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Abstract

This contribution proposes a multiscale scheme for structural elements considering beam kinematics. The scheme is based
on a first-order homogenization approach fulfilling the Hill-Mandel condition. Within this paper, special focus is given to
the transverse shear stiffness. Using basic boundary conditions, the transverse shear stiffness drastically depends on the size
of the representative volume element (RVE). The reason for this size dependency is identified. As a consequence, additional
internal constraints are proposed. With these new constraints, the homogenization scheme leads to cross-sectional values
independent of the size of the RVE. As they are based on the beam assumptions, a homogeneous material distribution in the
length direction yields optimal results. Furthermore, outcomes of the scheme are verified with simple linear elastic benchmark
tests as well as nonlinear computations involving plasticity and cross-sectional deformations.
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1 Introduction

Beam elements provide a simple and efficient way to model
large structures, provided the structure has a predominant
direction. To exploit this geometrical property, highly sim-
plified kinematical assumptions are made. As a result, the
load-bearing behavior of a beam element is no longer char-
acterized by the classical stresses and material parameters
but is described with the help of stress resultants and their
linearizations. This includes mainly tension, bending, tor-
sion and shearing. If homogeneous structures with a strongly
pronounced preferred direction are assumed, it is enough to
consider tension and bending. Their corresponding cross-
sectional parameters can be determined easily. If the beam
to be considered becomes shorter, the shear deformation
plays an increasingly important role. The determination of its
corresponding stiffness is more complicated. A direct inte-
gration of the shear modulus over the cross-section leads to
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an overestimation of the shear stiffness. To reduce this prob-
lem, shear correction factors are proposed, see e.g. [8,24].
Furthermore, higher-order shear deformation theories have
been developed leading to refined beam formulations, see
e.g. [21]. They include additional assumptions for the cross-
sectional warping so that the shear stresses fulfill the stress
boundary conditions. Another refined beam theory and its
finite element application can be found in [2].

In addition to the shear stiffness, the torsional stiffness
is also important. Both cases have in common that cross-
sectional warping must be considered. As in the case of
the higher-order shear deformation theories, the displace-
ment field is enhanced by a warping function. Additionally,
an associated degree of freedom is introduced to achieve
the continuity of the displacement field throughout the
cross-section, see e.g. [11,23]. As a result, additional stress
resultants are introduced. Difficulties arise in determining
the warping function or the corresponding cross-sectional
parameters. However, this extension allows consideration of
lateral torsional buckling.

Regarding the evaluation of the stiffness parameters,
in [16,31] an asymptotic homogenization scheme is pro-
posed. The scheme allows determination of necessary values
for Timoshenko’s beam theory. It can consider homoge-
neous as well as heterogenous cross-sections and allows
recovery of the 3D stress state. However, it is limited to
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linear elastic material behavior. In [1,3], this approach is
extended to the homogenization of periodic structures using
Bernoulli’s kinematical assumptions. An extension to shear-
soft Timoshenko kinematics is presented in [30] with a
focus on evaluating suitable shear correction factors. Leav-
ing the linear regime, in [26,27] a coupled model to evaluate
cross-sectional properties with consideration of the current
stress—strain state is proposed.

Besides the previously mentioned works, numerical
homogenization procedures have become popular in recent
years. Based on them, the FEZ method was developed, see e.g.
[5,6]. It is often used to determine properties of yet unknown
heterogeneous materials. The most interesting element of the
approach is that the evaluation of a structure on macroscopic
level and homogenization on a microscopic level are coupled.
Therefore, physical nonlinear behavior on microscopic level
can be considered. A comprehensive overview of the appli-
cation of the FE2 method can be found in [20]. Furthermore,
it has already been used in conjunction with structural ele-
ments. In [4], for example, the Kirchhoff-Love shell theory is
considered, and a second-order homogenization approach is
used to carry out the multiscale computation. Within this shell
theory, no transverse shear deformation is considered. It will
be shown later that this deformation leads to problems when
performing the homogenization. Despite this fact, a shear soft
kinematic is considered in [7] by an extension of the previ-
ously mentioned second-order homogenization scheme. It is
shown that the scheme can approximate the behavior of com-
plex structures. Regarding the transverse shear deformation,
possible boundary conditions are given. However, no linear
elastic benchmark tests are performed, such as the evaluation
of shear correction factors. Further contributions to perform-
ing a multiscale analysis with shell kinematics are [9,14]. In
these papers, a first-order homogenization scheme is used. In
[9], only the mesh convergence of the shear correction factor
is investigated, while [14] also mentions that the evaluation
of the transverse shear stiffness leads to problems. The latter
also applies a shear correction factor based on the size of
the representative volume element (RVE) that improves the
results.

The current work proposes a multiscale scheme for beam
structures, exhibiting the following properties:

e The macroscopic structure is modeled with Timoshenko
beam elements. This means that the kinematical assump-
tions contain tension, bending and transverse shear
deformations. This leads to a basic six degrees of freedom
element that can incorporate geometrical nonlinearity;
however, the strains are assumed to be small.

e The multiscale approach is based on a first-order homog-
enization scheme fulfilling the Hill-Mandel condition.
This allows for the homogenization of 3D RVEs, which
facilitates the modeling of general heterogenous struc-
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tures. This means that general 3D material laws can be
used. Thus, physical nonlinearities can be considered.
Furthermore, geometrical nonlinearity can be applied,
since cross-sectional deformations may also be included.

e The reason for the dependency of the resulting shear stift-
ness on the size of the RVE is identified. Despite the
basic boundary conditions, new internal constraints are
proposed leading to results independent of the size of the
RVE. With the new constraints, the numerical homoge-
nization leads to well-known cross-sectional values for
linear elastic benchmark tests, including shear correction
factors.

2 Beam kinematics

The description of the beam kinematics is analogous to that
in [27] by introducing the reference configuration €2 at time
t = 0 as well as the current configuration €2; at arbitrary
time ¢ in the Euclidean space e;. To describe an arbitrary
point of the body, the local coordinate systems A; in the
reference configuration and a; in the current configuration
are introduced, see Fig. 1. The local coordinates are denoted
as {&1, &, &}. By introducing orthogonal tensors Rg and R €
SO (3), the relation between the coordinate systems can be
expressed as

A; (S)=Rp(S)e;, a; (S) =R (S)e; withRy, Re SO (3). @))

The parameter S = &; € [0, L] is the arclength of the spatial
curve representing the beam. Therefore, the position vectors
in the reference configuration X and in the current configu-
ration x are

X (S, &,8) =X (S) + £A2 (S) + &A3(9),
x(S,82,8&,0) =xp (S, 1) +&ax (S, 1) +&az (S,1). (2

Using the position vectors Eq. (2), the tangent vectors are

G =X} + A, + &A],
Gy =Ay,
G3 = Aj,

g1 = Xj + &a) + &a;,
g = ay,
g3 = a3. 3)

The notation {e}’ indicates the derivative with respect to the
arclength S. Considering Ry = A; ® ¢; and R = a; ® e;, the
pull-back of the covariant basis systems can be defined. This
leads to the vectors
F1=R5G1=§0+e1+E0><d, f1=RTg1=Er+el+Et><d,
£, =RTg, =,

f3=RTg3=¢; “4)

F2:R5G2=ez,
F3 =RgG3 = e3,



Computational Mechanics (2020) 65:635-661

637

Fig.1 Kinematical assumptions

withd = &e; +&3e3. Using Eq. (4), the relation to the beam
strains €, ko and &;, K, is established. Therefore, the vector
F can be expressed as

100 0 & —& E 1
Fi=|1010-&0 0 [E] +10
001 & 0 O 0 0
=A I:i] +e; =Agp+ey. 5
K Jo

Furthermore, rewriting f1 using Eq. (5) and replacing e with
&, leads to

fi = Ae; +ey. (6)

Using the definition of the Green—Lagrange strains in a con-
vective coordinate system,

1

E = (s = Gij). @

with the metric tensors g;; = g; - g; and G;; = G; - G; as

well as the fact that RORT = RR” =1, leads to

E=_(ff;—F F). ®)

N =

The non-vanishing terms due to the kinematical assumptions
read

Eyy 3(f - —F - F))
Ep=|2Ep |=| fi-LH-F  -F
2E 3 fi - f35—F;-F3
|:% (2A (e, —e0) -e1 + &, - ATAe; — g - ATAEO):|
= ©

