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1. Introduction

The micromechanics code MUL2-UC is developed to work as an efficient and
high-fidelity tool for the computation of the effective stiffness matrix and the
recovering of the local fields of periodically heterogeneous composite structures. The
main novelty is that higher-order beam theories are employed to model the
microstructure of composite structures, differing from conventional micromechanics
numerical tools which usually make use of 2D/3D finite models to solve the problem.
The code implements the Mechanics of Structure Genome (MSG) [1] to decouple the
multiscale problem into global and local analysis, and uses the Carrera Unified
Formulation (CUF) [2] to generate lower-cost refined beam models to solve the
constitutive problem posed by MSG.

2. Functionalities and general description

MUL2-UC makes use of standard 1D elements to discretize the various
constituents along the longitudinal direction of the microstructure and a higher-order
non-local theory of structure, denominated to as Hierarchical Legendre Expansions
(HLE) [3], to expand the unknowns of the problem over the remaining two directions.
An advanced mapping technique is also implemented in the tool to model the exact
geometry of the different constituents (fibers, matrix, particles, plies, etc...) over the
cross-section of the beam. If different phases are located along the beam axis, these
can be captured by the 1D finite element discretization. It is important to note that,
following this modeling approach, the geometrical description of the microstructure
is fixed at the beginning of the analysis, and the accuracy of the solutions is controlled
by the polynomial order of the expansions, p, which is introduced by the user during
the analysis.

A visual scheme of the MUL2-UC operation is illustrated in Figure 1. The user
defines the inputs of the problem, including the section geometry, the beam
discretization, the properties of the constituents, the boundary constraints and the
polynomial order of the beam theory. Then, the code generates the arrays of the
problem, solves the linear system and computes the fluctuation variables. The
complete 3D stiffness matrix is automatically generated with only a single run of the
code. If the local fields are required, the user must only input the values of the global
strains, and the code computes the local strain and stress fields over the
microstructure using the same fluctuation unknowns previously obtained. This
process can be repeated indefinitely without launching the tool again, enabling the
user to save precious time in the multiscale analysis. If the user wants to increase the
accuracy of the solutions, this can be done by simply relaunching the tool again
introducing a higher polynomial order, p, with no need of remeshing.
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Figure 1. Micromechanics analysis using MUL2-UC.

MUL2-UC couples the already established capabilities of MSG for the accurate
micromechanics analysis with the efficiency of refined beam models for
representative volumes in which the heterogeneities are predominant in one or two
directions, such as fiber reinforced or particle reinforce composites. In these cases,
but not limited to, refined beam models are very convenient in terms of computational
efforts, and can provide the same level of accuracy as commonly used 2D or 3D
models. In addition, the exact geometry of the constituents can be represented
regardless of the size of the discretization, for instance, the fiber section can be
modeled by only a single HLE expansion domain.

The code is entirely written in Fortran 77/90. The present version of the software
is available in https://cdmhub.org/resources/downloads as a downloadable folder for
Windows operating systems. It contains an executable file ‘MUL2-UC_v1.1.exe’ and
several text files including inputs and outputs. For the purposes of the present
competition, several pre-arranged models of typical microstructures are available for
any user to easily try and test the code, including common fiber-reinforced UCs and
particle inclusions with variable geometries. The outputs of the micromechanical
analysis are presented in .dat files and can be found in the folder ‘Matrices’. A Gmsh
file is also generated so as to allow the post-processing of the local fields in a more
user-friendly environment. Gmsh is free finite element mesh generator released under
the GNU General Public License and can be downloaded at http://gmsh.info/ .

This document contains some important information for users to understand,
setup, launch and use the code. Section 3 describes the different modules defined
inside MUL2-UC to generate HLE beam models for microstructures. Section 4
includes useful information on how to run the code and a description of the common
microstructures that are available in the present version of the tool. Finally, Section
5 shows a tutorial example with a step-by-step explanation of the code features.

3. Model setting

To generate HLE beam models for the micromechanics analysis, MUL2-UC
splits the modeling procedure into several modules. These correspond to the
different sets of inputs that the user must define to launch the code, counting:
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1. Materials: number of materials, properties and orientation (if needed).
Isotropic, monoclinic and orthotropic materials can be introduced through the
engineering constants.

2. Beam mesh: number and type of beam elements along the beam axis. The
user can select 2-node (beam2), 3-node (beam3) or 4-node (beam4) line
elements. For the case of unidirectional microstructures, e.g. fiber reinforced,
a single beam2 element is enough to obtain the effective properties and the
local fields with no lack of accuracy.

