬂ] {( YcJ _1}ﬁ {%) failure whenFMc =1 (19)
25 25 Y. S

c

where X, andy, are the (absolute) values of tensile strengthématerial axes, b, X_ andY,

denote the absolute values of compressive strendiese axes§ is the shear strength in the layer
plane, wherea§ describes the transverse shear strength. The ptaedn), can vary between 0 and

1. In this paper itis set ag, =0.

In the equations (16)-(19) the in-plane shear sttgs and g,, are distinguished in comparison to the
original criterion where only one (symmetric) valofein-plane sheau,, is considered. Here the,,
component is used in the fiber modes expressiohgreas theo,, is associated with the matrix
mode. This stems from the mechanisms of failurepssible fracture planes to occur within a lamina
and is in accordance with the issues underlyinmiétation of the original criterion presented in ][54
The drilling couple stresses are omitted in the iffexti criterion, although they are included in the

(11) and in the 2D equations of shells. This agsers based on [61], where the authors have shown
that the values of drilling couples are very snfiatl thin isotropic elastic regular shells subjected
small strain and can be neglected. Therefore, aiendhat the drilling couple stresses are very kmal
as well and they do not contribute much to theufeil Nonetheless, they are used in the governing
equations of the 6p theory to maintain its struetat the shell junctions. Such an approach is also
motivated by the fact that the drilling couple sgth is not obtained in the standard experimeptibt
conducted to establish properties of a lamina &nd ts quite bothersome to determine. Finallys it i
worth to mention that the modified version of Hasbiriterion is similar to the one proposed in [35].
However, one has to keep in mind that a differeatemal law was used in there thus we treat this

approach as a new one.

Examples

In the following section the analysis of selectenerical examples is presented. The computations
are performed with the use of the authors’ finieneent program. The 16 node fully integrated shell

element (16FI) is employed for the purpose of diszation. The shear correction factor value, in
numerical calculations, is, =2 at each layerin the first example the study of the influencetto#
Cosserat coupling numbeN on the shell response undergoing large displactsrienperformed,
whereas in the following ones attention is paidhi® impact of characteristic lengthon the failure

initiation.
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1. Semi-cylindrical shell under point load

Stander et al. [62] proposed this benchmark prolfterahell finite elements. It has become very
popular both with the isotropic and the laminatextenial, e.g. [63][64][65][66]. Here it is used gnl
for the validation purposes. The geometry of thalsk presented in Fig. 3 whete=304.8mm,
R=101.6 mm and the total shell thicknesshis=3 mm. Considering the case of laminated shell,

following [64], the material properties afe;= 20.685 GPa,E, =5.1712E GPa,
G,,=G,=7.956 GPa,G,.=1.989 GPa,v, =0.25. The characteristic length =0.01H . Two

stacking sequences are considered relative toitbetar tf: [90/0/90] and [0/90/0].

Fig. 3. Semi-cylindrical shell, geometry, load ateector field

Load-deflection paths of the vertical displacendriithe node (a) are compared with the reference

solution [64] in Fig. 4. Three values of the Coaseoupling numbelN , included in equation (12),
are considered: 0.4@/2 and 0.9. A good correspondence with referencdisahiis visible.
Similarly, as observed in previous work e.g. [36] value oN does not influence the shell behavior.
In the following examples it will be assumed-#8/2. Such a value assures that the in-plane shear

constitutive relation is exactly the same as ingh#dier works published by the authors in the afea

failure analysis of laminates within the 6p thef29][35].
Fig. 4. Semi-cylindrical shell, results

2. Quasi-isotropic laminated quadratic plate under uniformly distributed load

Secondly a quasi-isotropic laminated quadraticept0x600 mm is examined. The experimental and
numerical results for this example were origingdhgsented in [67][68]. We take the advantage that
the failure data is available in the aforesaid paj@d therefore we estimate the FPF occurren@ her
as well. The plate is fixed along all edges ansligjected to uniformly distributed load. The lamina
consists of 5 layers [0°/45°/90°/-45°/0°] made dhsg/polyester composite with following
parameters:E; = 23.6 GPa, E, = 10 GPa, Gy, =1 GPa, v, =0.23, X =735 MPa, X, =600 MPa,

Y, = 45 MPa,Y. = 100 MPa,§ = 45 MPa. The fiber angles are measured with mgpethex—axis,
see Fig. 5. The total thickness of the platel is 3.43 mm. The value of the transverse sheargttien
is taken a§ = 0.5Y, [69].