A(e; —ep) e
A(e; —&p) - €3

The terms in Eq. (9) contain the beam strains &, which rep-
resent the initial distortion in the reference configuration,
as well as e;, which represents the distortion in the current
configuration. In this contribution small strains are assumed,
hence &, - ATAe, — ey - AT Aeg ~ 0 leads to

& — &0 €
Ep=A(e, —e9) =A |:Et _E0:| =A |:E] =Ae, (10)
which main impact lies in the application of the RVE
boundary conditions. Therefore, the Green—Lagrange strains
Eq. (10) are expressed via the difference of the beam strains
in the current configuration &; minus the beam strains in the
reference configuration €. Those strains can be split into
the normal and shear strain vector € and the curvature part
k. For the final stress-generating strains, the indices ¢ and 0
are dropped. The derivatives of the orthonormal basis system
can be expressed as A = 0 x A; and a; = 6, x a; by intro-
ducing the axial vectors 0 and 6. Finally, the strain vectors
are defined as

/ I
. Xp - aj . a) - a3
g +e=R'xp=|xp-a |, ,,=R"0=1|a) a
Xy a3 a)-ay
(1)

Analogous to Eq. (11), the strain vectors in the reference
configurationread eg+e; = Rg X6 andkg = Rg 0¢. Accord-
ingly, the variations of the Green—Lagrange strains can be
expressed as

B EBREAENEE
SEp = AS (e, —e0) = A [8@} _A[SE} = Ase. (12)
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Fig.2 Deformations of an infinitesimal beam element

Thus, the essential parts of the kinematics are described,
whereby individual components of beam distortions can be
represented according to Fig. 2, provided that an originally
straight and untwisted beam is assumed. The particular com-
ponents are € = [sx, Yy yz] andk = [Kx, Ky, /cz].

To obtain an expression for the corresponding internal
forces, it is sufficient to insert the first variations of the Green—
Lagrange strains into the generally known, weak form of
equilibrium

gwmm:[ m:&w+/ wdeﬁ/ su-tdA=0. (13)
Qo Qo Q260

InEq. (13),u = [ux, Uy, uz] is the displacement field and Su
the corresponding variation. Accordingly, S is the 2. Piola—
Kirchhoff stress tensor, which is work conforming to the
Green—Lagrange strain tensor. The vector f contains the vol-
ume loads and t the applied boundary loads. To evaluate
the equations, the integration is performed over the refer-
ence configuration 2 and its stress boundary 9$24¢. In this
contribution, the virtual internal work fQO SE : SdV is of
particular interest.

Inserting the variation of the Green—Lagrange strains
Eq. (12) into the weak form of equilibrium Eq. (13) and
reducing the 2. Piola—Kirchhoff stresses to the non-vanishing
terms Sp = [S'!, §12, Sl3]T, the virtual internal work then
reads

/ 8E:SdV=/ 3EB-sBdV=/ Ase-SpdV. (14)
Qo Q0 Q0

The integration of Eq. (14) can now be split into an integration
along the beam’s length and an integration over its cross-
section. This leads to

/ A6e~SBdV=/83-/ATSBdAdS. (15)
Q0 L A

With Eq. (15), the definition of the beam stress resultants can
be derived as

@ Springer

Sll
S12

S13
ATS dA:f
/A B A Sngz _ S12$3
51153

—sle

wu=[2]-e.

(16)

The stress resultants Eq. (16) contain the three forces
F = [N, Q% Q3] as well as the three moments M =
[M U m2 M 3]. Herein, N denotes the normal force, Q2, Q3
the shear forces, M! the torsional moment and M2, M3 the
bending moments. The linearization of Eq. (16) finally leads
to

/ATCAEBdAzfATCAAedAzfATCAdA Ae,
A A A
D
(17)

in which C is the material tangent in continuum mechanics
theory. With Egs. (16) and (17), the main parts of the beam
theory for this contribution are derived. It is well-known that
the direct integration overestimates the stiffness of the beam.
The main reason is the suppressed warping of the cross-
section with the result that shear stresses do not fulfill the
stress boundary conditions. This affects the torsional as well
as the shear stiffnesses of the beam. Under the assumption of
linear elasticity, an improved version of the material tangent
is derived in [26] by considering higher order strains that
represent the cross-sectional warping. This matrix reads

EA O 0 0 EAs3 —EAs)
GAsy 0 —GAsymz O 0
D — GAs3 GAgzmy 0 0
Glr 0 0
sym. El, Elx;
ELL
(18)

The linearized stress resultants given in Eq. (18) will be
used as a reference solution to benchmark the proposed
homogenization scheme. The values contained in Eq. (18) are
the tension stiffness E A, the two effective shear stiffnesses
GAg> and G Ags, the torsional stiffness G I, the bending
stiffnesses E I> and E I3, and the deviatoric part E I>3. Addi-
tionally, the matrix contains terms due to eccentricities given
by the distances s, and s3 of the center of gravity C to the
beam reference line and the distances m, m3 from the center
of shear M to the beam reference line, see Fig. 3. To evaluate
the torsion constant I = I; + Ago - m% + Agz - m%, the
torsion constant /7 with respect to the center of shear as well
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Fig.3 General geometry of a cross-section

as the effective shear areas Agy, Ag3 and the distances mo,
m3 enter. Regarding the beam theory all relevant parts for
this contribution are described. The derivation of the finite
element equations of the beam element can be found in the
literature, e.g. [11,23,27]. Regarding the evaluation of the
examples, it should be mentioned that a pure displacement
formulation with a reduced order integration is used.

3 Homogenization

In this work, homogenization is based on the first-order the-
ory of Hill-Mandel [15]. Therefore, an RVE is introduced
that represents the microscopic scale. It is required that the
volume-averaged virtual internal work on the microscopic
scale equals the virtual internal work of the corresponding
macroscopic point

(P : 5F") —PM : 5FM = 0. (19)

In Eq. (19) P is the first Piola—Kirchhoff stress tensor, which
is work conforming to the deformation gradient F. Further-
more, values on the microscopic scale are denoted with {e}"”
and those on the macroscopic scale with {e}M. The brack-
ets (o) = Vl—m f v, {e} dV indicate volume average over the
microscopic body. To identify suitable boundary conditions,
Eq. (19) can be reformulated as a surface integral

(P™ . SF™) — PM . 5FM

- L (5xm — 5FMX'") . (t(’)” - PMN) dA, (20)

Vm AUI

see e. g. [20,22], where the vectors X" and x™ represent
position vectors in the reference and current configuration of
the microscopic scale. The stress vector is denoted as tg’ ,and
the corresponding normal vector of the surface is called N,
both with respect to the reference configuration. Integration
is performed over the surface A™ on the microscopic scale. In
this work, essential boundary conditions that fulfill Eq. (20)

x~ y u xt
% z
L

%
4 Lrve/2 4 LpvEe/2 4

Fig.4 Definition of the RVE in the case of the assumed beam kinemat-
ics

are periodic boundary conditions

X"t — x"T = M XMt - pM X (1)
and displacement boundary conditions

x" = FMX", (22)

The latter will be used for comparison reasons only. It should
be noted that up to now the term “microscopic” has been
used, but the term “mesoscopic” is more appropriate when
transferring to beam systems. Therefore, this term will be
used in what follows.

3.1 Beam kinematics

In the case of beam kinematics, there are two problems that
arise when using periodic boundary conditions according to
Eq. (21). On the one hand, a shear deformation of the RVE
leads to a rigid body rotation only; on the other hand, the
homogenized shear stiffness depends on the length of the
RVE and shows no convergent behavior. Furthermore, the
length dependency also affects the displacement boundary
conditions. This work introduces additional constraints to
eliminate these problems. To address these problems, a def-
inition of the RVE which allows for application of the beam
strains is first needed. Then it will be shown that under those
assumptions, the Hill-Mandel condition is fulfilled, and the
homogenization scheme leads to the definition of the beam
stress resultants.

