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Abstract In the modelling of fibre-reinforced composites, it is well established to consider the fibre direction
in the stored energy in order to account for the transverse isotropy of the overall material, induced by a single
family of fibres. However, this approach does not include any length scale and therefore lacks in the prediction
of size effects that may occur from the fibre diameter or spacing. By making use of a generalised continuum
model including non-symmetric stresses and couple-stresses, the gradient of the fibre direction vector can be
taken into account as an additional parameter of the stored energy density function. As a consequence, the
enhanced model considers the bending stiffness of the fibres and includes information on the material length
scale. Along with additional material parameters, increased continuity requirements on the basis functions
follow in the finite element analysis. The isogeometric finite element method provides a framework which
can fulfil these requirements of the corresponding weak formulation. In the present contribution, the method
is applied to two representative numerical examples. At first, the bending deformation of a cantilever beam
is studied in order to analyse the influence of the fibre properties. An increasingly stiff response is observed
as the fibre bending stiffness increases and as the fibre orientation aligns with the beam’s axis. Secondly, a
fibre-reinforced cylindrical tube under a pure azimuthal shear deformation is considered. The corresponding
simulation results are compared against a semi-analytical solution. It is shown that the isogeometric analysis
yields highly accurate results for the boundary value problem under consideration.

Keywords Isogeometric analysis - Fibre bending stiffness - Fibre curvature - Generalised continuum -
Gradient elasticity

1 Introduction

In a wide range of applications, materials are reinforced with fibres in order to improve their mechanical
behaviour, cf. [14,17,18,27]. Electrical and thermal properties of a material can also be manipulated by the
reinforcement with certain types of fibres, see [1,34].

When fibre-reinforced composites are modelled numerically, the fibres are, in most cases, characterised
by a direction vector only. This leads to a classic structural tensor approach under the assumption of perfectly
flexible fibres, cf. [5,19,20,29,30,36]. Although this concept yields accurate results for many applications, it
cannot account for size effects that follow from particular fibre properties such as their diameter or spacing.
On these grounds, a new approach has been presented in [31]. It drops the assumption of perfectly flexible
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fibres and instead allows the incorporation of the fibre bending stiffness into the material model. Amongst
others, this new material parameter is associated with the gradient of the fibre direction which introduces a
length scale to the model. As a special case, only the directional derivative in the fibre direction is considered
to account for fibre curvature effects.

The incorporation of the gradient of the fibre direction in the stored energy density function causes the
requirement of a generalised continuum theory. Several approaches to generalised continua have been examined
in the past. In [11,21] strain gradient elasticity has been studied. Micromorphic and micropolar concepts
have been addressed in [10,13,15]. In the present contribution, the couple-stress theory is employed. The
fundamental balance equations in this context have been derived in [22]. A partial differential equation of
fourth order with, in general, non-symmetric stresses and couple-stresses follows accordingly.

For the solution of the partial differential equation within a finite element framework, enhanced continuity
requirements regarding the underlying basis functions need to be considered, cf. [12,35]. A multi-field approach
using Lagrangian basis functions has been elaborated in [2—4]. In [23,24], a formulation based on special types
of elements, such as Hermite elements, is proposed to account for the higher continuity demand. In the present
contribution, the isogeometric analysis, presented in [6,16], is employed. Therein, non-uniform rational B-
Splines (NURBS) are used as basis functions. The fundamental theory of NURBS is provided in [26], and it has
been shown that these functions can fulfil the particular continuity requirements. The isogeometric approach has
been applied to gradient elasticity problems in [11,32], and fibre-reinforced solids have been modelled within
the isogeometric concept in [28]. In the present contribution, the model of fibre-reinforced composites with
fibre bending stiffness introduced in [31] will be analysed within an isogeometric finite element framework. A
major advantage of this approach is the possibility to discretise and solve the fourth-order partial differential
equation directly as opposed to the multi-field method where the problem is split into two partial differential
equations of second order. This leads to less degrees of freedom in the isogeometric approach which lowers
the computational effort.

We will start with the presentation of the kinematics as well as the balance equations for the generalised con-
tinuum approach in Sect. 2 and recapitulate the constitutive relations for fibre-reinforced composites including
fibre bending stiffness. In Sect. 3, a weak form of the governing equation is developed and the discretisation is
performed within a finite element framework. Section 4 provides details on the isogeometric analysis including
higher-order derivatives of the NURBS basis functions and the corresponding coordinate mappings. The main
focus lies on the fulfilment of the continuity requirements that follow from the fourth-order partial differential
equation and the weak form associated with it. The presented finite element method is applied to representative
numerical examples in Sect. 5. A beam subject to a bending deformation is studied, and a cylindrical tube
is analysed subject to a pure azimuthal shear deformation. The results from the isogeometric analysis are
evaluated with special regard to the influence of the fibre properties, and, particularly for the cylindrical tube,
they are compared against a semi-analytical solution that is provided in [7].

Notation Let T and S denote tensor-valued quantities of arbitrary order in the Cartesian basis system. The
single tensor contraction is introduced as

T-S=[Tjjueej.. Qe Qe [Sun.opem@e,...Q0e, eyl
=Tij ki Sin.opei®ej.. Qe Re,...Qe, ey (1)

following Einstein’s summation convention. Analogously, the double and triple contractions are defined as

T:S=[Tijmklei®€j.-.®ek®el] CSmn.opem ®en ... e, epl
=Tij. ;i Sk.opei®ej...Q0e, ey )

if T and S are of second or higher order and

T:'SZ[Tij..‘klmei®ej--.®ek®el®em]:‘[Snop...qren®eo®ep'--®eq ®e]
=Tij. kim Skim..qrei Q€j...Qe,; Ve, (3)

if T and S are of at least third order.
For first-order tensors a and b, the vector product is denoted under the use of the Levi-Civita tensor € so that

axb=abjejiex. 4)
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For a second-order tensor T', the product reads
T xb=Tbejre; Qey. 5
The standard dyadic product is defined as

T®S=[Tij...klei®ej~--®ek®el]®[smn...0pem®en--~®eo®ep]
=Tij. .kl Smn.opei®ej.. e, Qe Ve, Ve,...Q0e, e, (6)

and two non-standard dyadic products are introduced in the form of

T®S =[Tij e ®e; ---®ek®el]®[smn...opem Qen...eoQep]
=Tij.km Sin..opei ®€j.. Qe Ve Ve, Ve,...Qe, e, (7

and

T@S =[Tij,,,klei Qe ~--®ek®el]@[smn‘..opem ®en~--eo®ep]
=Tij. knSim.opei®ej.. Qex Qe e, Qe,...Q0e,ep. (8)