3. Cross-sectional expansion: refinement theory of structure, including sub-
domain distribution of the section surface, polynomial order of the expansions
and mapping parameters for curved constituents (e.g. for fibers). The
materials are assigned in a component-wise sense, that is accounting for the
exact geometry and properties of the different constituents.

4. Boundary conditions: definition of the periodic boundary conditions. These
are automatically introduced by the code along the beam axis and the user
only needs to take care of the periodicity over the cross-section.

4. Running the code

The user can initialize the tool by launching the executable file ‘MUL2-
UC_vl.l.exe’ located in the downloadable folder ‘MUL2-UC ASC’. Several
common microstructures are available and ready for the user to straightforwardly use
the code. The code also allows to do free modeling for generic microstructures by
modifying the input files located in the folder ‘Input_Files FreeModel’. Up to date,
the code has been developed for academic purposes and the free modeling option
requires the user to be familiar with the format of the inputs. For this reason, the
present document focuses on the common microstructures deployed in the proposed
version of MUL2-UC, which are sufficient to demonstrate the capabilities of HLE
higher-order beam models for the efficient micromechanics analysis. If the reader is
interested in the free modeling option, more information and support can be provided
by Eng. A.G. de Miguel to alberto.garcia@polito.it or through the cdmHUB
channels.

4.1.Pre-arranged microstructures

For the rapid and straightforward testing of the code, four common examples of
microstructures are included: fiber reinforced square pack, hexagonal pack, cubic
particle inclusion and cylindric particle inclusion. In all cases the user has the
freedom to introduce the materials properties of the constituents, the geometry of the
UC, the fiber volume fraction, and the polynomial order of the beam theory. A brief
description of these models is provided in the following.

4.1.1. Square pack

The model corresponds to the typical square pack illustrated in Figure 2. The
dimensions of the UC are 1x1x1 and the volume fiber is introduced by the user during
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the analysis. Due to the unidirectional arrangement of the constituents, only one
section is enough to represent the microstructure. The curvature of the fiber section
is directly mapped into the cross-section of the model, enabling to use only one
domain for the fiber, being a total of 5 the number of sub-domains employed for the
cross-section expansion. The fiber volume fraction is introduced by the user as

desired.
.

Figure 2. Model of the square pack generated by the MUL2-UC.
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4.1.2. Hexagonal pack
The hexagonal pack (shown in Figure 3) is also a well-known example of
microstructure used by engineers for multiscale analyses. The dimensions of the UC
are 1x1x1.73 and, as for the square pack, only a single section is required to model
the problem. The total number of section sub-domains is 15, including one for each
fiber. The fiber volume fraction is defined by the user.

T

s

Figure 3. Model of the hexagonal pack generated MUL2-UC.

4.1.3. Parallelepiped inclusion
This common microstructure consists in a cubic UC with an embedded
parallelepiped inclusion. The particle is located in the center. The user defines the
geometrical dimensions of the inclusion as, i.e length, width and height. The beam
model generated by MUL2-UC for the given inputs is equivalent to the one in Figure
4. One can note that the sections of the beam placed at the center in correspondence
to the particle account for the fiber material.



Figure 4. Model of the parallelepiped inclusion generated by MUL2-UC.

4.1.4. Cylindric inclusion
The cylindric inclusion, shown in Figure 5, is very similar to the previous one,
with the difference that the inclusion is now curved. The user can input the length of
the particle and the radius of its section.

Figure 5. Model of the cylindric inclusion generated by MUL2-UC.

5. Tutorial example

This section shows how to perform the homogenization and dehomogenization
of a UC through an example case using the common microstructures available in the

tool. The hexagonal pack is selected for this example.

When the code is launched, a command window opens in the screen similar to
the one shown in Figure 6.
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Figure 6. Initializing MUL2-UC.

To select the hexagonal pack, the user must type 2, as indicated in the Figure 2.
By doing this, the code reads the predefined parameters of the model and then asks
for the material inputs. Starting for the fiber properties, the user must input 1 if an
isotropic material is considered, or 2 if orthotropic. Once this is done, the engineering
constants of the material can be introduced, see Figure 7. The procedure to input the
matrix properties is the same. For the present example, a G40-800 carbon fiber and
8552 epoxy matrix are used. Their properties are:

« (40-800: orthotropic (E1 =290 GPa, E> =19 GPa, E3=19 GPa, v12= 0.2, v13
=0.2,v23=0.36, G12= 27 GPa, G13= 27 GPa, G23= 7 GPa)
« Epoxy: isotropic (E = 4.08, v=0.38)

5 CAUsers\UTENTE\Documents\FULLCOMP\CUF-VABS\MSG_CUR\ASC._code_pardiss\ASC._code. v2.1... = oEl-|mmeSem|

INTRODUCE MATERIAL PROPERTIES OF THE FIBER
2Fur isotropic, type 1; for orthotropic. type 2

Input the material properties: Ei,. EZ,. E3, nul2, nuil.
nu2d,. Gi2, G13, G23
290e?,.1%e%.1%e?.0.2,.8.2,8.36,.27e9,.27e?.7e?

