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Los procedimientos de homogeneización han ido ganando cada vez más énfasis en el campo del análisis 
numérico de los materiales compuestos. Un procedimiento de homogenización se basa sobre la hipótesis de 
que existe un set de ecuaciones o un elemento de volumen representativo que puede proporcionar una 
respuesta equivalente a la del material real. 

Un procedimiento de homogeneización multiescala será enseñado donde el comportamiento del material 
compuesto se obtiene a través de un estudio en su microescala donde la interacción entre sus materiales 
componentes con sus respectivas propiedades se modeliza a través de un modelo RVE. La formulación 
propuesta utiliza una función de activación del modelo nolineal en la escala estructural y su objetivo es evaluar 
si un punto de material está en el rango elástico o nolineal. Como consecuencia, la metodología desarrollada 
únicamente resuelve el problema microscópico de condición en la frontera en aquellos elementos de volumen 
representativo (RVE) que están en el rango nolineal. 

El procedimiento se usará para la simulación nolineal de un material compuesto tipo sándwich formado por 
eco-composites, ensayado en un test de flexión a cuatro puntos.   
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Homogenization procedures have been gaining more and more emphasis in the field of numerical analysis of 
composite materials. A homogenization procedure is based on the assumption that a set of equations or a 
representative element that can provide a response equivalent to the one provided by the actual material 
exists.  

A numerical multiscale homogenization will be shown where the behavior of the whole composite is obtained 
by a micromechanical study of the material components and their interaction within of the composite 
microstructure through an RVE model. The proposed formulation uses a non-linear activation function in the 
structural scale and its task is to predict if a material point in the structure is in linear or non-linear range. 
Because of this, the developed strategy only solves the microscopic Boundary Value Problem using the RVE 
for the non-linear integration points found. 

The procedure will be used in the nonlinear numerical simulaction of an eco-composite sanwich panel 
subjected to a four point bending test.  
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 Introduction  
Almost all existing materials around us can be considered 
heterogeneous structures or composite materials, since they 
are composed by several phases or components at certain 
spatial scale of observation. Prediction of the physical and 
chemical behaviour of such materials is a complicated target. 
Their properties, also called efective or homogenized 
properties, fully depend on the internal microstructure which can 
be different from one to another composite in morphology, 
volume fraction, and of course, in properties of constituents. The 
interaction between components, failure of interfaces capacity 
or damage because of fracture of the constituents must be also 
considered. Therefore, obtaining a good characterization of 
composite materials behaviour is in general a complex issue 
and requires considering suitable and sophisticated methods 
[1]. 

 State of the art for composite 
homogenization techniques  

A composite material is defined as a complex structure 
characterized by two or more components with different 
mechanical, thermal and/or chemical properties. The 
combinations of multiple constituents leads to a new material 
that usually improves significantly the properties of the base 
materials. Examples of composites are the fiber reinforced 
polymers (FRP) or even the reinforced concrete used in civil 
engineering applications. From a numerical point of view the 
simulation of these non-homogeneous materials has always 
represented a challenge because of the interaction between the 
different constituent materials, associated to the usually 
complex composite internal microstructure. Modelling each 
single component of the composite, also called Direct Numerical 
Simulation (DNS), provides the highest level of accuracy but, at 
the same time, the simulation of large-scale structures implies a 
prohibitively expensive computational cost. For this reason, to 
increase the efficiency of the simulations, the non-
homogeneous composite materials are often treated as 
homogeneous continua characterized by more complex 
constitutive models. The classical mixing theory [2] is one of the 
most used phenomenological homogenization methods. The 
mechanical behavior of the composite is obtained as the 
homogenized results of the mechanical properties of the 
components assuming an iso-strain compatibility equation 
among them. Another important formulation, based on a 
phenomenological homogenization, that accounts for a more 
general topological distribution of the components in the 
composite is the Serial/Parallel (SP) mixing theory. This theory, 
detailed in [3][4], distinguishes two behaviors of the composite 
depending on the alignment of the fiber on the composite. 
Isostrain and iso-stress conditions are applied in the fiber 
direction, and in the orthogonal direction, respectively. The 
serial-parallel theory obtains the response of the composite 
assuming certain iso-stress and iso-strain boundary conditions 
that regularizes the response of the material if it is defined with 
several laminates. However, phenomenological 
homogenization describes the behavior of composite materials 
only at macroscopic level. This method cannot describe 
accurately the stress and strain distribution among the 
components. Thanks to the increase in computer capabilities, 

multiscale homogenizations started to become a viable 
alternative [5]. 