The application of the gradient operator to a tensor T of arbitrary order yields

ei®ej.. Qe Qe ey 9

and applying the divergence operator results in

0Tij. ki
X1

Vo T=V%T:I= e;®e;...Qe, (10)

where [ is the second-order identity tensor. The curl of a first-order tensor a is denoted as

ad
Vxxazeijkﬂei. (11D
ij

Different kinds of transpositions of tensors are defined depending on the order of the tensor. For a second-order
tensor 7', the transposition results in

T'=Tjiei®e;. (12)
For a fourth-order tensor S, two different types of transpositions are used as this work proceeds, namely
S'=Sjine®ejRex@e and ST =Syjei Qe Der ey (13)
Similarly, for a third-order tensor R,
thRjikei®ej®ek and RTszijei®ej®ek (14)

are employed.

2 Fibre-reinforced composites with fibre bending stiffness

This section presents the modelling approach for fibre-reinforced composites. It is assumed that the fibres are
convected with the matrix material and that they possess a bending stiffness. The governing equations have
been derived in [31] for the general case of finite strains as well as for a linearised setting, which will be
presented here.
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2.1 Small strain kinematics

For the purpose of including the fibre bending stiffness in the model, a generalised continuum approach is
considered. In the case of a small strain theory, it takes into account not only the first but also the second
gradient of the unknown displacement field u. In particular, the analysis requires the small strain tensor

1
e=3 [h+ k'] with h = Vyu (15)

as the symmetric part of the first gradient of the displacement field. For the linearised theory, all terms of order
O(e") with e <« 1 and n > 2 are neglected. Moreover, all derivatives of the displacement field are supposed
to be of order O(e). Considering these properties, the vector

B=a+Veu-a (16)

is introduced. It incorporates the fibre direction which is described by the vector a with ||a|| = /a -a = 1.
The gradient of the vector B can be obtained as

y=V%B=[V\Vul-a=k-a (17)

under the assumption that the fibres are initially straight and homogeneously distributed. It becomes evident
that this second-order tensor y describes the projection of the second gradient of the displacement field onto
the direction of the fibres and, as a consequence, includes the fibre curvature.

2.2 Balance equations

The consideration of second-order gradients of the displacement field in the modelling approach motivates the
employment of a generalised continuum theory, such as the couple-stress theory. The corresponding balance
equations have been derived in [22] and will be summarised in the following sections.

2.2.1 Balance of mass

For a body B C R3, as sketched in Fig. 1, the total mass is preserved assuming that B represents a closed
system. Consequently, the balance of mass in integral form reads

d
— dv=0 18
dt/pr (18)

with the mass density denoted as p. The application of Reynolds transport theorem leads to the local form
which can be denoted as

pP+pVe-v=0 19)

with the velocity vector v = & and with e representing the time derivative of e.
2.2.2 Balance of linear momentum

The balance of linear momentum takes the body forces b that act within the body B, as well as the tractions
t1 on its surface 983 into account. The sum of these force contributions equals the rate of change of linear
momentum, such that the integral form of the balance equation follows as

d
— pvdv:/ t1da+/pbdv. (20)
dr Ji 0B B
The boundary tractions can be rewritten in terms of Cauchy’s theorem, accordingly

t1=0'"n, 2D

where n represents the outward surface normal vector and o is the stress tensor. Applying the divergence
theorem to the integral form (20), the local form of the balance of linear momentum is obtained as

pv =V -a"'+pb. (22)
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gl

Fig. 1 Domain of a body 15 in the couple-stress theory

2.2.3 Balance of angular momentum

In analogy to the balance of linear momentum, the rate of change of angular momentum equals the sum of all
couples that act on B. This can be expressed by the integral form of the balance of angular momentum, such
that

d
—/p[rxv]dv:/ [rxt|+t2]da+/p[rxb+c]dv, (23)
dr Jp B B

where r = x — x; is the distance between the spatial position x and a reference position x;. Vector ¢ represents
the body couples. Similar to the surface tractions £, the couple-stress that act on the surface of the domain B
are introduced as

to=m'-n (24)

with the couple-stress tensor m. The application of the divergence theorem yields the local form of the balance
equation, i.e.

0=V, -m'+pct+e:o. (25)

A general outcome of the balance of angular momentum for generalised continua is that the skew-symmetric
stresses are nonzero and can be derived using (25). It follows that the skew-symmetric part of the stress tensor
can be expressed in terms of the divergence of the couple-stress tensor, accordingly

1
askW=§1x [V -m'+pc]. (26)

Inserting this relation into the local form of the balance of linear momentum (22) leads to a partial differential
equation of fourth order which can be denoted as

1
pi):Vx-asym—i—pb—i—EVxx[Vx~mt+pc]. (27)

This expression represents the governing equation for the couple-stress theory in the format that is also
employed in [22].
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2.2.4 Balance of energy

Finally, the balance of mechanical energy is considered. Contributions associated with the thermal energy are
neglected. With the internal energy U, the corresponding balance equation reads

d 1 1 1
— [ plzv-v+U dv:/ tp-v+=-tr- Ve XV da—i—/p b-v+-c-Vye xv|dv. (28)
dr Jg' |2 B 2 B 2

The local form is obtained by using the balance equations of momentum in the form of (22) and (25), so that
g sym 1 t
pU=0o% :va+§m:VxVxxv. (29)

It becomes evident that the skew-symmetric part of the stress tensor does not occur in the balance equation.
Similarly, as further elaborated in [22], the spherical part of the couple-stress tensor does not contribute to the
energy balance. As a consequence, this part remains indeterminate. As this work proceeds, the term couple-
stress tensor will refer to the deviatoric part

m=m— % tr(m) I (30)

of the tensor for the sake of simplicity, while the spherical part will be assumed to be zero.

2.3 Material model

In the theory of fibre-reinforced composites with fibre bending stiffness, the stored energy takes into account
not only the strain and the fibre direction vector, as in a classic structural tensor approach in transverse
isotropy. It additionally considers the tensor y, as defined in (17) for the linearised setting, that incorporates
the fibre curvature. A representation of the stored energy density function in terms of ny invariants /;, which
are dependent on {e, a, y}, is possible, i.e.