The assumed RVE with boundary conditions is depicted
in Fig. 4, which shows a side view of it. Here, it is assumed
that the RVE is modeled in an orthonormal basis system x, y,
z, with the x-axis representing the beam axis. Therefore, the
RVE extends in the x-direction from —Lgyg/2 to Lrye/2,
with Lryg as the length of the RVE. The cross-section of the
beam is modeled in the y, z-plane, but neither its center of
gravity nor its center of shear necessarily lies on the x-axis.
Thus, a general eccentricity can be considered. To deform
the RVE according to the beam kinematics, the strains are
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imposed on the positive x* and negative x~ side of the RVE
according to Eq. (21) or Eq. (22). Furthermore, it is assumed
that the remaining surfaces of the RVE are stress free. Finally,
the only element missing in terms of the beam kinematics
is the deformation gradient F¥. Under the assumption of
an initially straight and untwisted beam it can expressed as
F = [f, £, f3 ], with f;, f, and f3 according to Eq. (4). This
leads to

ex +Ky-2—k;-y00
J/y_Kx'Z 00 . (23)
Vet Ky y 00

FY —1=

As this description results from the beam theory according
to Sect. 2, it is considered as a consistent description. The
corresponding deformations are depicted in Fig. 2. Another
possibility is to subject the shear deformation to a rigid body
rotation [29]. This leads to the slightly different definition of
the deformation gradient

Ex t Ky Z—Kg-YVy Ve
—Ky 2 00]. (24)
Ky -y 00

FM —1=

For the numerical implementation, the definition accord-
ing to Eq. (23) is used, while the version according to
Eq. (24) is used to show the problem of the rigid body
rotation when applying a shear deformation with periodic
boundary conditions. To check whether the Hill-Mandel
condition is fulfilled, those equations need to be inserted
into Eq. (19). As the cross-sectional information needs to
be preserved, the homogenization, or “volume averaging,”
is performed only over the length of the RVE, meaning that
() = 1/LgvE ]93’ {e} dV. As a result, a reformulation of
Eq. (19) leads to

1
/ 5x™ -P"NdA. (25)
LrvEe Jogm

Inserting the definition of the deformation gradient in the
form of Eq. (23) or Eq. (24) into Eq. (25) must lead to the
definition of the stress resultants. As can be seen, only a sur-
face integration over 92’ is necessary to derive the stress
resultants. For simplification, and to be consistent with the
beam theory of Sect. 2, small deformations are assumed. This
means that F ~ 1 and P = FS ~ S. Furthermore, the RVE
is introduced in such a way that the normal vectors Nt =
—N— =1[1,0, O]T of the surfaces with boundary conditions
are parallel to the x-axis and pointing in opposite directions
on opposite faces. What remains for the mesoscopic stress
state in the integral is PN ~ SN = +[S!!, §!2, S13]T.
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Inserting this stress vector into Eq. (25) leads to
Sll +

/ sx"t. | s12 | daA
gt NE

Sll

—/ S| §12 | dA}. (26)
Qg PN

Finally, the expressions for the displacement as well as the
periodic boundary conditions can be derived by inserting Eqgs.
(23) and (24) into Egs. (21) and (22). To proceed, the varia-
tions are needed which can be expressed as

SxT — 5x" T = SFMX™MT — sFMX™-
= SFM (X"+ — X"7) = sFM AX (27)

for periodic boundary conditions and
8x = SFMX (28)

for displacement boundary conditions. As the main goal
is to derive periodic boundary conditions that allow cross-
sectional warping, it is natural to assume that the faces on
the x™ and x~ side of the RVE are geometrically identical.
First, using Eq. (28) with the relation according to Eq. (24)
and inserting it into Eq. (26) leads to

sl *
S
1 Sz
je -0 = de - N A
Lrve /aszg” —S812%z 4+ SBzky
Slzz
—S“)Ey
Stz N
Sll}"]
stz
—S12%z + SBzy dA. (29)
Slzz
_Sll)’c*y

To distinguish between the positions contained in F and X,
the latter are expressed with X = [)2 9, E]T. Furthermore, it
is assumed that the cross-sections at x~ and x T are identi-
cal. Therefore, the integration over the surface can be carried
out on either side, e.g., over 393’ as in Eq. (29). The val-
ues that need to be considered for x™ and x ™~ are identified
by the brackets [e]* and [e] ™, respectively. Performing the
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integration over the area leads to

N5 N
—1 z 1 z
1 LliVEM LR\]/EM
y - y
6 -0 = 586‘ . LR}/\fIiV[ + LR}"fIiVI . (30)
MY MY
M* M=

The assumed relationships between displacements and beam
strains according to Eq. (24) reveal the first problem that
arises when using the homogenization scheme with the beam
kinematics in Eq. (30). While the results for the normal force
and the moments clearly lead to the correct values, the shear
forces can only be recovered due to the equilibrium state.
This means % = QF and % = —Q”. Collecting the
terms finally leads to

N N
7AM.,
LrvEg o
AM’ QZ
S -0 = ¢ - LAR4VXE = J¢ M= (31)
MY M>
M? M*

Evaluation of Eq. (29) with the result according to Eq. (31)
is only valid for the displacement boundary conditions.
If periodic boundary conditions are assumed, anti-periodic
tractions must be considered. This means [S“ §i2 g13 ]+ =

[S g2 g13 ]_, and therefore, Eq. (29) evaluates to

N N
0 0
Se -0 =d¢- A/(I)x =de ]lfl)x (32)
MY MY
M* M*?

As can be seen, the periodic boundary conditions do not yield
any result for the shear forces. Consequently, the resulting
shear stiffness will be zero in the case of pure periodic bound-
ary conditions.
On the other hand, using the consistent description accord-
ing to Eq. (23) and inserting it into Eq. (26) yields
glt +
S 12

1 5 / . S13
€ - X
Lrve st —S12z + 5By
siiz
_Slly

b -0 =

Sll
SIZ
. st
S| =SP4 81y
stz
_Slly

dA. (33)

Evaluating Eq. (33) for both the periodic and the displace-
ment boundary conditions results in

N7t N N
QY (024 oY
1 0 0* QO*
83-0:583- M + M =de - e
MY MY MY
M- M- M?

(34)

Comparing Egs. (33) and (34) with Eq. (16) shows that the
homogenization scheme yields consistent definitions of the
stress resultants. But, regarding the final interpretation, the
results of both relations between the displacements on the
mesoscopic scale and the macroscopic stress, Egs. (24) and
(23) need to be considered. The only difference between
Egs. (23) and (24) is a rigid body rotation regarding the
shear deformation. Therefore, even though Eq. (34) yields
the consistent definition of the stress resultants, the RVE per-
forms a rigid body rotation if a shear deformation is applied
using periodic boundary conditions. In this case the resulting
shear stresses $12 and S13 are zero. Additionally, looking at
Eq. (31), the equilibrium state of the RVE needs to be consid-
ered, as the constant shear force introduces a linear moment
distribution. Thus, the remaining tasks are:

e Remove the rigid body rotations, provided that a shear
deformation with the periodic boundary conditions is
applied.

e Interpret the equilibrium state caused by a shear defor-
mation.

While the rigid body rotation affects only the periodic bound-
ary conditions, the equilibrium state needs to be considered
for both boundary conditions.

3.2 Equilibrium state due to a shear deformation

As is evident from Eq. (31), a shear deformation of the RVE
does not result in a pure shear stress state but also causes
a linear moment distribution over its length. The associated
differential relations between the shear force and the moment
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Fig.5 RVE subjected to a shear
deformation according to

Eq. (23), including stress
resultants — upper: RVE
displacement boundary

conditions, lower: RVE with
periodic boundary conditions
and rigid body rotation
constraint in the center

in the case of beam stress resultants read

dm* dm>
dx = Qy and W = QZ. (35)

Constructing an equivalent beam system for the RVE with
respect to the chosen boundary conditions, the equilibrium
state according to Eq. (35) can be evaluated.

In the case of the displacement boundary conditions, the
equivalent beam system representing the RVE under a shear
deformation y is clamped on both sides. Considering the
periodic boundary conditions, the system needs to be able to
represent a rigid body rotation as mentioned before. There-
fore, a simply supported beam is assumed to represent the
RVE. Furthermore, the rigid body rotation is removed by
adding an additional workless constraint in the center of the
system. The described systems are depicted in Fig. 5, with
the displacement boundary conditions in the upper part and
the periodic boundary conditions in the lower. In both cases,
the shear deformation is applied according to Eq. (23). Of
course, this deformation leads to a constant shear force Q,
and due to Eq. (35) to a linear moment distribution M as
depicted in Fig. 5. Assuming further that the system has a
bending stiffness of E 1 and a shear stiffness G Ag, the rela-
tionship among the resulting shear force Q, the length of
the RVE Lgyr and the applied shear deformation y can be
evaluated to

1 1 .
Yo = <ﬁL%VE + G_14S> QO{ Wlth a=y,Z. (36)

Without loss of generality, it is assumed that the center of
gravity equals the center of shear. Then the relation between
the stress resultant Q, and the shear deformation y,, must be
equal to O, = GAgsy,. Herein, ¥, represents an assumed
averaged shear deformation. It is obvious that

Yo Vo = (2Exy) witha =y, z. (37)
Considering Eq. (37), the averaged shear strain , of the
RVE does not equal the applied beam shear strain y,, due to

the equilibrium state. To ensure the equality between y, and
Y, the linear moment distribution needs to vanish. This can
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YLrve Q M ‘

be established with additional constraints

MYxdx =0 and

LrvE LRrve

M*xdx = 0. (38)

Due to the additional constraints according to Eq. (38), the
term LIZQVE /12/ E I vanishes from Eq. (36). Without this term,
the equality 3, = Y, between the applied shear deformation
and the averaged shear strain is achieved.