In the last decade, several multiscale approaches have been 
developed becoming nowadays in an essential technique for 
modelling composites materials. This is because, even today 
performing a full direct numerical simulation including all the 
heterogeneities leads to a huge problem, which is expensive 
and unworkable from a computational cost point of view. On the 
other hand, carrying out numerous experiments on many 
material samples with different geometrical and physical 
properties is practically impossible because of time and cost. 

In a general sense, it is possible classify the multiscale models 
into the concurrent method [6-9] and the homogenization 
method, on the latter one will be focused this article. The main 
feature of a generic concurrent multiscale method is that coarse 
and fine-scale regions are processed simultaneously. The links 
between different scales are accounted considering 
displacement compatibility and momentum balance across the 
whole solid [1]. 

Therefore, this framework considers a strong coupling between 
the scales. On the other hand, the multiscale homogenization 
method is based on the principle of separation of scales and 
then, micro-scale length is assumed much smaller than macro-
scale length [10]. Consequently, in this approach the length 
scales of micro and macro-problems must be suffciently 
separate. 

Multiscale homogenization method which uses the concept of 
Representative Volume Element (RVE) [11,12] together with 
suitable computational approaches has emerged as one of the 
most promis-ing formulation to address the response of 
composites structures. The RVE is employed to determine the 
homogenized properties and behaviour of a material point at the 
macro-scale level. It is defined as a microstructural subregion 
and must be large enough to be statistically representative of 
the composite material including all its microscopic 
heterogeneities [13-15]. However, it must remain suffciently 
small to be considered as a volume element of the structure, 
fulfill space separation condition and also due to computational 
efficiency [16].  

 Eco-composites in the aeronautical field  
Fibre reinforced polymers (FRP) have gained in importance in 
aviation and other transportation sectors due to their excellent 
mechanical properties combined with relatively low weight. High 
performance composites like carbon fibre reinforced polymers 
(CFRP) and also glass fibre reinforced polymers (GFRP) are 
used in primary and secondary structures of modern aircrafts. 
They enable the construction of lighter and more efficient aircraft 
resulting in the reduction of fuel consumption and increased 
payloads Carbon fibres consume high amounts of energy during 
the production phase. Therefore it is of high interest to reduce 
the consumption of synthetic materials in favour of bio-based 
materials in certain applications. Bio-based (renewable) 
materials like natural fibres have been under investigation for a 
long time for their use in composites but they have not been 
introduced into a modern aircraft in noticeable amounts yet. The 
lack of experience and confidence in the long-term performance 
and mechanical properties of composites containing natural 
fibres is still an obstacle for their usage in safety relevant 
applications like primary structures (e.g. fuselage). However, 
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secondary structures and interior composites which are not 
stressed on such high levels offer possible areas of application 
in aviation [17]. 

 Current formulation 
In the context of solid mechanics and multiscale computational 
homogenization, one of the most extended and popular method 
is called First-Order Computational Homogenization (FOCH) 
[13,18]. In this approach, the macro-scale strain tensor (or 
deformation gradient tensor) is used as input to solve the micro-
scale BVP. The material stress-strain relationship is obtained 
from the solution of problem at the micro-scale i.e. the RVE 
which contains the detailed modeling of the internal 
heterogeneous structure of the composite. Therefore, it does 
not require any composite constitutive assumption or 
compatibility equation to address the composite response [19]. 
Also, there are no restrictions on the constitutive model used in 
the component materials, even non-linear materials and time-
dependency models can be taken into account [20, 21]. A 
comprehensive description of the formulation can be found in [1] 
and [5].  