Wi (e a,y)). €1y

For this specific format of the stored energy density function, it follows from the derivations in [31] that the
symmetric part of the stress tensor takes the form

ng

AW al
sym — iy 32
e 2 a1, de (32)

n=1

Together with the skew-symmetric counterpart, as specified in (26), the total stress tensor follows as
o =oM%V, (33)
The couple-stress tensor can be derived from the stored energy density function in a similar manner. It can be

CXpl‘eSSGd as
—t W n ‘ n \
m — —€: . 34
3 Z] al, ﬂ ® —+ ® ﬂ ( )

Remark 1 Although the vector 8 does not occur explicitly in the parameter list of the stored energy density
function (31), it is included in the general expression (34) for the couple-stress tensor m. The related derivation
is presented in [31, (9.9)], in analogy to the finite strain version, and a linear form is proposed [31, (9.12)].
The latter will be used as this work proceeds, cf. Sect. 3.2.
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3 Finite element formulation

Within the finite element analysis, a discretised weak form of the fourth-order partial differential equation (27)
is developed. In the following sections, the discretised kinematic quantities as well as the tangent operators
are derived for the particular constitutive model and the resulting discretised weak form is presented.

3.1 Weak form

For the finite element formulation of the governing equation (27), a quasi-static case is assumed. Moreover, the
body forces as well as the body couples and the couples acting on the boundary are neglected, i.e. b=c=t, =0.
In order to obtain a weak form, the resulting equation is multiplied by a test function » and integrated over the
domain B. After applying the divergence theorem twice, the weak form results in

1
/3317 -ty da —/BVxn s dy — /B |:|:—§ei| : szn} cm'dv =0. (35)

The notation Vx2 e = V.V, e is employed for the second gradient.

3.2 Discretisation of the weak form

Within the concept of the finite element method, the weak form (35) is discretised by using basis functions
R*. The discretisation of the test function and of the kinematic quantities for an element e yields

Nen

ne — Z "eARA’ (36)
Nen

R =" ut @ Ve R%, (37)
A=1
Nen

K¢ = Z ut ® V2RA, (38)
A=1

wherein ng, is the number of basis functions that have support on the particular element.
Inserting the first relation into (35) and taking into account an assembly over the elements related to the
domain B by the assembly operator A, the discretised weak form of the governing equation results in

1
/ Vv, R4 . gymdv—i—/ |:§e~VxZRA:|:m‘dv—/ R4t da=0 (39)
, ’ 2B

with the internal and external force vectors

e l’len

elAl

e nen

1
fint = / Ve RA - o™ dv -1-/ [56 . szRAi| :m'dv (40)

elAl

and

5 nen

foxt = / R4t da. (41)
Be

elAl

Therein, the total number of elements is denoted as ngj.

Based on the material model described in Sect. 2.3, the tangent operators for the finite element analysis can
be derived. Recapitulating the assumption on higher-order terms made in Sect. 2.1, a linear relation between
the tensors oY™ and e as well as m and k can be obtained. This results from the derivations in [31, (9.9),
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(9.12)] where, in particular, the higher-order terms that follow from the dyadic products in (34) are neglected.
The tangent operators are accordingly
d osym d nt
Ei=—— E=-—o.
de dk
With these formulations at hand, the symmetric part of the stress tensor as well as the couple-stress tensor can
be expressed as

(42)

oYM =E;:e, m=E;: -k, (43)

which reflects the assumption of linear constitutive relations.

Considering that, for the small strain setting, the internal force vector is a linear function of the displacement
field, these relations can be used directly in the discretised weak form (39) together with the expressions (37)
and (38), specifically

Nel nep Nep

1
A> Y [/ VeRA-E; - ViRE dv +/ [Ee : VfRA} L Ey : V2RB dv] wB = f . (44
Be e

e=l g4—1 =1

It becomes evident that in the discretised equations, second-order derivatives of the basis functions are present.
This leads to enhanced continuity requirements in the sense that global C%-continuity, as provided by classic
Lagrangian basis functions, is not sufficient. These requirements are met by the isogeometric analysis. More
details on this topic are provided in Sect. 4.

4 Isogeometric analysis

Due to the particular continuity requirements that follow from the incorporation of the fibre bending stiffness
into the continuum model, the isogeometric method is employed for the finite element analysis. The funda-
mentals of this approach are described in detail in [6]. In [26], the topic of non-uniform rational B-Splines
(NURBS), which serve as the basis functions in the isogeometric analysis, is addressed. In the following
sections, the fundamentals of the isogeometric method are summarised with a special focus on higher-order
derivatives of NURBS as well as their continuity properties.

4.1 Knot vectors and NURBS basis functions

B-Splines are defined on a parametric space which is spanned by knot vectors such as

E={==&+1,8m2, . 6nénr1 = = Engpra ) (45)

This format refers to a so-called open knot vector, since the first and last knots appear p + 1 times, where
p represents the polynomial degree of the corresponding basis functions. In the two-dimensional case, one
knot vector is required for each of the two parametric directions & and 7. B-Splines are calculated from the
knot vectors in a recursive manner depending on their polynomial degree. For p = 1, the expression for the
one-dimensional B-Spline functions reads

1 for& <& <&,
N(@E) = 46
i ®) {0 otherwise. (46)
For all higher degrees, B-Splines are constructed recursively following
NP (&) = i]\/ip—l(g) + MN;:II@)' 47)
§ivp — & ivpr1 — i1

Although B-Splines could be used as basis functions in a finite element analysis, the use of their rational form
provides some advantages. In particular, circular structures, like in the example which will be addressed in
Sect. 5.3, can be precisely modelled with NURBS as opposed to B-Splines. The difference between the two
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formulations is the consideration of weights wj ;, so that the two-dimensional NURBS basis functions are
expressed as

NP @M pw _ RMGE

RP1(e, n) = - ’
i,j &.m Z?:l Z?:l N;[)(%‘)M;Z(n)w;,; W&, n)

(48)

The numbers n and m denote the number of B-Spline basis functions in the respective parametric directions &
and n with the polynomial degrees p and g.