Fig. 5. Quasi-isotropic plate under uniformly distited load
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As stated previously the valug =+/2/2 is used for the computation. In the following exd@s the
influence of characteristic length vallie is examined with the justification, that this factan be

crucial in the future studies concerning the pregnes failure analysis. However, in the presentkwor
only the failure initiation is investigated.
In order to provide mesh density comparable toothefrom study [67], the mesh of 8x8 CAM FI

elements is used in the current computations. ©heisn is sought with the use of the displacement

control technique whereas the central deflectipy is the control parameter.
Fig. 6 presents the results for three values ofecteristic lengthi, =0, I, =h andl, =H whereh
stands for the thickness of a single laylgr)(and H is the total thickness of the pIaHa:Zth It

can be observed that the paths obtained for differ@lues of characteristic length coincide witblea
other. The FPF occurs in all the casesvior10.8 mm. This value agrees with that given in [20] and
corresponds well to the reference valwe10.64 mm reported in [67].

For the comparison purposes Fig. 6 depicts theeptessults together with the experimental and
numerical solution given in [67]. It has to be getd, that in [67] progressive failure analysis (PFA
was performed, therefore the agreement betweesdhation and the present one after the FPF onset
should not be alleged. On the other hand the urtegealisagreement between the present and
reference numerical solutions before the FPF iaquinced. The present model seems to be more
flexible than the reference one. The numericalltesaported in [67] match the experimental path
better. However, in the authors’ opinion it caralkeibuted to probably by too large increment step
used in the reference computations. To prove yp®thesis additional analysis was performed in
Abaqus with the use of the same mesh as in [67]aadicontrol method. Fig. 6 illustrates the
obtained results. Two solution cases are shownatfdls large step (a)” and “Abaqus small step (b)”.
It can be seen, that in the case of “b” the sofuigosimilar to the path obtained with the usehef t
authors’ own program. For the “a” solution the papipears near the one for the numerical results
shown in [67].

Quite apart from these discrepancies, as statedbpisdy, the prediction of the FPF onset is very
similar for the present and reference solutionirgaen the authors’ earlier experience, see [2@, t
same conclusion concerns also the further progie$ailure analysis.

Fig. 7 shows the distribution of NLF1 parametethatfailure occurrence. This parameter is defireed a
the number of layers in which at least one failmexhanism is detected. Due to the smoothing
techniques performed by the postprocessor the saeenot integer. Basing on some other
postprocess data it can be verified, that the BRiSsociated with the matrix cracking in the bottom

layer.

Fig. 6. Quasi-isotropic plate, equilibrium pathgtod central deflection
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Fig. 7. Quasi-isotropic plate, first ply failure &nix cracking in the bottom layer)

Lastly we analyze the significance of the influenté¢he coupling stresses on the local responsieeof
plate. As stated earlier these stresses are onnmttée failure criterion and it is crucial to clec
whether such an assumption is justified. The cogiresses are nonlinearly dependent on the
characteristic length value. It is essential to pare the impact of coupling and force stressefien t

failure indices. For such a comparison the ratigg|. andm, /I are taken into account, since they

yield the values measured in units of force stisERe following study is made for two analyzed

characteristic lengthd (=h andl_ =H): firstly the Gauss point where the FPF onsetaris

identified and the failure indicés~, FM in this point and the values of the correspondiingss
components are given; secondly the Gauss pointsewhgosm, /1, andm, /1, approach the
extreme values are found and then their behavg®tber with failure indiceBF, FM are presented. It
has to be emphasized that in the course of thgsiadhe points wheren, /1, andm, /1. as well as

the indicesF, FM reach the extreme levels change the location.€Fbe, in the following figures

the shown paths cannot be presented in the eatigerof the assumed control displacement. The
displayed displacement range includes the instahttee FPF onset.