4 Finite element implementation

In this section, the numerical treatment of the theory is
addressed. To model the macroscopic geometry,
displacement-based beam elements are used. On the meso-
scopic scale, displacement-based continuum elements are
employed. Since they are both standard elements, their
numerical realization is not discussed here. The focus is
on the treatment of additional constraints and the numeri-
cal treatment of the homogenization. While the derivation of
the additional constraints follow the approach in [19], but the
resulting indefinite matrix will be inverted instead of follow-
ing the proposed sub-loop approach.

4.1 Constraint of the rigid body rotation

As the beam theory describes the normal stress distri-
bution over a cross-section in a very satisfactory way, a
constraint based on this stress component is employed to
remove the rigid body rotation. Considering this fact, the
constraint can be expressed as
ox—0o,=0, in Qc. (39)
To evaluate the stresses oy and o in Eq. (39), physical and
geometrical linearity is assumed. Furthermore, the balance
will be enforced in an interface domain Q2¢. Figure 6 shows
the assumed geometry of the interface domain Q¢ as well
as the finite element mesh and a single finite element. As
depicted, the nodes of an element are separated into nelg
nodes on the darker face of the interface domain and nely
remaining nodes. Additionally, an external node containing
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Fig.6 Rigid body rotation
interface—left: geometry with
mesh, right: single finite element

the Lagrange parameters is introduced. This node is assigned
to each interface element with the special property that it is
shared by all of them. The Lagrange parameters are used to
enforce the stress assumption according to Eq. (39). As o
will be evaluated using beam kinematics, the constraint must
be fulfilled in an average sense and not pointwise. Therefore,
only three Lagrange parameters for the entire interface are
used, leading to the constraint equation

fQ (00 = F) (o + 13z = p12y) AV =0, (40)
C

As the RVE is modeled in the x, y, z-coordinate system with
the x-axis as the tangent to the beam axis, the Lagrange
parameters can be interpreted as the normal strain A, and
the two bending curvatures w, and p,. With the definitions
A = [Ax, iy, ,uZ]T and p = [1, z, —y]7, the first variation
of Eq. (40) can be derived and added to the weak form of
equilibrium

g (v, 8v) = +/ {C(sec _58C)P- A
Q¢
4 (0 —T)P-SA) dV = 0. 41)

In Eq. (41), the variations of the stresses (§oy — 80 )
are already replaced by the linear elastic material law
@(830 — 8€¢). Herein, the vector@:E/ 1+v)y/1—-2v)
[1—v, v, v, 0, 0, 0] contains the first line of Hooke’s law
in Voigt notation. Thus, the linearization of Eq. (41) reads

Lg(v,6v),Av] =g (v,év)+-- -+
/ [Cec —s2)B- AA +T(aec — AFC)B-5A} av =0
Qc
(42)

With the first variation Eq. (41) and its linearization Eq. (42),
only the finite element approximations are missing. For the

>e

geometry and the displacement field, these are done using
Lagrange polynomials

nely +nelg nely+nelg nely +nelg
Xh = Z N[X[‘ l_lh = Z N[ll[, SX/I = Buh = Z N[SU[,
I=1 I=1 1=1
A=A, A" =5A. 43)

The approximations according to Eq. (43) lead to the first
variation of the strains

Nix 0 0
0 Ny O
i nelv+nelsB 5 nely+nelg 0 0 N],Z 5
5€C = IX:; jouy = IX:; Nl,y Nl,x 0 uy.
Nr: O Npx
0 Njp;Niy

(44)

With Eq. (44), the linearization of the strains can be derived
by replacing § with A. Regarding the evaluation of the strains
e}é themselves, which are needed to compute af = @e}é, duy
is replaced by u; in Eq. (44). Next, the assumptions for Elé
are chosen as

nely nelg
552« = Z B]SH}/ + Z B16u§
=1 J=1
Niy O 0 0 0 0
nely 8 N(I),y NO nelg g N(j)’y No
— 1,z \4 J.z N
IX_% Niy Nix 0 du, -i-]_1 Njy Npy 0 suy.
T | Niz 0 Npx T Nyz 0 Ny
0 Njpz Npy 0 Ny Njy
(45)

Regarding Eq. (45), the linearization can again be derived by
replacing § with A and the approximation of E}é by dropping
8. Comparing Eq. (45) with Eq. (44), the difference lies in the
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Fig.7 Resulting normal stress
at the surface of the interface
element constraining a rigid
body rotation and a translation
in the case of a three-layer
structure with two stiff layers
and a soft core

Cll (>\x + /LKZ)
/

computation of the first component of the strain vector E}é
In this case, the contribution of the displacements u f is set to
zero only for this specific strain component of the nodes on
the darker surface in Fig. 6. Building the difference between
eg and E’é yields

Ny, 00
I ¢
S
(3¢t — o2t = 8 88 sus = Bsu’, (46)
=0 oo
0 00

As Eq. (46) states, only the nodes on the surface nelg con-
tribute to the constraint equation. And of course, it holds
again that (Ae}é - AE’&) = BAu® and (e}é - E}é) = Bu’
with (aﬁ — Fﬁ) = C(é‘}é - E}é) Finally, only the shape
functions for the Lagrange parameters are missing, which
are assumed to be one. Therefore, the nodal values directly
enter the weak form and its linearization. To finalize the ele-
ment formulation, Eq. (46) needs to be inserted into Eq. (41),
which leads to the element load vector

0
[su” suS 5A 16 = [su¥ suS sA]| Jo BT T p-AdV
JooPC-BuSdv

(47)

Furthermore, the stiffness matrix can be derived by inserting
Eq. (46) into Eq. (42)

00 0 .
k=0 0 ku, |, with kab=/ BTC pldv. 48)
0kI, 0 Qe

The integrals in Egs. (47) and (48) are evaluated employing
the Gaussian quadrature rule.

This element was specifically developed to remove the
rigid body rotations of the RVE in the case of heterogenous
cross-sections. Therefore, it is formulated in a way that the
material parameters are taken into account when distribut-
ing the stresses over the cross-section. In view of Eq. (47),
the normal stress distribution is exemplarily depicted for a
three-layer cross-section in Fig. 7. The jumps in the normal
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stress distribution are essential for the correct shear stress
distribution through the thickness.

4.2 Linear moment constraint

To remove the linear moment distribution due to the shear
deformation, a constraint similar to that used in Sect. 4.1 is
proposed. Again, small deformations and linear elastic mate-
rial behavior are assumed to evaluate the constraints. As the
moment, which needs to be removed, results from the normal
stresses in x-direction only, the constraint reads

/ Oy ()»x + vz — z,uy) dv =0. (49)
Q

This time there is no equivalent beam stress introduced, but
the same three Lagrange parameters are used. As before,
the Lagrange parameters and the positions can be grouped
in A = [Ay, y, ] and p = [1,z, —y]”. With this in
hand, the weak form of equilibrium gets extended by the
first variation of Eq. (49), leading to

g(v,av)z-.-+/ (80xP - A +0yp-8A) dV = 0. (50)
Q

The derivation of the linearization of Eq. (50) is straightfor-
ward, leading to

L[g (v,8v), Av] =g (v, V)
+~~-+/((Saxﬁ-AA—i-onﬁ-(SA)dV:O. (51)
Q

The linearization of the weak form Eq. (51) looks quite com-
parable to Eq. (42), with the main difference being that the
integration is performed over the whole RVE. This means
that, in contrast to the rigid body rotation constraint, the
Lagrange parameters are global to the whole RVE and not
only to certain elements. Additionally, they are constant in
the y, z—plane, but get assigned appropriate shape functions
in the x-direction in order to remove the linear moment distri-
bution based on the chosen boundary conditions according to
Sect. 3.2. Therefore, by means of the finite element approx-
imation, the shape functions for the Lagrange parameters in
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Fig.8 Finite element mesh for the linear moment constraint

the x-direction are

X displacement b. c.