4.2 Derivatives of NURBS

For the analysis of fibre-reinforced composites with fibre bending stiffness, one main focus lies on the higher-
order derivatives of the basis functions. In [26], the derivatives of NURBS with respect to the parametric
coordinates £ and n are derived as

K L
|~ K _ L _
(K.L) _ K.L) _ w k.0 p(K=k.L) w©.D pR.L=)
Rl J w |:Ri,j Z (k) Ri,j Z (l) Ri»j

k=1 =1
K L
K L (k,1) p(K—k,L—1)
—Z(k)Z<I)W R - (49)
k=1 =1

This general formulation yields the Kth (Lth) derivative with respect to £ (17) and includes the derivatives

~ d¥
RED = w; s —M"<n) (50)

and

WD = 35w G G v

i=1 j=1

The derivatives of the one-dimensional B-Spline functions follow from

dk I .
NP = Zak NPTE(E) (52)
ki AT Jitj
3 [p — k11—
with the coefficients
ap,o0 =1,
G = ak—1,0
U Eippk1 — &
apj = XLd AL oy k- 1,
ét+p+] k+1 _SlJr]
—Ag—1,k—1
agp=—— (53)

Eitpr1 —&itk

specified from the knot vector. The derivatives of the B-Spline basis functions corresponding to the second
parametric direction 1 are obtained analogously.
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4.3 Coordinate mappings

In the discretised form of the governing equation (39), the integrals are solved numerically by means of Gaussian
quadrature. Consequently, a mapping between the master element, on which the integration is performed, and
the physical domain is necessary. In the isogeometric analysis, actually two different mappings are required
for this purpose, cf. Fig. 2. In [6], both mappings are discussed in detail.

At first, the master element is connected to the parametric space, on which the NURBS basis functions are
defined. For an element 2, = [&;, &+1] ® [n, nj+1], the corresponding Jacobian matrix is obtained by

J — b — |:§ i+1 — Si :| (54)
"“lo g—; 0 3 [0 = ;]

in the two-dimensional case.

Secondly, a relation between the parametric and the physical space is established. To this end, a so-called
control polygon, as sketched in Fig. 7, is considered. Matrix B contains the respective control points. As
there are n., = n-m control points, this matrix takes the dimension [n¢, X ngm| with ngy, = 2 for the two-
dimensional case. Analogously, the NURBS basis functions will be stored in a vector R of dimension np.
With these quantities at hand, the mapping between the vectors x = [x y]'and § = [§ 7]' can be written as

7, = ax B oR (55)
2T U e
The final form of the Jacobian determinant includes both contributions, accordingly
det(J) = det(J 1) det(J2). (56)

With the relations (54) and (55), the derivatives of the NURBS basis functions, which have been determined
in (49), can be mapped to the physical domain. Applying the chain rule, the first- and second-order derivatives
with respect to the physical coordinates follow as

OR _OR 3%
ox 98 ox o7
and
2°R R 9% 2t Ta2RT g
dxox  9E axix Hﬁ} ' [agag} Cox | (58)

The expression for the third-order derivatives is obtained analogously and is denoted in “Appendix A”. The
third-order derivatives are not directly necessary for the analysis but only employed for the calculation of the
skew-symmetric stresses for postprocessing purposes. In “Appendix A”, all derivatives that are used in (57)
and (58) are specified as well.

Fig. 2 Coordinate mapping
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4.4 Continuity of NURBS basis functions

From the discretised equation (39), it has been shown that second-order derivatives of the basis functions are
required within the finite element framework. Consequently, C’-continuity is not sufficient from a mathematical
point of view. Using NURBS as basis functions ensures C°°-continuity within elements and across element
boundaries. This motivates the use of the isogeometric finite element method for boundary value problems
including higher gradient contributions. However, the continuity is decreased at the location of double knots
as well as repeated control points. By additional procedures which will be presented in the following sections,
C!-continuity is obtained at these locations. Global C'-continuity is sufficient for the approximation of the
discretised form of the governing equation.

4.5 Mesh modification strategies

In isogeometric finite element approaches, the mesh and the corresponding basis functions are determined
by the knot vectors. In particular, the number of nonzero knot spans specifies the number of elements in the
mesh, whereas the multiplicity of reoccurring knots affects the continuity of the basis functions at these specific
locations. Consequently, the knot vectors need to be adjusted in order to obtain the desired mesh characteristics.
The corresponding procedures are derived in [26] and will be summarised in the following sections.

4.5.1 Knot insertion

Focussing on mesh refinement strategies at first, a similar procedure to those in classic finite element approaches
can be found in the so-called knot insertion. Subsequently, new knots & € [£, &) are inserted into the knot
vector & leading to an increasing number of elements and possibly to more accurate analysis results.

When a knot vector is expanded due to knot insertion, the control polygon has to be adjusted. Let

[B;]; = [xi, yil (59

be the ith control point of the jth curve as defined in “Appendix B”. For the calculation of the new control
points and weights of this NURBS curve, the two-dimensional weighted control points

BY = [wix;, wiyi,wil', i=1,....n (60)

are introduced. On the basis of this definition, the new set of control points and weights is calculated according
to

B =«iBP +[1—o]B |, 61)
where
1 forl <i <k-—p,
o =gt fork—p+1<isk (62)
0 fork+1<i<n+p+2.

For a two-dimensional NURBS surface, the algorithm is applied to each of the m NURBS curves. The same
procedure is followed when inserting a knot into the knot vector for the second parametric direction 7.

4.5.2 Knot removal

The issue of a decreased basis function continuity at the locations of repeated knots is addressed by the
procedure of knot removal. The general property of NURBS states that they show C°°-continuity everywhere,
including inter-element locations. However, an exception is observed at points where a knot occurs multiple
times in the knot vector. At these points, the continuity is decreased to C?~* with k being the multiplicity of
the knot.

The aim of knot removal in this contribution is the increase in continuity at repeated knot locations in a way
that at least C !-continuity is ensured. In this way, the continuity requirements for the analysis of fibre-reinforced
composites with fibre bending stiffness, discussed in Sect. 4.4, are fulfilled.
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For the process of removing knots from the knot vector of a NURBS curve, the procedure of knot insertion
from the previous section is reversed. If a knot £ = &, # &,41 of initial multiplicity s is removed ¢ times, the
new control points in the ¢th removal step can be found as

— 1 .
B}f’,:;[B;'jt_l—(l—a,-)B;”_L,] for r—p—t+1<i<i2r—p-s—1]

1

and BY, = [BY —aiBY,| for J2r—p—strtllsjsr—sti—1 (63

1 — Olj
with the constant coefficients

£E-& o E—&jy

_ D ai = . (64)
Sitptt — i ! Ejrprl = &j—rt1

i

Due to the local support of NURBS, the remaining control points are not affected by the removal process and
do, as a consequence, not change.