Fig. 8 and Fig. 9 depict the growth of failure icel and the corresponding stress components at the

failure point forl, = h. From these figures it is clear that the faillrelue to the matrix tension for
w=10.8 mm. Fiber failure does not play a role in thisrepée. Fig. 9 proves explicitly that the,
stress component has the strongest influence dMhi@dex . The stresseg, as well as the

coupling stresses are significantly lower.

Fig. 8. Failure indices progress in the FPF loeaian =305 mmy=595 mm, layer 1)=h

Fig. 9. Stress components response in the failoirg (x=305 mmy=595 mm, layer 1)=h

Fig. 10 and Fig. 11 illustrate the changes of maxmm, /1. andm, /I_ ratios and corresponding

failure indices in respective Gauss points. Ithsayved in Fig. 10 that in the point of maximum

m, /I, value the stress safety margin is high, since faliwe indices are very low. On the other
hand, Fig. 11 shows that in the point of extremeé |, ratio the matrix cracking occurs for

w=11.3 mm. It is very close to the identified FPF onsa&tie forw=10.8 mm. However, the value

of m, /1, is still evidently small and it can be assumed ithaould not have significant influence on

the failure behavior.
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Fig. 10. Maximummy/I. ratio and corresponding failure indices880 mmy=521 mm, layer 3).=h

Fig. 11. Maximunmy/l, ratio and corresponding failure indices220 mm,y=595 mm, layer 1).=h

Similar conclusions can be drawn with respect ¢or#sults obtained fdg =H , see Fig. 12, Fig. 13,
Fig. 14 and Fig. 15. Obviously, the ratiog /I, and m, /1, are in this case higher due to the larger

characteristic length value. Nonetheless, thestillerery small. Taking into account that the fmé
criteria include the square of stress componemésobtained results seem to prove that the assompti

of small coupling stresses is in this example fjubtified.

Fig. 12. Failure indices progress in the FPF laedion =305 mmy=595 mm, layer 1).=H

Fig. 13. Stress components response in the fagiloireg x=305 mm,y=595 mm, layer 1).=H

Fig. 14. Maximummy/I. ratio and corresponding failure indices220 mmy=595 mm, layer 3).=H

Fig. 15. Maximunmy/l, ratio and corresponding failure indices220 mm,y=595 mm, layer 1).=H

3. Axially compressed flat panel

As a next example we analyze the failure initiaiiothe axially compressed flat panel. This one has
been widely examined, see e.g. [50][70][71][72]ds to be noticed that the geometrical and méateria
data are slightly different depending on the litera source. For the sake of clarity it has to be
stressed, that in this paper the data is taken [@® The panel is 508 mm long and 178 mm wide
(Fig. 16). The shorter edges are clamped, whehealwaded one is free to translate in the axial
direction. The longer edges are simply support&90i5208 graphite-epoxy composite which the
layers are made of, is characterized by the folhgwiarameters€, = 131 GPak, = 13.03 GPa,

Gap = Gac = 6.205 GPaG, = 3.447 GPaya, = 0.38,X; = 1379 MPaX. = 1137 MPay; = 81 MPa,