X+ 3Lgve, x <0 . (52)

Np = L
periodic b. c.

x—%LRVE, x>0

The displacement field is approximated by standard Lagrange
polynomials. Therefore, the final approximations read

nel nel nel
xh=ZN1x1, u” =ZN1u1, sx!' = su” = ZN,SUI,

=1 =1 1=1
A" = NpA, SA" = NpSA. (53)

Again, the linearizations are derived by replacing § with A.
With the finite element approximations according to Eq. (53),
the constraint requires the entire RVE mesh as well as an
additional node with Lagrange parameters A.

This can be achieved by using the already generated mesh
of the RVE to interpolate the displacement field and add a
shared node to all elements, as depicted in Fig. 8. To derive
the element load vector, Eq. (53) just needs to be inserted
into Eq. (50)

—T _
[su" A" |1 = [sul sa"] | Jy B  C_P-A"dV |
Jy NaPC-BTudv

(54)

Finally, the element stiffness matrix can be derived by the
linearization of Eq. (54)

k¢ =[ 0 k“b] with kg = / B'C p'NadV. (55
k,, 0 v

With Egs. (54) and (55), the element is completely described.
However, special considerations regarding the element load
vector are necessary. Reconsidering C = E/ (1 +v)
/(1 —=2v)[1—=v, v, v, 0,0, 0] with the components in
Voigt notation [Cy1, Cy2, Cy3, Cya, Cy5, Cy6] and evalu-
ating Eq. (54) leads to

ffIZ/
1%

Keeping the load vector as in Eq. (56) would just shift the
problem from the stresses in length direction to the stresses
in thickness direction of the beam. At this point, there are
two possibilities. Either repeating the constraint for o, and
o or setting the Poisson’s ratio to zero. The first choice leads
to additional unknown Lagrange parameters. Therefore, the
Poisson’s ratio will be assumed to be zero for the numerical
examples.

NixCri
NryCip |p-A"av. (56)
Ny .Cy3

4.3 Homogenization algorithm

The basis of the homogenization algorithm is in accordance
with [9]. To derive a consistently linearized formulation
leading to a quadratic convergence of the coupled model,
the weak form of equilibrium of the macroscopic model is
extended with homogenized mesoscopic models. Assuming
Voigt notation, the equation of the coupled model reads

g (v, év) = / SEM . SM v + {load terms}M
oM

numel-ngp

+ 2
i=1

/ SE-SdV =0.  (57)
LrvEi Jo

The weak form of equilibrium in Eq. (57) contains the
macroscopic model denoted with {e}¥ as well as mesoscopic
models for which a special identification is omitted. As stated
in Eq. (57), each of the numel macroscopic elements gets
assigned one individual RVE for each of its ngp integration
points. The integration of RVEs is performed over their vol-
ume €2;, while the homogenization is performed over the
length of the RVE Lgyg;, which is calculated based on the
extent of the RVE in the x-direction.

To achieve quadratic convergence using the Newton-
Raphson scheme, a consistent linearization of the weak form
of equilibrium Eq. (57) is necessary. This leads to the fol-
lowing expression:

Lg (v,8v),Av]:=g(v,8v)+ Dg - Av=0. (58)

@ Springer



646

Computational Mechanics (2020) 65:635-661

Inserting the finite element shape functions into Eq. (58)
yields the following system of equations:

L[g (v,dév), Av]

svM g KM ¢ --- 0 AVM
H%l 8V, 0 K,--- 0 AV,
| S :
SVagp 1, LL O 0 ... Kugy ] L AVigp
fM
F,
+1 . —0. (59)
Frgp 1),

To get better insight, Eq. (59) expresses the system of equa-
tions as a summation of all macroscopic elements e. As
already stated, each macroscopic element gets assigned one
RVE for each of its integration points. Due to the structure
of the resulting equation system, each RVE can be solved
independently. Therefore, to perform the numerical homog-
enization it is enough to look at one single RVE. Here, RVE i
outofthe 1...ngp RVEsis considered. Itis assumed that the
numerical model consists of numel?2 finite elements, which
are identified by e. The equation system of one RVE can
then be expressed as a sum of all elements e, and the relation
between elementwise displacements and system displace-
ments as well as macroscopic strains can be expressed as

Va| _|az 0 \Y%
M @

In this contribution, the values € in Eq. (60) contain the beam
strains from Sect. 2. The matrix ag is the standard assembly
matrix, while the matrix Ag can be evaluated using the matrix
A of Eq. (5) by replacing &, with y and &3 with z. This leads
to Az = XA, where x is the x-coordinate of the node that
corresponds to vp.

Furthermore, the same relations are assumed for the virtual
as well as the linearized values, leading to

| dva| _|az 0 |[48V
ve=on]=[v 0 ][5

Avg | |az 0 AV
we=|an )= [T o) [ar] @

Expressing the equation system of one RVE as the sum over
all its elements and inserting Eq. (61) leads to

1 m%n sV T
L = e
e=

SV (KAV +F) =

RVE
alkgq.az alkypAs | [ AV N alf, )
Agkba a; AgkbbAg Ae AEbe )
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Furthermore, the following matrices are introduced:

numel?2 numel2
T T
K= > alkiaz F,= Y alf,
e=1 e=1
numel?2 numel2
L= Z alk,,Az F, = Z Alt, (63)
e=1 e=1
numel2

M= Y Alk,Ac.

e=1

In a next step, a static condensation of the internal degrees of
freedom AV and a comparison to the virtual internal work
of the macroscopic scale can be performed. This leads to the
expression

LrvE
= {8e -0 + de - DAe}. (64)

{as : (Fb 7LTK_1FQ) 1 se - (M 7LTK_1L) Ae}

A comparison of the variables in Eq. (64) leads to the defi-
nition of the stress resultants and material tangent. They are
given as

o0=F,—L'K"'F, and D=M-L'K"'L. (65)

The values in Eq. (65) of the numerical homogenization
scheme enter the macroscopic beam element. Thus, the entire
schema is defined consistently linearized.

5 Numerical examples

In this section selected numerical examples are presented
with a focus on the improvement of the results due to the
introduced additional constraints. Summing up Sect. 3 and
4, three different kinds of boundary conditions are used. They
are displacement boundary conditions (DBC), displacement
boundary conditions with linear moment constraints Eq. (49)
(DBCC) and the periodic boundary conditions with rigid
body rotation constraints Eq. (40) and linear moment con-
straints Eq. (49) (PBCC). They can be abstractly visualized
as depicted in Fig. 9. In the case of DBC, according to Fig. 9a,
the displacement component in the length direction u, on
sides x* and x~ is fixed. Remaining displacements on these
sides are assumed periodic to reduce boundary effects. For
DBCC the same assumptions are made as for DBC, but linear
moment constraints from Sect. 4.2 are applied, as displayed
in Fig. 9b. The third set, the PBCC, is shown in Fig. 9c.
Here, the whole displacement field on the sides xt and x~
is assumed periodic. Additionally, the rigid body rotations
are removed by applying the interface element according to
Sect. 4.1 in the center of the RVE. Finally, linear moment
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(a) DBC: Linear displacement (b) DBCC: DBC with constraint

boundary conditions — u, on both
sides fixed, u, and u, assumed pe-
riodic.

— Boundary conditions equal DBC,
but with the linear moment con-
straint in the whole domain.

(¢) PBCC: Periodic boundary con-
ditions with linear moment and
rigid body rotation constraints.

Fig.9 RVE - Side view of mesh with boundary conditions

Fig. 10 Cross-section geometry Sy, My
on the left and RVE geometry 7 4l

on the right
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distributions are removed by the linear moment constraints
according to Sect. 4.2.

To avoid repetition of the description of the used finite ele-
ments, a displacement-based beam formulation with linear
Lagrange shape functions and one-point integration is used.
For the volume elements, a displacement-based formulation
with tri-quadratic Lagrange shape functions is employed.
When other formulations are used, it is explicitly stated.