Remark 2 Tt is, in general, not known a priori if a knot is removable from the knot vector without changing the
geometry. In every step of the knot removal process, this has to be examined individually. Detailed information
on this method is provided in [26, Sect. 5.4].

4.6 Linear constraints

In order to obtain a C!-connection at repeated control points, the approach described in [11] is employed.
Control points are especially repeated when a closed geometry such as a circle is modelled using NURBS. In
this case, the first and the last control points of each curve are equal, i.e.

[BY1; = [By1; V. (65)

This yields a C°-continuous connection between the starting and end point of the NURBS curve. Equally as
in the knot refinement and removal procedures, the condition generally applies to the weighted control points
B? of each curve specified in (60).

In order to achieve C! -continuity, a second condition must be fulfilled, namely
BY — BY =k[BY — BY_,]. (66)

Therein, the constant factor k is determined by the corresponding knot vector. For the example presented in
Sect. 5.3, the knot vector as well as the control points follow a symmetric pattern so that k = 1 is found. This
is similar to the derivation in [6] for the special case of Bézier curves. Moreover, the weights that correspond
to the control points employed in (66) are all equal to 1 so that, instead of the weighted control points, the
condition can be applied directly to the respective points B; of the control polygon.

Since C 1—continuity implies that the connection is also C O_continuous, (65) can be inserted into (66).
Consequently, the control point B can be expressed in terms of the neighbouring points according to

1
B, = 3 [B>+ Bn_i] (67)

in order to ensure C'-continuity at the location of this repeated control point.

Within the isogeometric finite element framework, the relation (67) is implemented as a linear constraint
following the procedure described in [33]. In particular, the constraints are applied to the displacement values
at the respective control points and are also accounted for in their initial positions.
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4.7 Inhomogeneous Dirichlet boundary conditions

Unlike Lagrange polynomials, NURBS basis functions are not necessarily interpolatory at the entire boundary
of the domain. Accordingly, a specific technique is required to accurately impose inhomogeneous boundary
conditions. In [9], two possibilities to prescribe inhomogeneous Dirichlet boundary conditions have been
introduced. The procedures are based on the relation between the control points and respective points of the
physical mesh. For one mesh point x, the relation can be denoted as

x(&.n=R(E.n)-B. (68)

Considering the n control points B on the outer boundary of the domain only and choosing a number of ngp
interpolating points X on the outer mesh surface, the expression is expanded to

o~ o~

=R B (69)
with the matrices
1 pl
X1 oy 1 B B
Y Rl ... R x 7y
R X2 ¥ - ~ B} B
x=| . . |, R= o and B:=B)n=| _ 1. (70)
R! ... R" s
Xngp Yngp fsp Msp B} B;}

Since the isogeometric analysis comprises the isoparametric concept, the same structure holds for the displace-
ments u that are associated with either the control points or the mesh points, i.e.

gy = R -Tiep. (71)

For the direct solution of the equation system in (71), matrix R must be quadratic and invertible. To this end,
the number of interpolating points on the mesh must be chosen to be equal to the number of control points,
and an adequate distribution of the mesh points has to be ensured, cf. [9].

The calculated displacement values z.;, are then imposed to the respective control points as inhomogeneous
Dirichlet boundary conditions and will lead to the desired displacements %, of the actual boundary points of
the body.

5 Representative numerical examples

In the following section, two numerical examples are presented. In both cases, the model for fibre-reinforced
composites that has been elaborated in this contribution is employed. At first, the bending deformation of a
fibre-reinforced beam is analysed in order to examine the influence of the fibre bending stiffness and of the
fibre orientation on the mechanical behaviour of a representative body under load. In a second step, focus is on
the azimuthal shear deformation of a cylindrical tube for which a semi-analytical solution can be derived. A
comparison between the latter and the numerical results obtained from the isogeometric finite element method
is made in order to validate the proposed isogeometric finite element formulation.

5.1 Specific form of the energy function
As proposed in [3], an additive decomposition of the stored energy density function according to

W = Wi 4 w* 4 w* (72)

is considered. For the isotropic part, resembling the matrix material, a quadratic form in the small strain tensor
is assumed, specifically speaking

. 1
Wise — 5 F4uh (73)
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with the invariants
I, =tr(e), I = tr(e?). (74)

The second part W describes the transversely isotropic behaviour of the material reinforced by a single family
of fibres. However, this part is assumed to be constant because the focus lies on the examination of the fibre
curvature and fibre bending stiffness. These properties are considered in the last part of the above given stored
energy density function. Specifically, this part is determined as

W* =cls (75)
with the fibre bending stiffness parameter ¢, and with the invariant

Is=[y-a] [y-a] (76)

that includes the fibre curvature as the projection of the second gradient of the fibre vector onto the fibre
direction.

From this particular form of the stored energy density function, the symmetric part of the stress tensor as
well as the couple-stress tensor can be obtained by using the linear constitutive relations (43) together with
the specific tangents

E=2Q@I+up[IRI+1QI] (77)
and
8 _
E2=—§c[e-a]®[a®a]®a. (78)
The resulting expressions are
oM = tr(e) I +2 e (79)
and
. 8
m =gce:[a@)[Vxqu]:[a@a]]@a. (80)

In the present examples, the Lamé constants are specified to 4 = 1.037 x 10° Nmm ™2 and pu = 4.444 x
10*Nmm~2.

In comparison with the model proposed in [7] with reference to the particular example of a cylindrical tube
with radially aligned fibres, the constant factor in (80) correlates with the therein defined material parameter
dy,ie.

8

dr=—-c. 81
r=3 81)
In further accordance with [7], the non-dimensional quantity
. dy

= (82)
2R [Ra — Ri]

is defined. It becomes evident that a length scale is introduced since the inner and outer radii R; and R, of the

cylinder occur in the definition of this material parameter which is connected with the curvature of the fibres.

In Sects. 5.2.3 and 5.3.3, the influence of the respective fibre bending stiffness parameter ¢ or A* on the stress

and couple-stress components is examined for the numerical examples.