 Numerical homogenization 
procedure - Classical First-Order 
Multiscale Method 

One of the most popular multiscale methods is the first-order 
homogenization. In this procedure, the strain obtained when 
analyzing the macroscopic structure is used to define the 
boundary conditions, applied on a Representative Volume 
Element (RVE), to solve the Boundary Value Problem (BVP) at 
the microscale. The basic principles of homogenization method 
were provided by Suquet [22] to obtain the constitutive equation 
for the homogenized properties of a heterogeneous material. 
The unit cell is defined as a microscopic subregion that is 
representative of the entire microstructure in an average sense. 
The RVE is employed to obtain the effective properties for the 
homogenized material because it is assumed that it must 
contain a sufficient number of heterogeneities [5], [14]. The 
solution of the problem at the microscale, under such conditions, 
acts as an equivalent constitutive law for the macroscale, and it 
provides material stiffness and stresses as the volume average 
of the microscopic ones. This equivalent constitutive law is used 
in all the integration points of the macroscopic model to obtain 
the global response of the structure. When dealing with 
nonlinear microstructures, it will lead to an iterative procedure in 
which the RVE must be solved for different boundary conditions 
until both scales reach equilibrium, ensuring consistency 
between the micro- and macroscale solutions. The first-order 
homogenization technique developed assumes a scale 
separation between the macro and the microscale. This is, the 
characteristic length of the microscale should be much smaller 
than the length of the macroscale elements, [23]. On each 
integration point of the discretized macroscale domain, the 
macroscopic strain tensor provides the input variables for the 
microscale domain. Then, the solution of the microscopic 
behavior of the RVE provides the macroscopic output and 
properties of the equivalent homogeneous medium. In this 
paper, for the sake of simplicity, the procedure assumes small 
displacements and a quasi-static behavior in both macro and 

micro scales. However, the methodology proposed can be 
extended to other cases. 

 Macro to micro transition 
At the macro level, the starting point for a kinematically based 
computational homogenization method is the assumption that 
the mechanical strain tensor, 휺  , at each point of the 
macroscale domain, 훺  (where the position is defined through 
the vector 풙  ), and at a certain instant t can be obtained as the 
volume average of the microscopic mechanical strain field, 휺  , 
defined at each point of the microscale domain, 훺   (where the 
position is defined through the vector 풙 ), and at the same 
instant t as: 

휺 풙 ,푡 =  ∫ 휺 ( 풙 , 푡)푑푉    (1) 

From the Eq. (1) the microscopic strain field can be expressed 
as the symmetric gradient of the microscopic displacement 
field, 풖 = (푢 ,푢 ):  

휺 풙 ,푡 =  ∫ ∇ 풖  푑푉    (2) 

Without loss of generality, we can decompose the microscale 
displacement as: 

 풖 풙 , 푡 = 휀 (풙 , 푡) ∙ 풙 − 풙 + 풖 (풙 , 푡)  (3) 

where  풖 풙 , 푡  and 풖  are respectively the constant and 
fluctuation displacements with respect to the average fields 풙   
(the centroid of the microscale) at each instant t. 

In the same way the microscopic strain can be divided in two 
parts, a constant one from the macroscopic scale (휺 ) and the 
contribution of fluctuation (휺 ). 

 휺 풙 , 푡 = 휀 (풙 , 푡) + 휺 풙 , 푡     (4) 

Moreover, the microscopic position vector 풙  does not appear 
explicitly in the microstructural strain tensor expression (see Eq. 
(4)). Consequently, this variable does not appear in the 
microstructural stress tensor either. Therefore, the periodic 
microstructure around the macro point 풙  does not have to be 
modeled with its exact dimensions. A non-dimensional RVE with 
the internal distribution and volume fractions of the simple 
materials is enough to obtain the microscopic strain and stress 
fields. This is one of the principal advantages of this first-order 
homogenization approach compared to other multiscale high-
order approaches [16]. On the other hand, it can be observed 
that the kinematically admissible displacement fluctuation option 
used to satisfy the boundary condition in the RVE problem 
affects the final macroscopic stress tensor obtained. Several 
models have been defined that assume different fluctuation 
fields: 

• Taylor model (or zero fluctuations): 풖 풙 , 푡 = 0 ∀풙 ∈ Ω  
This model gives homogeneous deformation in the 
microstructural scale level. 