Y. = 189 MPaS. = 62 MPa. The value of the transverse shear strésgaken as previously, i.e.

S = 0.5Y.. The stacking sequence of 0.132 mm thick lapass[45°/—45°/0°/0°/45°/-45°/0°/0°/45°/—
45°/0°/90°], whereas the orientation angle is measured imaeée to the axial direction. The mesh of
24x16 elements 16FI is used in the discretizatioegss. In order to enforce the two half-waves

buckling shape in the computations additional sppeitturbation forces =0.00009° are applied
(Fig. 16). The axial displacemembf the loaded edge is taken as the path contralhpeter. All nodes

along this edges are kinematically coupled as tethar axial translation. The definition of boundary
conditions is noteworthy. The description ‘clamgeldje’ is clear, however, ‘simply supported’ or

‘knife edge’ (see [70]) is not obvious (compare ¢5@][71]) especially regarding the drilling ratan.
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In the present study the simply supported edgedgrstood as the following condition:= ¢, = 0
(Fig. 16).

Fig. 16. Axially compressed flat panel

Fig. 17 depicts the obtained equilibrium pathshef &xial displacements obtained for three values of

characteristic lengthl(=0, I, =h, I, =H ) together with the reference solution given in][¥there

progressive failure analysis was carried out. Thes8rat coupling numbé¥ is set tov/2/2.

Fig. 17. Axially compressed flat panel — equililnipaths of the axial displacement

It can be observed, that the characteristic lehgttloes not influence significantly the global struret
behavior. For all the values of characteristic tarlg the FPF onset is detectedust 2.03 mm which

corresponds td® =8772C N. Fig. 18 illustrates distribution of the NLF1afticient at the FPF onset.
The failure is due to the matrix cracking. The laate fails in 0° oriented layers (layer 3 and 22).
contrast, the Hashin criterion estimation failurgiates, according to paper [72], in the thirdtbot
layer for P=8550C N . This is only in some extent lower than thespra one. This small discrepancy
follows from different Gauss point distributiontime thickness direction: in the present study the
failure stress is controlled only in the middleeaich layer, whereas in [72] in the middle and attip

and at bottom faces.
Fig. 18. FPF location in the buckled panel for types of boundary conditions

Unfortunately, in [70] the failure initiation valueas not investigated. On the other hand in [7bjeso
report in this field is given and the FPF load dgua=8280C N, according to the Christensen’s
criterion andP =9687Z N, according to the Hashin criterion. The experitaédata is inopportunely
not available. It has to be however emphasizedithatl] slightly different set of geometrical data
was used in the computations, so that the discogpagtween these results and the present ones is
rather obvious.

Fig. 19 to Fig. 26 present a similar study, as madbe previous example, of the impact of coupling
moments on the stress state and FPF onset. Coturdry previous example in this case the
membrane stresses are much more pronounced. tt gffeexpected, that the values of drilling
moments will be more noticeable. Fig. 19, Fig. 2@, 23 and Fig. 24 illustrate that the failure is

caused by the matrix cracking (18). it follows fréiig. 20 and Fig. 24 that the,, stress component

has the biggest contribution to the failure cowdit{18) . In the case of =h the drilling moments
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are evidently negligible (Fig. 20), whereas forH the m, /1 ratio is of the same range &g,

(Fig. 24). However, the authors presume that tmelition for matrix failure should rather includesth

m, /1, ratio, which is markedly small in the failure zanehis example, even fdg = H . The ratio

m, /1, ought to be considered for the fiber failure in@ich is in turn noticeably small in the FPF
region.

Fig. 21, Fig. 22, Fig. 25 and Fig. 26 depict theximaim m, /1, and m, /|_ ratios at relevant Gauss

points together with the corresponding failure @edi. It can be observed, that quite large drilling

moments arise in the corners of the platelferH (Fig. 25, Fig. 26). Fot, =h these values are

rather small. Nonetheless, the corresponding failuices for both characteristic lengths are
remarkably small.

The example shows that even for large values ofitileng moments the assumption of their absence
in the failure criterion is reasonable here.