5.2 Bending of a fibre-reinforced beam

A two-dimensional beam, as shown in Fig. 4, is bended under the action of a force at its free end. The beam is
reinforced by a single family of fibres under the assumption that the fibres are embedded in the matrix material
and that they resist bending. Overall, a linearised setting and a plane strain state are assumed. The purpose of
this example is the investigation of the fibre properties. Specifically speaking, the influence of the fibre bending
stiffness and of the orientation of the fibre direction vector is examined.
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Fig. 3 Control polygon with p = 4 and n¢p = 25

Fig. 4 Boundary conditions and refined mesh with n., = 1456 and ne] = 1000

5.2.1 Geometric description

A rectangular beam with a height of 10 mm and a length of 100 mm is considered, so that the ratio of its
dimensions is 1/10. For the isogeometric model of the beam, the polynomial degree of the underlying NURBS

basis functions is chosen to be p = g = 4. The corresponding knot vectors & = {&,..., &1 p41} and
H ={n1,..., Mmrq+1} are the same for both parametric directions and given by
E=H=1{0,0,0,0,0,1,1,1,1, 1}. (83)

Since only two distinct knot values are considered, the coarsest mesh for the beam simply consists of one finite
element. The corresponding control points and weights are provided in “Appendix B”, and Fig. 3 represents
the respective control polygon. For the simulation, a refined mesh with additional control points is used. It is
shown in Fig. 4. The refinement is performed by means of knot insertion as described in detail in Sect. 4.5.1.

5.2.2 Boundary conditions

As shown in Fig. 4, the beam under consideration is fixed on its left end. To be more precise, the displacement
in both coordinate directions as well as the couple-stress on this surface are assumed to be zero. On the opposite
side, the beam is loaded by a traction ||| = 30 N mm~2 which is uniformly distributed over the right surface
and accounted for in the analysis by means of Neumann boundary conditions.

5.2.3 Numerical results

The aim of applying the isogeometric analysis to the fibre-reinforced beam including fibre bending stiffness is
to elaborate the influence of the particular properties of the fibres. In a first step, the fibres are assumed to be
aligned with the beam’s axis, i.e. the fibre angle is @ = 0. For this setting, the fibre bending stiffness is varied.
In a second step, a constant value of the fibre bending stiffness parameter is chosen, while different values for
the fibre angle are examined.

Influence of the fibre bending stiffness The fibre bending stiffness is represented by the parameter ¢ in the
part of the energy function (75) that is related with the curvature of the fibres. For the limiting case ¢ = 0, the
underlying model coincides with the case of perfectly flexible fibres. In Fig. 5, the vertical displacement u 5 of
the tip of the beam, represented by the point P in Fig. 4, is depicted with a logarithmic scale for the parameter
c. It is observed that the displacement takes its maximum value for a vanishing fibre bending stiffness. By
a variation of ¢ in the range of ¢ € [O, 107 N], an S-shaped curve is obtained. With an increasing bending
stiffness of the fibres, the bending of the beam decreases monotonously. Moreover, it is observed that the slope
of the curve decreases for high values of ¢ and a that second limiting value is approached.
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Fig. 6 Tip displacement in dependence on the fibre angle «

Influence of the fibre orientation Complementing the previous example, different fibre orientations are analysed
in the following, while the fibre bending stiffness parameter is ¢ = 10° N. In particular, the fibre angle
o = arccos(a - ey), i.e. the angle between the fibre vector a and the horizontal direction, takes values between
o = 0 and @ = 7 /2. A monotonous increase in the vertical tip displacement can be observed when the fibre
angle is increased, cf. Fig. 6. Similar to the results with varying fibre bending stiffness, an S-shaped curve
is obtained. The minimum resistance against bending is found for « = /2 so that the fibres lie vertically
in the beam, i.e. in the direction of the applied force. On the other hand, when the fibres are aligned with
the beam’s axis, the impact of the fibre bending stiffness is most noticeable. In particular, a reduction of the
vertical displacement at point P of about 18 % as compared to a beam that is reinforced with fibres in vertical
direction is observed.

5.3 Fibre-reinforced cylindrical tube under pure azimuthal shear

As amore advanced example, a cylindrical tube subject to a pure azimuthal shear deformation is analysed under
the assumptions of plane strain and a linearised setting. In [7], the boundary value problem has been presented
in detail and a semi-analytical as well as a numerical solution has been provided for different properties of the
fibre-reinforced material. We will focus here on composites in which the fibres are convected with the matrix
material and aligned in the radial direction. For this case, it has been found in [7] that azimuthal shear strain
and radial stretching become uncoupled. This observation holds regardless of the assumptions made on the
extensibility of the fibres and the compressibility of the matrix.
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Fig. 7 Control polygon with p = 4 and n¢, = 85

In this contribution, the problem of pure azimuthal shear on a cylindrical tube is addressed in terms of the
isogeometric analysis and by applying the material model specified in Sect. 5.1. In the following, the geometry
model for the cylinder is described and the boundary conditions for the finite element analysis are outlined.
The numerical results are compared to the semi-analytical solution provided in [7] in order to evaluate the
accuracy of the isogeometric finite element approach. Additionally, a convergence study has been performed
and is provided in “Appendix C”.

5.3.1 Geometric description

In contrast to the representation with non-rational B-Splines, a circle can be exactly described by using NURBS.
The main idea is to select a set of control points and to calculate the corresponding weights by ensuring that
the requirement

x?+y* = R? (84)

is fulfilled for every point (x, y) of the circle with radius R. A full circle can be constructed from a quarter
or half circle representation by connecting either four quarter or two half circle curves by means of multiply
occurrring knots, see [25].

For a polynomial degree of p = 4, the knot vector for a complete circle follows as

111111113333
E=1{0,0,0,0,0,~, —, ~ — =~ =, = =, >, >, >, > 1,1,1,1,1). (85)

For the two-dimensional isogeometric analysis, the knot vector for the second parametric direction is added
accordingly

H=1{0,0,0,0,0,1,1,1,1, 1}, (86)

so that the control polygon in Fig. 7 is obtained. The corresponding control points and weights are listed in
“Appendix B”.

The physical mesh results from the application of the NURBS basis functions to the control points and is
shown in Fig. 8. In this case, the strategies for mesh refinement and increase in continuity have been applied as
described in detail in Sect. 4.5. In order to obtain accurate results near the inner and outer radii of the cylinder,
a small mesh size has been chosen for these areas.
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Fig. 8 Boundary conditions and refined mesh with n., = 8004 and ne] = 6912

5.3.2 Boundary conditions

For the solution of the fourth-order partial differential equation (27), two different sets of boundary conditions
are presented in [7]. They are associated with a pure azimuthal shear deformation of the cylindrical tube. In
both cases, the inner radius of the cylinder is kept fixed, while the points on the outer radius are subjected
to a circumferential displacement resulting in a shear deformation. Besides these Dirichlet conditions, the
couple-stress is forced to vanish on the outer boundary. On the inner boundary, either the same assumption is
employed or the fibre slope is set to zero. For the results that will be presented in the following section, the
first option is considered, so that the complete set of boundary conditions can be summarised as

uy(r=~R;) =0 (87)
up(r = Ry) =1y (88)
my(r = R;j) =0 (39)
my,(r =Ry;) =0 (90)

using cylindrical coordinates. The latter two conditions are in accordance with the assumption of a vanishing
surface couple-stress from Sect. 3.1.