5.1 Rectangular cross-section

The first example is a rectangular cross-section. This simple
example is used as a benchmark test, as its linear cross-
sectional properties are well known. Its geometry as well
as a schematic plot of the corresponding RVE is visualized
in Fig. 10. The cross-section has a width of b and a height
of h, and the RVE has a length of Lgyg. Furthermore, the
coordinates of the center of gravity are denoted as sy and s;.
The same applies for the position of the center of shear, the
coordinates of which are denoted im, and m ;. As the interface

according to Sect. 4.1 is a 3D element, its thickness is called
d with a value of d = Lgyg/10.

5.1.1 Linear elasticity: centered cross-section

At first, effective cross-sectional values are evaluated con-
sidering the beam axis goes through the center of gravity
of the cross-section (sy = my, = s; = m; = 0 cm). The
size of the cross-section is chosen as b = h = 1 cm.
Regarding the material parameters, a Young’s modulus of
E = 21,000 kN cm~2 and a Poisson’s ratio of v = 0.3 are
used.

To show the improvement due to the introduced additional
constraints, the length Lgyg is varied. Furthermore, cross-
sectional values are evaluated analytically and are given in
Table 1. For the shear stiffness, a shear correction factor of
x = 5/6 is considered.

The finite element mesh consists of 4 x 4 elements over
the cross-section with 8 elements along the length of the RVE
in the case of DBC and 9 elements along the length in the
case of PBCC due to rotational constraints.
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Table 1 Effective cross-sectional values of the rectangular cross-
section

EA GAg EI GIr

21,000 kN 6730 kN 1750 kN cm? 1130 kN cm?

Results for tension stiffness £ A and bending stiftness £/
are given in Fig. 11. For both stiffnesses, the results of the
numerical homogenization scheme are independent of the
length of the RVE and match the analytical solution, see
Fig. 11.

The results for shear and torsional stiffnesses are depicted
in Fig. 12. If DBC or DBCC are used, they depend on the
length of the RVE, as cross-sectional warping needs to be
considered. While the torsional stiffness GIr converges to
the analytical value with increasing length, the shear stiff-
ness GAg converges to zero in the case of DBC. Using
DBCC, homogenized shear stiffness converges to the ana-
lytical solution. In the case of the proposed PBCC, results
of the homogenization scheme are independent of the length
Ly of the RVE and match the analytical solution.

The influence of linear moment constraints is depicted
in Fig. 13a. Herein, the RVE stays straight under a shear
deformation employing PBCC, and cross-sectional warping
occurs. It is worth mentioning that the stress boundary condi-
tions on top and on bottom of the RVE are fulfilled. In the case
of DBC, the cross-sectional warping is suppressed, and an
additional deformation due to the linear moment distribution
is clearly visible in Fig. 13b. This deformation is responsi-
ble for the length dependency of the shear stiffnesses when
performing the numerical homogenization.

To close this example, mesh convergence of resulting
shear and torsional stiffnesses is investigated and depicted
in Fig. 14. In this case, only the cross-section is refined,
while the number of elements along the length is kept con-
stant. The underlying reference solution for the shear stiffness

-10%
2.2 .

i 2 10 —B —8 —8 —8 —8 —8 & —8 —8 —

-©- DBC -%-DBCC
-E- PBCC

2 1
101 100 101 102

Lryg [cm]

assumes a shear correction factor of » = 5/6, and the ref-
erence solution for the torsional stiffness is evaluated to
GIr = 1135.4297 kN cm? using the element given in [12].
It is worth mentioning that results for tension and bending
stiffnesses are numerically exact for the initial mesh.

5.1.2 Off-centered cross-section

In this example the same rectangular cross-section is assumed,
but an off-centered cross-section is investigated. As a refer-
ence solution, cross-sectional values are evaluated according
to Eq. (18). The eccentricity is chosen as s, = my = 1 cm
and s; = m; = 0 cm. Remaining parameters are the same as
in the previous example.

As all boundary conditions yield numerically exact ten-
sion and bending stiffnesses, the focus is on torsional
stiffness, which depends on the distance from the center of
shear to the beam axis as well as the effective shear area.
Again, the influence of the length of the RVE is investi-
gated. The reference value for torsional stiffness is assumed
as GI; = 1135.4297 kN cm? and accounting for eccentric-
ity as G(I; + m?,AS) = 7871.908 kN cm?. As depicted in
Fig. 15, solutions are again independent of the length of the
RVE and equal the reference solution of Eq. (18) employ-
ing PBCC. In contrast to this, the DBC case shows a length
dependency and decreases against the solution of the centered
cross-section. This is because the effective shear stiffness
drops to zero as length increases.

5.1.3 Cantilever beam: considering plasticity

To leave the linear elastic regime and to show that the scheme
can consider physical nonlinearities, a bending-dominated
problem including plasticity is investigated. The example is
taken from [17,26]. This time the rectangular cross-section
has a width of » = 2 and a height of 4 = 1. The beam
axis goes through the center of gravity of the cross-section;

102
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S

g

o
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~

R
-6- DBC -%- DBCC
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Fig. 11 Results of the homogenization scheme for EA and E[ in the case of varying RVE length—rectangular cross-section
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Fig. 12 Results of the homogenization scheme for GAg and G I in the case of varying RVE length — Rectangular cross-section
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F 6 height ratio shrinks to L/h = 6, and the impact of shear
4 deformation on the total deflection increases.
Vi h Results of the calculation are depicted in Fig. 18. Here,
L L L L to further distinguish among them, the names of the RVE
1 I 1 1 b 1 boundary conditions are extended with the length of the

Fig. 16 Geometry of the cross-section and the cantilever beam with
load

this means s, = my, = s; = m; = 0. The length of the
cantilever is L = 20. As already stated, a plastic material
behavior is assumed with a Young’s modulus of E = 16000,
a Poisson’s ratio of v = 0.3, a yield stress of Yy = 20 and a
hardening modulus of H = 200. Additionally, on both scales
geometrical nonlinearity is assumed.

The geometry of the system with load is depicted in
Fig. 16. For the macroscopic system, 20 linear beam elements
are chosen, and the RVE is meshed with 8 elements over its
width, 4 elements over its height, and 8 elements along its
length in the case of DBC, 3 elements along its length for
PBCC. The length of the RVE is chosen as Lgyg = 1 for
both boundary conditions. For the PBCC, again a thickness
of d = Lgyg/10 for the rotational interface is chosen.

Figure 17 shows the results of the scheme with DBC and
PBCC and compares them to the reference solution (Ref.)
from [17,26] and a full 3D model. Here, force F is plotted
versus the deflection §. Calculations with DBC and PBCC
agree well with the reference solutions.

To show that results of the proposed coupled model
depend on the length of the RVE Lgyg in the case of DBC
and are independent of its length in the case of PBCC, the
macroscopic model is slightly modified. The length of the
beam will be reduced to L = 6. Therefore, the length to
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RVE; for example, DBC1 means that displacement bound-
ary conditions with an RVE length Lgryg = 1 are used. It
is noticeable that results using PBCC are the same whether
the length of the RVE is chosen as Lgyr = 1 (PBCCI) or
Lgryve = 6 (PBCC6). In the case of the DBC, the coupled
model leads to comparable results if the RVE has a length
of Lryr = 1 (DBC1). If its length is increased to Lgyg = 6
(DBC6), even the linear part of the load deflection curve is
too soft, and the maximum load is underestimated.

5.1.4 Torsional limit load considering plasticity

To further investigate the influence of RVE length, the limit
load due to torsional moment is investigated. The exam-
ple is taken from [28]. Here, the cross-section has a height
of = 10 cm and a width of » = 5 cm. The beam
axis goes through the center of gravity of the cross-section,
which equals the center of shear in this case (s, = s; =
my = m; = 0 cm). Furthermore, an isotropic linear elas-
tic, ideal plastic material law with a Young’s modulus of
E = 21,000 kN cm~2, a Poisson’s ratio of v = 0.3 and a
yield stress of Yy = 24 kN cm~2 is chosen. Here, only shear
stresses are responsible for the occurrence of plasticity. They
are limited to a value of T,y = 13.86 kN cm™2. According
to [28], the limit state can be computed as

MS = 0.246 - Typay - h - b* = 852.2 kN cm
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and M}’l = é Tyax - b2 - (3 - h — b) = 1443.4 kKN cm. elements in the case of PBCC and 8 elements in the case of
(66) DBC. The finer mesh in the case of DBC is chosen because

Values in Eq. (66) are the elastic limit torsional moment M. ;l
and the plastic one M;'l.