Fig. 19. Failure indices progress in the FPF laedion =247 mmy=3.67 mm, layer 3).=h

Fig. 20. Stress components response in the feloireg x=247 mmy=3.67 mm, layer 3).=h

Fig. 21. Maximunmy/I ratio and corresponding failure indices{.47 mmy=0.77 mm, layer 3).=h

Fig. 22. Maximummy/I.. ratio and corresponding failure indices1.47 mmy=0.77 mm, layer 12),

Fig. 23. Failure indices progress in the FPF l@agibon =255 mmy=177 mm, layer 22).=H

Fig. 24. Stress components response in the failoirg x=255 mmy=177 mm, layer 22).=H

Fig. 25. Maximummy/I. ratio and corresponding failure indices=1.47 mmy=0.77 mm, layer 3),

Fig. 26. Maximummy/I.. ratio and corresponding failure indices1.47 mmy=0.77 mm, layer 12),

l;=H

4. Axially compressed channel-section column

An axially compressed channel-section column igyaed following [73]. The geometrical data is

given in Fig. 27. The column is made of GFRP 84ldgminate oriented according to the scheme
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[0°/-45°/+45°/90°], whereas the orientation angle is measured withidference to thg-axis (Fig.
27). Each layer is 0.26 mm thick and possesse®libgving stiffness and strength properties:

E. = 38.5 GPaE, = 8.1 GPaG,, = 2 GPay,, = 0.27 X, = 792 MPaX; = 679 MPay, = 39 MPa,

Y. =71 MPaS§ =108 MPa. In the experiment the structure wasquldetween stiff plates. The
loaded top plate was free to move only in the galtilirection. According to [73] the flanges of the
column undergo buckling into two half waves alohg height. To enforce corresponding buckling

mode in the present FEM computations small pertiobdorcesP =0.002P are applied, see Fig. 27.

The boundary conditions in the FEM analysis, ingberce paper [73], were imposed as simply
supported whereas the translations along the Goomtere left free. In this study, basing on the
authors’ earlier experience [20], the top edgesravdelled as clamped with the possible motion é th
axial direction and the bottom edges are assumeithasd. The axial displacement of the top edge is
chosen as the solution control parameter. All ihees along this top edge are kinematically coupled
with respect to the vertical translation. In thenpotations regular mesh of 16 Fl elements is u3@ed:
elements along the column’s height, 6 elementsgatibe width of flanges and 12 elements along the
web’s width.

The results obtained fax =+/2/ 2 and three values of characteristic lengths arevstio Fig. 28. For
comparison purposes also the FEM solution givdid 3 is presented. It can be seen that the present
postbuckling paths do not match exactly the restdts [73]. Additional analyses, though not
presented here, lead to the conclusion that ttasiributed to different boundary conditions inHbot
models.

It follows from the comparison of the obtained dipuium paths that the change of characteristic
length does not influence the overall shell behavibe local response is also very similar in all
performed computations. The FPF for each choseractaaistic length value takes place for

v=0.88 mm. This value agrees with the result obtaing@® and [73]. The cracking of matrix is the

first damage to be observed and occurs in the tager in the local dimple of the web, see Fig. 29.
Fig. 27. Channel-section — scheme of the experiaheetup and FEM model

Fig. 28. Channel-section column — equilibrium paththe vertical translation

Fig. 29. Channel-section column — location of tie-fonset

Fig. 30 to Fig. 37 present the influence of thdlidg moment on the stress state. It follows froig. F
30, Fig. 31, Fig. 34,
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Fig. 35 that the failure arises at0.8€ mm due to the matrix cracking. The dominatingssire

component according to the condition (18)js The in-plane shear components as well as the
drilling moments, see Fig. 31 and

Fig. 35, are negligible. Fig. 32, Fig. 33, Fig.&@& Fig. 37 illustrate the changes of ratins/ |, and
m, / |, compared with failure indices in Gauss points irich the drilling moments attain extreme
levels. In this example the points in which themeistresses reach the maximum values do not
change their position above the control displaceragnal tov=0.3 for | = h andv=0.8 for

I, = H . Therefore relatively large range of the, /|, andm, /I, curves can be displayed. The
extreme values of drilling moments for both chagastic lengths arise close to the walls intersecti
of the column. Similarly, as in the case of presgiglanalyzed compressed plate, the values\of |
andm, /|, ratios are more pronounced than in the case giltite undergoing bending.
Nevertheless, at the moment of the FRE Q.8€) the failure indices near to the walls junctios ar

considerably less than one. It proves that theauségpnilure conditions neglecting the drilling

moments is in this example correct.