5.3.3 Numerical results

The isogeometric analysis of the fibre-reinforced cylindrical tube under pure azimuthal shear has been per-
formed on the geometry shown in Fig. 8. The tube with outer radius R, = 2.5 mmand innerradius R; = 1.0 mm
is discretised by ne; = 6912 finite elements. The prescribed azimuthal displacement is #, = 0.025 mm. The
simulation is performed for different values of the non-dimensional parameter A* introduced in (82), namely
A* €{0.0,0.005,0.03,0.1, 7}. A semi-analytical solution to the boundary value problem has been obtained
by means of a power series method in [7].

Dimensionless quantities In order to compare the results of the isogeometric analysis with the semi-analytical
results published in [7], dimensionless quantities are employed. The conversion factors that will be used in the
following have also been specified in [4]. Using the ratio

¢ = Ra 1)
=%
the dimensionless stress contributions follow as
R ¢%2—1 1 ¢2-1
— g—a and m*:_—g—m. (92)

Upp ¢ upp ¢
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Fig. 9 Deformation of a radial fibre
Table 1 Fibre slope at the inner boundary r = R;
A* 0.0 0.005 0.03 0.1 b4
[”?Z];naL:R, 0.952 0.887 0.825 0.771 0.674
[u;]l’wmlr:Ri 0.954 0.886 0.823 0.768 0.674
% deviation 0.21 0.11 0.24 0.39 0.04

From the dimensionless expressions for the radius and azimuthal displacement

r* = —, l/l* = u_(p (93)

the respective form of the fibre slope [u,] can be derived, so that

= % = ﬁaﬂ (94)
or* uy or
Fibre deformation and slope By applying an azimuthal displacement on the outer radius of the cylinder while
keeping the inner boundary fixed, a deformation of the fibres, which are convected with the matrix material, is
observable. Figure 9 shows the deformation pattern of a radial fibre that was initially aligned with the horizontal
direction. It becomes evident that an increase in the parameter 1*, which is associated with the fibre bending
stiffness, leads to less bending of the fibres. In fact, for large values such as A* = i, the fibres almost remain
straight.
In Table 1, the fibre slope at the inner boundary, i.e. » = R; = 1.0 mm, is examined. The values corre-
sponding to the semi-analytical solution are taken from [7] for comparison. It is found that the deviation is
smaller than 0.4% for all considered values of A*.

Stress and couple-stress components For the two-dimensional boundary value problem of pure azimuthal
shear, the relevant stress and couple-stress components are oy, 0y and m, . In addition to the components of
the total stress tensor, the values for its symmetric part, namely o,s(%m = G{Bm, are analysed in this section and
shown in Fig. 10 together with the couple-stress. Comparing the results of the isogeometric analysis against
the semi-analytical values, taken from [7] and presented in Fig. 11, no significant difference can be observed.
Accordingly, a high accuracy of the isogeometric approach can be deduced for the particular boundary value
problem studied.

A more detailed view on the couple-stress component m, is given in Fig. 12. For A* = 0, the couple-stress
remains zero, because the higher-order terms are not activated. For all other values of A*, the couple-stress
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radius r

Fig. 10 Distribution of the dimensionless stress component [a,s(%m]* and couple-stress component [17,;]*
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Fig. 11 Distribution of the dimensionless stress component 7 .g, corresponding to [a,.sém]*, and couple-stress component 771, ;,
corresponding to [m,;]*. First published in Journal of Mechanics of Materials and Structures in Vol. 6 (2011), No. 1-4, published
by Mathematical Sciences Publishers [7]

increases with increasing values of the non-dimensional material parameter. Due to the particular boundary
conditions discussed in Sect. 5.3.2, the couple-stress m,, vanishes at the boundaries of the tube.

The total stress tensor includes not only the symmetric but also a skew-symmetric part. Figure 13 shows
how the resulting stress components o, and oy, are distributed over the radius of the cylinder. In Fig. 14, the
results from [7] are employed. When regarding the results from the numerical as well as the semi-analytical
calculation, a similar profile along the radius can be observed. Both figures show that the stress component
oy 18 quite similar for all fibre bending stiffness values. For oy, on the contrary, a monotonous decrease is
obtained for perfectly flexible fibres and very small values of 1*, whereas for higher values, a parabolic shape
is observable near the inner boundary.
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Fig. 13 Distribution of the dimensionless stress components [0;,]* and [0y ]*

In further comparison of Figs. 13 and 14, slightly different values occur especially at the inner radius of the
cylinder. Since the deviation is smaller than 5%, this might be caused by numerical errors. It is further noted
in [8] that one term is missing in the expression of the skew-symmetric stresses in [7]. However, the results

presented therein are considered to be very accurate.
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15 2. 25
Fig. 14 Distribution of the dimensionless stress components 7,9 and Zg,, corresponding to [0+4]* and [0y, ]*. First published in
Journal of Mechanics of Materials and Structures in Vol. 6 (2011), No. 1-4, published by Mathematical Sciences Publishers [7]

6 Concluding remarks

The present contribution focusses on the simulation of fibre-reinforced composites where the fibres exhibit a
certain bending stiffness. The material model has been developed in accordance with the derivations presented
in [31]. For a small strain setting, the stress and couple-stress tensor have been specified and the balance
equations for a couple-stress theory have been derived. An isogeometric finite element framework has been
developed for solving the resulting partial differential equation of fourth order because the particular continuity
requirements can be fulfilled by the use of NURBS as basis functions.

With the isogeometric framework, two numerical examples have been examined. In the first example, a
fibre-reinforced beam subject to a bending deformation has been simulated in order to study the influence of
the fibre properties. It has been confirmed that an increasing fibre bending stiffness parameter leads to a stiffer
response. In addition, the influence of the fibre orientation has been studied in detail. The minimum bending
has been obtained for the fibres being aligned with the beam’s axis.