With previously given values, two directions of the RVEs
are defined. The remaining direction is chosen as Lgryr =
5 cm in the case of PBCC, again with an interface thickness
of d = Lryg/10. For DBC, the length will be varied and is
attached to its name, as in the last example. Therefore, the
RVE in the case of DBC20 has the length Lryg = 20 cm and
in the case of DBC100 the length is Lgyg = 100 cm. The
mesh of the RVEs is chosen with 8 elements in height and
4 elements in width. The length direction is meshed with 3

of the suppressed warping.

Results of the calculation are depicted in Fig. 19. On the
left side, PBCC and DBC are compared to the analytical solu-
tion according to Eq. (66). As expected, the DBC20 with
an RVE length of Lryg = 20 cm show a too stiff behav-
ior due to the warping constraint. This affects not only the
linear elastic part but leads to an overestimation of the max-
imum torsional moment as well. If the length of the RVE
is increased to Lgryr = 100 cm, results look much better,
as seen for DBC100. In comparison with Fig. 12, however,
the shear stiffness is underestimated, whereas when using
the PBCC, results are independent of the length of the RVE
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Fig.20 Comparison of the equivalent plastic strain in the full plastic state—DBC20 on the left and PBCC on the right

Lrye. Furthermore, the reference solution (Ref.) of [28] is in
good agreement with the solution of PBCC, see Fig. 19 on
the right.

To get insight into what is happening on the mesoscopic
scale, the equivalent plastic strain in the case of a fully plastic
state for DBC20 and PBCC are depicted in Fig. 20. On the
left side, the strain state of DBC20 is depicted. The boundary
effects on the strain state are clearly noticeable. In contrast
to that, the constraints due to PBCC have no impact on the
strain state as shown in the picture on the right.

5.2 U-shaped profile

To show the necessity of an accurate approximation of shear
stiffnesses within the multiscale scheme, a U-shaped profile
is investigated. The crucial property is that the center of shear
does not equal the center of gravity for this cross-section.
Figure 21 shows the geometry of the cross-section. The
geometrical data are height # = 10 cm, width » = 10 cm,
thickness of the web s = 0.6 cm and thickness of the flanges
t = 1.2 cm. Furthermore, the parameters n, = n,, = 4 spec-
ify the numbers of elements used to mesh the cross-section.

@ Springer

Along the RVE’s length, 10 elements are used. As a result,
the thickness of the rotational interface is d = Lgyg/10.
A homogeneous, isotropic material behavior with a Young’s
modulus of E = 21,000 kN ¢cm~2 and a Poisson’s ratio of
v = 0.3 is assumed.

5.2.1 Effective properties

As a reference solution, the cross-sectional properties given
in Table 2 are calculated with the elements in [8,12]. The
distances to the center of gravity sy, and s, as well as the
distances to the center of shear m and m are provided with
respect to the lower left corner of the cross-section according
to Fig. 21. Furthermore, the listed shear correction factors
xy and x; lead to the resulting shear stiffnesses GAgy =
1#yGA and GAs; = »%,GA. The torsion constant /7. is given
with respect to the center of shear and can be calculated
with respect to the center of gravity as Iy = 310.018 cm*
according to Eq. (18).

Using the homogenization scheme with PBCC leads to the
cross-sectional values given in Table 3. Here, RVE lengths
Lgyg of 1 cm and 100 cm are chosen. Both cases give the
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Table2 Cross-sectional A I I’ e
properties of the U-shaped J : T
profile 28.56 cm? 489.4688 cm® 284.78419 cm* 11.293598 cm?*

sy Sz my m; oy 2

4.2495798 cm 5cm 4.0828184 cm 5cm 0.659 10048 0.150 65091
Table 3 Cross-sectional values I =1ecm
of the homogenization scheme ARVE — 7 7 VE
using PBCC for Lryr = 1 cm Y N r
and Lgyg = 100 cm 28.56 cm? 489.469 cm* 284.784195 cm* 11.39699501 cm®

sy Sz my m; xny X%

4.24958 cm 5cm 4.0770323 cm 4.9999989 cm 0.66221 0.151 97

LRVE =100 cm

A Iy I, 17*-

28.56 cm? 489.469 cm* 284.784195 cm* 11.39699501 cm*

sy Sz my m; Xy x%;

4.24958 cm 5cm 4.0770323 cm 4.9999989 cm 0.66221 0.15197

same results and are consistent with the reference solution in
Table 2.

Using DBC, the tension and bending stiffnesses are cal-
culated numerically exactly, but length-dependent results for
the cross-sectional values are observed if they arise from
shear stresses, see Fig. 22. Within this diagram, results are
normalized by the reference solutions given in Table 2. The
length dependency of the position of the center of shear
resides in the suppressed warping. Therefore, it is not con-
nected to the problem described in Sect. 3.2, but is a general
problem of DBC due to the suppressed warping and is
resolved by increasing the length Lgyg of the RVE. In con-
trast, the shear stiffnesses drop to zero again, and connected
to them, the torsional stiffness converges to the value related
to the center of shear.

5.2.2 Lateral torsional buckling

To show that the scheme is not only limited to calculating
cross-sectional properties for the linear elastic case or taking
into account physical nonlinearities, this example considers
cross-sectional deformation by using geometric nonlinear-
ity on the mesoscopic and macroscopic scale. The impact
of this nonlinearity is shown by calculating a stability prob-
lem that is due to lateral torsional buckling. It is necessary
to mention that the underlying beam theory leads to the
basic 6 degrees of freedom per node and, thus, does not
contain any assumption regarding the continuity of the cross-
sectional warping between the elements. Therefore, it is
expected that the scheme recognizes the correct maximum
load level only for a limited set of examples and underesti-
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Fig.23 Geometry and load of the system to investigate lateral torsional
buckling

mates the maximum load level as soon as warping constraints
or warping continuity play a significant role.

For the reasons mentioned above, the system is chosen
according to Fig. 23. Its length has a value of L = 150 cm,
and it is loaded with A F" and A M. The values of the force and
moment are F = 100 kN and M = 0.1 kN cm. Both applied
loads are scaled with the load-factor A. The applied moment
M represents an imperfection only and is removed as soon
as the system buckled.

Regarding the finite element mesh, 20 beam elements
are employed on the macroscopic scale. For the mesoscopic
scale, the cross-section described in the previous section is
used. This time the mesh parameters are n, = 2 and n,, = 4.
In the length direction 3 elements are used for the PBCC and
5 elements for the DBC. In both cases, the length of the RVE
is chosen as Lgyg = 10 cm. Furthermore, a reference solu-
tion s calculated using 3D brick elements with the same mesh
parameters for the cross-section and 40 elements along the
length of the system. To reduce the impact of the continuity of
warping deformation, the boundary conditions are imposed
with a constant traction interface element comparable to that
in Sect. 4.1.

The results are depicted in Fig. 24. In this diagram, the
unloading path is shown after the moment M was removed.
Both the multiscale calculation with PBCC and the 3D model
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further comparison, analytical values of the critical loads are
computed according to [18]. They evaluate to Arp = 5.89in
the case of lateral torsional buckling, A g,, = 6.55 for the first
Euler case with respect to the weak axis, and Ay = 11.27
for the first Euler case with respect to the strong axis. Even
though all loads are applied at the center of gravity of the
cross-section, they do not lead to a sufficient imperfection
with DBC, and neither the Euler buckling case connected
to the weak axis nor the one connected to the strong axis
is triggered, but the equation system has negative diagonal
elements after reaching the critical load of the first Euler
buckling case.

5.3 Layered cross-section

Here, a layered cross-section is considered. The geometry of
the cross-section is depicted in Fig. 25. Its width is b, and its
height h = 2h1 + h¢. Furthermore, the core fraction p¢ that
describes the ratio between the layer height 7, and the core
height hc as he = pch and hy, = (1 — pc)h/2 is assumed.
Regarding the material parameters, the factor « is introduced
to describe the ratio between the stiffness of the core and the
layersasa = E¢/Er. The value Ec is the Young’s modulus
of the core and E the one of the face layers.