Fig. 30. Failure indices progress in the FPF laedion =-39.5 mmy=58.9 mmz=0 mm layer 8),
l=h

Fig. 31. Stress components response in the fgloirg x=-39.5 mmy=58.9 mmz=0 mm layer 8),
l=h

Fig. 32. Maximunmy/I ratio and corresponding failure indices80 mm,y=0.579 mm, z=-0.463

mm, layer 4)].=h

Fig. 33. Maximummy/I.. ratio and corresponding failure indices80 mm,y=0.579 mm, z=-0.463

mm, layer 1)].=h

Fig. 34. Failure indices progress in the FPF lgagion &=-39.5 mmy=58.9 mmz=0 mm layer 8),
|C:H

Fig. 35. Stress components response in the fgiloirg x=-39.5 mmy=58.9 mm,z=0 mm layer 8),
|C:H
Fig. 36. Maximummy/I. ratio and corresponding failure indices=80 mm,y=0.579 mm, z=-0.463

mm, layer 4)].=H
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Fig. 37. Maximummy/I.. ratio and corresponding failure indices{80 mm,y=0.579 mm, z=-0.463
mm, layer 1)].=H

Conclusions

2-D constitutive law for orthotropic Cosserat typminated shells is proposed. In contrary to presvio
authors’ works concerning laminates the presergkedion utilizes 5 engineering constants and 2
additional parameters typical for Cosserat medinemely the Cosserat coupling numbérand

characteristic length. Since the experimental determination of thesestzmnts is not a trivial task it is

essential to study their influence numericallytHis work numerical tests are performed regardimeg t
geometrically non-linear behavior and failure wtiton (FPF). Firstly, the influence & is studied. It

is shown, that the Cosserat coupling number rangatgeen 0.4 and 0.9 does not influence the
overall response of the structure. Therefore, ithtr examplesN =+/2/ 2 is assumed, asserting that

the in-plane shear relation is the same as inrdnaqus authors research and the influence of
characteristic length is analyzed. This constaetseto be crucial from view of the future progressi
failure analysis, as it can serve as a reguladagiarameter. At this stage, however, only the FPF
onset is studied by making use of the Hashin coiteformulated taking into account the asymmetry
of in-plane shear stresses and neglecting théendrithoments. It is shown that the value of
characteristic length varying between 0 and shakhess does not influence significantly the globa
behavior of the structure. Obviously, the drillimpments increase nonlinearly with the growth of the
characteristic length. Their contribution is morempunced if the membrane stress state is present.
Nonetheless, it is shown on the basis of the ardlgxamples that they have no impact on the FPF

onset, even for large values|of

Basing on the obtained results from numerical datmns a conclusion can be drawn. If the stiffness
associated with the drilling moment is small, whathiresponds to small values of characteristic

lengthi_ < H or, all the more so, as used in the previous rebda the parametey, <1, the
omission of couple stresses in the failure critei®fully justified. However, if, reaches the value of

shell’s thickness (or larger), it is recommendedheck the stress safety margin in the zones of
extreme drilling moments, especially if the memleratresses are noticeable. At this stage of the
research, it remains an open question whether tufied failure criterion taking into account the
couple stresses should be used for larger valuelsashcteristic length. The study of this topic is
planned to be done in the near future. Additionadhpgressive failure analysis is planned to be

accounted for. Some preliminary results can bedanr74].
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