In the second example, a cylindrical tube under pure azimuthal shear has been analysed. Due to the
assumption of radially aligned fibres, the equations for the displacement in radial and azimuthal direction
become uncoupled. Under appropriate boundary conditions, the model has been simulated by the isogeometric
finite element approach. In order to evaluate the respective simulation results, they have been compared against
the semi-analytical solution provided in [7]. It has been found that the isogeometric analysis yields highly
accurate results in the modelling of fibre-reinforced composites including fibre bending stiffness. In particular
for the symmetric stress components as well as for the couple-stress components, no significant difference to
the semi-analytical results is observable when plotted over the radius of the cylindrical tube.

Moreover, it has been shown that the continuity properties of the basis functions have a significant impact
on the simulation. By the knot removal procedure as well as the imposition of linear constraints for repeated
control points, the continuity requirements for the analysis of materials including higher gradient contributions
can be fulfilled globally within the isogeometric analysis.

In future research, the developed isogeometric finite element framework including higher gradients of the
displacement field shall be extended to finite deformations by employing the respective constitutive relations
specified in [31]. In addition, more complex boundary value problems, particularly in the three-dimensional
space, shall also be studied.
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Appendix A: Derivatives

In addition to the expressions derived in Sect. 4.3, the remaining derivatives up to third order are presented in
the following.
The third derivative of one NURBS basis function R with respect to the physical coordinates reads

PR _oR 0% Tog] R 0% [Tog] PR 0% '
dxdxdx 0 Oxdxox ox 080& Oxox ox 080& Oxox

€7 %R 9% ! 97" 9*R  [of _ o¢
= T +l—=| = —=]. (95)
ox 0£0& OJxox ox 0£0E0E | 0x — Ox
Therein, the relations between x and & are required. The mapping 9& /dx can be obtained by the inversion of
the Jacobian matrix J, specified in (55). The remaining relations are

92 3 [d 3 ., aJy' aJ
£ _ 0 [0 = 2yyt=202 02 (96)
0xdx ox | ox 0x dJ, ox
with
8! e et
_ 97
T ;'8 97)
and
aJ,  x
oJ2 _ ) 8
ox  DEOE T 8)
as well as
%k 9 Teg 02yt agy' 0% +a212‘1_ A& _ 0k ©9)
dxdxdx  dxdx |dx | oxdx  0E  dxdx  0EIE " [dx  ox
with
9 —1 P —1 P —1 2
Jo _ 05 B3, 9 (100)
0& aJ, 0§ 0Jo 080§
and
2" agy 9ta, aJy' @x on)
00k  0J, 0E0E  0J, 0EDENE
The derivatives
9%x %R
—— =B'.—— 102
TR TTT: (102
and
a3 >R
a t (103)

0E0E0E D Dgogoe

are obtained in analogy to (55).
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Appendix B: Control points and weights

As stated in Sect. 4.3, the control points used to construct a control polygon are stored in the list

. i=1,...,n (104)

The geometry model for the beam contains n = m = 5 control points in each direction so that the total number
of control points is ncp = n-m = 25. The respective coordinates are

-0 0-
25 0
50 0
75 0
100 0
0.0 2.5
25 2.5
50 2.5
75 2.5
100 2.5
0 5
25 5
B=|50 5 (105)
75 5
100 5
0 7.5
25 75
50 7.5
75 7.5
100 7.5
0 10
25 10
50 10
75 10
| 100 10 _

and all weights are equal to 1.

For the cylindrical tube, the total number of control points is n¢, = n-m = 85 since the control polygon
consists of m = 5 curves containing n = 17 control points each. The specific control points [B;]; in the jth
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curve are given by

©1.0000 0.0
1.0000 —0.3536
0.8232 —0.8232
0.3536 —1.0000

0.0 —1.0000

—0.3536 —1.0000
—0.8232 —0.8232
—1.0000 —0.3536

[Blj=c; | -1.0000 0.0 |, j=1,....m (106)
—1.0000 0.3536
—0.8232 0.8232
—0.3536 1.0000

0.0  1.0000
0.3536  1.0000
0.8232 0.8232
1.0000  0.3536

| 1.0000 0.0

with ¢; € {1,1.375,1.75, 2.125, 2.5}. The corresponding weights are

1.00007
1.0000
0.9428
1.0000
1.0000
1.0000
0.9428
1.0000

[w]; =|1.0000|, j=1,...,m (107)
1.0000
0.9428
1.0000
1.0000
1.0000
0.9428
1.0000

| 1.0000_

and are the same for every curve.

Appendix C: Convergence studies

The results for the cylindrical tube, presented in Sect. 5.3.3, have been obtained with a discretisation based on
ne] = 6912 elements. The corresponding physical mesh is shown in Fig. 8. In order to investigate the conver-
gence behaviour of the isogeometric finite element method with regard to the particular boundary value problem
under consideration, two additional discretisations have been taken into account. In Fig. 15, the mesh consists
of ng) = 1856 elements with an element size that is approximately twice as large in both parametric directions
compared to the previous mesh. In Fig. 16, an even coarser mesh with ne; = 272 elements is considered.

Similar to the results from Figs. 10 and 13, the respective stress and couple-stress components are shown in
Figs. 17 and 18 for the discretisation containing ne] = 1856 elements and in Figs. 19 and 20 for the mesh with
nel = 272 elements. For a direct comparison, the results for the dimensionless stress component [o,,,]* are
exemplary provided in Fig. 21 for all three meshes in one plot. The dimensionless material parameter which
is related to the length scale is chosen to be A* = 0.1 in this case. By comparing the different graphs, it can
be observed that the solution converges for a sufficiently fine discretisation. From Fig. 21, it is concluded that
the graphs for the two finer meshes almost coincide, while the results for the mesh with neg; = 272 elements
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Fig. 16 Refined mesh with ncp = 572 and n) = 272
differ slightly in the boundary regions of the circular domain. For this discretisation, a non-smooth behaviour
can be noted especially at the inner radius, which vanishes as the mesh size decreases. In the inner region of

the cylindrical tube, the analysis yields an accurate solution already for a coarse mesh.
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Fig. 18 Distribution of the dimensionless stress components [0,]* and [0y 1", ne; = 1856
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Fig. 19 Distribution of the dimensionless stress component [a,.sém]* and couple-stress component [m,,]*, ne| = 272

Fig. 20 Distribution of the dimensionless stress components [0}, ]* and [0y, ]*, ne; = 272

radius r
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Fig. 21 Distribution of the dimensionless stress component o, ]* for different mesh sizes and for A* = 0.1
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