5.3.1 Effective properties

Here, the width is b = 20 cm, and the total height h = 2hy +
hc = 20 cm. The focus lies in the evaluation of the tension
stiffness E A, the bending stiffness EI, with respect to the
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Fig.27 Comparison between
the analytically and numerically
evaluated shear correction factor
»x for varying stiffness ratios o
and core fractions pc—Ilayered
cross-section
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Fig.28 Shear stresses and
deformation of the RVE

a =0.001 and y, = 0.1 in
(kN cm~2)—layered
cross-section

(a) pc = 0.1.
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1
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> g 4
Ts (pc) = (1 - p?;) + Eazpé + gap% (1 — p%) :

Ty (pc) = A(pc) @ + pcTs (68)
as

4T 69)
¥ = 9Ty

To compare the reference solutions Eqgs. (67) and (69)
with the results of the homogenization scheme, PBCC are
used. Each layer of the RVE is meshed with 4 elements in
thickness, 4 elements in width and 9 elements in length.

The results of the homogenization scheme for the tension
and bending stiffnesses are depicted in Fig. 26. A dashed
line is used to represent the reference solution according
to Eq. (67). The results of the numerical homogenization
are marked with the corresponding symbols. For all stiffness
ratios o and core fraction pc, numerically exact values are

@ Springer

0.4 0.6 0.8
Core fraction pc

[

[ 2.6e-01 I— 4.1e-02
{02 3 -003 g
—-015 3 @
= 0.02 pes
Lo T g
2] 2]
[ 0.05 [ 0.01
2.2e-03 2.2e-05
(b) pc = 0.9.
o Y
o
paN
7777 X
l z
s
L I
a 1

L

Fig.29 Geometry of the macroscopic system

to be observed. This means that 7 digits agree, which is the
used output precision.

Next, the shear correction factor is evaluated. Results are
presented in Fig. 27. Again, the dashed lines represent the
analytical solution and the results of the homogenization
scheme are depicted with symbols. As before, the numerical
results agree very well with the analytical solution Eq. (69).
In the case of pc = 0 and pc = 1, the shear correction
factor is » = 5/6. In this case a homogeneous cross-section
is evaluated. To name an extreme value, for « = 0.001 and
pc = 0.4, the shear correction even drops to a value of
x ~ 1/500. The values are also compared with the results of
the element according to [10], which leads to the same values.

To get insight into the shear deformation of the RVE, it
is depicted for a core fraction of pc = 0.1 in Fig. 28a and
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Fig. 30 Additional constraints to achieve a plate strip behavior

for a core fraction of pc = 0.9 in Fig. 28b. In Fig. 28a, it is
clearly visible that the shear strain is concentrated in the core,
and the RVE shows noticeable warping. In contrast, warping
deformation is less noticeable in Fig. 28b. One can see that
the shear stresses are nearly constant within the core.

5.3.2 Plastic behavior

In this section, the behavior of the cross-section due to plas-
ticization of the face layers is investigated. The example is
taken from [13]. A linear elastic material behavior for the core
is assumed with a Youngs” modulus of £ = 70 N mm~2 and
a Poisson’s ratio of v = 0.3. For the face layers, a plastic
behavior is assumed with E;, = 70,000 N mm~2, vy = 0.3,

a yield stress of ¥y = 100 N mm~2 and a hardening mod-
ulus of H = 1000 N mm~2. The geometry parameters are
he =30mm, 27 = 0.5 mm and b = 60 mm.

The macroscopic system is depicted in Fig. 29. Its length
is chosen as L = 2000 mm, and it is loaded with ¢ = A -
0.06 Nmm~!. To represent the structure, 14 beam elements
are used. Later, the displayed deflection § versus the load
factor A is observed.

As the reference solution of [13] is for a plate strip and
is not directly comparable with beam kinematics, additional
constraints for the RVE are needed. They are depicted in
Fig. 30. Here, the displacements u, on opposite sides in the y-
direction of the RVE are constraint. Due to those constraints,
an equivalent behavior of the system can be achieved. Fur-
thermore, the mesh of the RVE can be seen in Fig. 30. It has
alength of Lgyg = 10 mm, consists of 2 elements in width,
2 elements in height per layer and 5 elements in length. The
interface element in the center of the RVE has a thickness of
d = 0.5 mm. The results of the computation are presented in
Fig. 31. For comparison, the calculation is performed with
the basic PBCC (PBCCb). As expected, the solution of the
system is too soft, as it is calculated using the beam assump-
tions. Using PBCC with the additional constraints given in
Fig. 30, the plate strip behavior can be simulated with the
multiscale approach. Under those assumptions, it is possible
to reproduce the reference solution (Ref.).

5.4 Structural homogenization: right angle bent

The last example considers an internal structure that will
be homogenized. It is intended to show that the scheme’s
capabilities go beyond the modeling of cross-sections only.
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Fig.32 Geometry and loading
of the right angle and its local
structure

The geometry of the model and its internal structure is
depicted in Fig. 32. With length /. = 30 cm, width b =
10 cm, height 7 = 20 cm and radius r = 6.5 cm, the structure
is completely defined. It is worth mentioning that the hole
with a radius of » = 6.5 cm reduces the cross-section by
65 %. Therefore, the kinematical assumptions of the beam
theory are no longer valid in every point of the structure. But
it will be shown, that the proposed scheme can reproduce the
structural behavior. Furthermore, geometrical and physical
nonlinearity is included on both scales. Regarding the latter,
alinear elastic, ideal plastic material behavior with a Youngs’
modulus £ = 21,000 kN cm_z, a Poisson’s ratio of v = 0.3
and a yield stress of Yo = 23.5 kN cm™2 is chosen. The
structure is loaded by a force F' = X - 50[kN], whereby X is
the load factor. Furthermore, both ends are clamped. Due to
the given geometry and loading, the system is subjected to
bending, shearing and torsion.

To describe the mesh, the internal structure in Fig. 32 is
subdivided into 8 blocks. Each of these blocks is meshed by
4 x 4 x 4 elements. The resulting mesh for the RVE with
PBCC is depicted in Fig. 33. Here, two internal structures
are used to represent the RVE. In the center of the RVE,
the interface element is added. Its thickness is chosen as
d = 0.125(./2 — r) = 1.0625 cm. Two of the internal
structures are used because the interface element is designed
to be applied in the center of the RVE, and its kinematical
assumptions are based on beam kinematics. Therefore, it is
necessary to construct a part of the mesh in the center of the
RVE in which these assumptions are valid. Regarding the
macroscopic beam mesh, 6 linear beam elements per arm
are chosen. Consequently, the integration points of these ele-
ments approximately coincide with the centers of the holes.
For comparison, the structure is evaluated using 3D brick ele-
ments with the same mesh parameters as described above.
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Fig.33 Mesh of the RVE for PBCC including the interface element of
thickness d

The results of the calculation are depicted in Fig. 34. As
shown, the calculated load deflection behavior of the multi-
scale model (PBCC) is in good agreement with the 3D model
(Ref.).

The equivalent plastic strains at § = 2.1 cmand A = 7.4
are shown in Fig. 35. As expected, plasticity occurs at the
weakest position with the highest load near the clamping. To
get further insight into the stress state, a coordinate system
to identify the stresses is included.

Finally, the stresses along a line are plotted in Fig. 36. The
line is parallel to the height direction and is tangent to the
hole of the internal structure at 8.5 cm from the clamping. In
addition, it is located at the center of the internal structures’
width direction. Stresses are evaluated in a plastic state with
a corner displacement of § = 2.1 cm and a load factor of
A = 7.4. The results of the multiscale model agree very well
with those of the reference solution.
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Fig.36 Stresses through height at 8.5 cm from the clamping of the loaded arm in (kN cm™2)—§ = 2.1 cmand A = 7.4

6 Conclusion

In this contribution, a multiscale model for beam elements
is proposed. The theory itself is based on a first-order
homogenization scheme. It is shown that the direct appli-
cation of the scheme using the beam kinematics leads to
length-dependent results for the homogenized shear stiff-
nesses. The source of the length dependencies is identified
and is connected to the moment balance. Additional con-
straints are proposed that remove this length dependency. As
a result, the scheme is able to reproduce well-known cross-
sectional values of simple homogeneous cross-sections and
layered cross-sections. Furthermore, the model allows for
the consideration of physical nonlinearity such as plasticity.
Alongside the calculation of effective cross-sectional prop-
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erties using the undeformed geometry, the scheme allows the
consideration of cross-sectional deformations by employing
geometrical nonlinearity on the mesoscale. This fact allows
the discovery of possible stability problems like lateral tor-
sional buckling. As a 3D RVE is homogenized, the scheme’s
capabilities reach beyond pure cross-section modeling and
allow the consideration of periodic structures along the length
direction.
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