INTRODUCE MATERIAL PROPERTIES OF THE MATRIZ

For isotwopic, type 1:; for orthotropic, type 2
il

Input the material properties: E. nu
4.88.8.38

INTRODUGE FIBER UOLUME FRACTION <8 < Ufiber < B.85>
Uf =

Figure 7. Introducing the material properties.



Once the material properties have been defined, the code requires the fiber
volume fraction of the hexagonal UC. For example, a value of 0.6 can be introduced.
The code automatically generates the expansion domains of the curved fibers and
those correspondent to the matrix (see Figure 2). The next step is to introduce the
polynomial order of the HLE beam model. This parameter determines the refinement
of the model and controls the accuracy of the solutions, mainly for the computation
of the local fields at the end of the analysis. Polynomial orders between 2 and 8 can
be selected. An 8" order is introduced for the present analysis.
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Figure 8. Geometry and polynomial order of the HLE.

At this point, all the necessary inputs for the micromechanical study have been
introduced and the code proceeds to run the homogenization analysis and computes
the effective properties of the material. During this process, the command window
shows some relevant information of the analysis, such as the effective number of
degrees of freedom of the beam model and the computational time for the
homogenization process.
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Figure 9. Effective degrees of freedom and computational time of the homogenization.

A file with the constitutive information automatically opens containing the
stiffness and compliance matrices of the equivalent homogeneous material, as well
as the engineering constants (see Figure 10).



Effective_stiffness.dat - Blocco note - e - — |l e S
File Modifica Formate Visualizza 7
Effective stiffness Matrix -
0.1785988178E+12 0.5216829247E+10 0.5217552144E+10 0.4204462026E-01 -0.3573728070E-07 -0.4316010182E-08
0.5216829247e+10 0.1311507774E+11 0.6443247823E+10 0.1396919129e+01 -0.1696005650E-05 0.1299565348E-05
0.5217552144E+10 0.6443247823E+10 0.1312222429E+11 -0.8288559838E+00 -0.9569064840E-08 -0.1561049347E-08
0.4204519381e-01 0.1396954225e+01 -0.82B8785283E+00 0.3340815358E+10 0.4277505038E-06 -0.1166035079E-05
-0.7828080793e-06 -0.1576455027e-07 -0.1576455027E-07 0.0000000000E+00 0.4948885648e+10 0.6518928928E-01
0.9939551794E-03 -0.1027020464E-06 -0.1027020464E-06 0.0000000000E+00 0.6518364972E-01 0.4940420921E+10
Engineering Material Constants (Orthotropic)
E1l = 0.1758159510E+12
E2 = 0.9911397480E+10
E3 = 0.9916829509e+10 !
Glz = 0.4940420921E+10 =
Gl3 = 0.4948885648E+10
G232 = 0.2340815358E+10
nulz = 0.2667902825E+00
nul3 = 0.2666130497E+00
nuz3 = 0.4850378957E+00
Effective Compliance Matrix
0.5687766066E-11 -0.1517440716E-11 -0.1516432657E-11 0.1866902685E-21 -0.4818930455e-27 0.4036487241E-27
-0.1517440716E-11 0.1008939458E-09 -0.4893738715E-10 -0.5430977451E-19 0.3447123252E-25 -0.263566B836E-23
-0.1516432657E-11 -0.4893738715E-10 0.1008386803E-09 0.4549969312e-19 -0.1658703641E-25 0.1290339484E-25
0.1866950000E-21 -0.5431116441E-19 0.4550088797E-19 0.2993281258E-09 -0.2587203783e-25 0.7064723847E-25
0. 8900188637E-27 -0.745204269BE-28 -0.7433702054E-28 0.1466123912E-38 0.2020656914E-09 -0.2666274598E-20
-0.1150619174E-25 0.4132993080E-26 0.4129816117E-26 -0.5587440876E-36 -0.2666043938E-20 0.2024119029e-09
)

Figure 10. File generated by MUL2-UC with the constitutive information.

If this file does not open automatically, the user can find it inside the folder ‘Matrices’
under the name ‘Effective_stiffness.dat’.

The next step of the study is to obtain the local fields for the given global
solution. In order to continue with the analysis, the user must first close the file of the
constitutive information. By entering 1, the user can now introduce the global strains
to compute the local strains and stress fields within the microstructure. The usual
coordinate system is employed, i.e. X is the fiber direction (beam axis) and Y and Z
the remaining two over the cross-section. For this tutorial example, a unitary
longitudinal strain is introduced, leaving the remaining components as zero.

& CAUsers\UTENTE\Documents\FULLCOMP\CUF-VABS\MSG_CURSC. code pardiso\ASC_code v2.1.. sl it

Close file "Effective_stiffnessz.dat" to continue

Do you want to dehomogenize? 1 if YES, other if HNO
1

RECOUERING LOCAL SOLUTIONS:

INSERT GLOBAL STRAIN VALUES

epsilonl¥ =

epsilon¥Y¥

epsilonZZ

epsilonkZ

epsilon¥Z

epsilond¥ =

Figure 11. Inputs of the global strains for the dehomogenization.



Once this is done, the code generates the outputs of the dehomogenization. If the
user has already installed Gmsh in his/her workstation, a .msh file will automatically
open containing all the local solutions.

_A Gmsh - C\Users\UTENTE\Decuments\FULLCOMP\CUF-VABS\MSG_CUR\ASC_code. _code v2.1\Matrices\Gt

File Tools Window Help

& WModules
Geometry
sh

sigma-VonMises

285e+009 14884011 2874011
, | - . |
»
, .
" sigma- E#ma-yz
R [4]epsz , -2.34-008 1.17e-0) 468200 1. 78e+00) L265 1.76e+008
P Bl epe-yz , | B N -
¥ [6] sigma-ix 3
Fsigmany  » .
R [8] sigma-zz sigma-zz g y
18] stgma-xy ' 4.84e+008 5.18e+003 541e+003 -2 34e-008 0 2 34e-008
™ [10) sigma-xz. »
F [l sigmayz | ] B -]
 [12] sigma-Vonhis » | |
sigma-E glyma-yy
7 84e+009 1 5e+0) §2e+011 493:+008 13e+009 533e+008
[ S 22— -
eps- ps-yz
-1.73e-018 0 173207 o113 -1 8e-009 0119
[ S am s ]
eps-zZ eps-xy
-0.0266 0030 8.0 67e-018 0 8.67e-018
[ ’__:__‘ |
eps-XX eps-yy Y
1 1 1 -0.0304 00352 0101 z
-
I
S0XYZQE11S Done reading "C:\Users\WUTENTE\D: ULLCOMP\CUF-VABS\MSG_CUF\ASC_code_f _code_v2. _out.msh’

Figure 12. Post-processing of the local solutions in Gmsh.

This file can also be found in the folder ‘Matrices’ under the name
‘Gmesh_out.msh’, together with another text files that contain the numerical values
of all the local solutions for the different sections of the beam nodes
(ris2D_SECO001 001 and ris2D_SEC002_001 in the present example). Figures 13
and 14 show the results of von-Mises and transverse stresses, respectively.

sigma-VonMises sigma-yy
285e+009 145e+011 287e+011 4.93e+009 5.13e+008 5.33e+009
I E— ]
Figure 13. VVon Mises stress Figure 14. Transverse stress

It is important to note that in order to capture the curvature of the fibers’ sections
and to represent accurately the high-gradients of the local fields, high polynomial
orders are required in the analysis. To demonstrate the capabilities of the HLE high



order beams, the fibers are modeled by only a single expansion in all the common
examples. For more information about the formulation and results of the code,
interested readers are referred to the companion conference paper [4].

Coming back to the command window, the user can see the computational time
used for the dehomogenization process. The code asks whether the user wants to
dehomogenize again, or just finish the analysis. If new local solutions are wanted, the
user must enter 1 and the code returns to the previous step in which one can introduce
again the global strains.

§ CAUsers\UTENTE\Documents\FULLCOMP\CUF-VABS\MSG_CUFVASC. code_pardisa\ASC_code_v2.1... = 20|t

0K

Dehomogenization computational time: @.7176846000000008

Close file "Gmezsh_out.msh' to continue

Dehomogenize again? 1 if YEE. other if HNO

RECOUERING LOCAL SOLUTIONS:

INSERT GLOBAL STRAIN UALUES
epsilonk® =

Figure 15. Iterative dehomogenization for multiple global inputs.

This action can be indefinitely done with no need of solving the homogenization
problem, allowing the most efficient evaluation of the strains and stresses of the
multiscale problem.
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