• Linear boundary displacements (or zero boundary 
fluctuations): 풖 풙 , 푡 = 0 ∀풙 ∈ ∂Ω . The deformation of the 
RVE boundary domain for this class are fully prescribed. 
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• Periodic boundary fluctuations:  풖 풙 , 푡 =
 풖 풙 , 푡   ∀ 푝푎푖푟{풙 ,풙 } ∈ ∂Ω  . The key kinematical constraint 
for this class is that the displacement fluctuation must be 
periodic on the different faces of the RVE. 

• Minimal constraint (or uniform boundary traction): In this 
constraint the nontrivial solution of ∫ 풖  ⊗  풏 푑퐴  is 
obtained. 

For the displacement fields, we use periodic boundary 
conditions since they generally provide an intermediate and 
more exact response compared to other type of boundary 
conditions, as it is described in [14],[16],[5]. 

 Micro to macro transition 
Following the solution of the BVP [11] we get the homogenized 
macroscopic stress tensor. In addition, we can obtain the 
homogenized constitutive tensor. The homogenized 
macroscopic stress tensor can be obtained as the microscopic 
stress field of the RVE averaged on the volume as [23]: 

흈 =  ∫ 흈 ( 풙 , 푡)푑푉     (5) 

 Material homogenized properties 
The macroscopic constitutive relation defined by the 
homogenized properties of the RVE can be obtained after the 
solution of the microscale BVP. Assuming the equilibrium of the 
microscale expressed as: 

∫ 흈 ( 풙 , 푡):∇ 풖 푑푉 = 0    (6) 

As is described in [15], the homogenized constitutive tensor 푪  
can be defined as: 

푪 = ∫ 푪  푑푉      (7) 

where 푪  is the material constitutive tensor of the RVE. The 
evaluation of the homogenized constitutive tensor is performed 
with a perturbation method, also see [16][21]. For each column 
j of the constitutive tensor, a small strain perturbation (휕휀̃ ) is 
applied to the RVE in order to obtain, along with Eq. (6), a 
perturbed stress tensor (휕휎 ). The j columns of the 
homogenized constitutive tensor can be obtained as: 

푪 ≡       (8) 

 Four point bending nonlinear 
simulation of eco-composite 

The numerical simulations and the experimental results shown 
in this section have been conducted under the framework of the 
project ECO-COMPASS, funded by the European Union’s 
Horizon 2020 research and innovation programme under grant 
agreement No 690638 and the Ministry for Industry and 
Information of the People’s Republic of China under grant 
agreement No [2016]92.  

The main objective of the cooperation of the Chinese and 
European partners is to develop and assess multifunctional and 

ecologically improved composites from bio-sourced and 
recycled materials for application in aircraft secondary 
structures and interior. 

In this context, a green honeycomb + plain weave ramie 
fabric/rosin prepreg (SRR) specimen has been tested 
experimentally and afterwards analyzed with a multiscale 
numerical simulation.  

The numerical model used for the analisis of the Sandwich eco-
composite is shown in Figure 2. It has 7200 linear hexahedra 
elements with a total of 9072 nodes. Dimension of the test 
specimen is 400*75*12 (in millimetres), same as shown in the 
experimental program conducted by the partners at the 
University of Manchester  (UNIMAN) as shown in Figure 1. 

Regarding the composite used for the skin of the sandwich 
paned, two eco-composite panels (CR and RR) were 
manufactured at AI-CRT and delivered to UNIMAN for 
mechanical testing. Prepreg materials for composite 
manufacturing was prepared and provided by Chinese partners. 
Details of the prepreg material used with a number, orientation 
and dimensions of the plies and the thickness for the skin 
composite are given in table 1. Only the ramie rosin RR 
composite has been considered for the numerical simulation of 
the four point bending case so the data for this composite is 
shown. 

Materials AGMP 3600 rosin based 
epoxy resin /plain ramie 

fibre fabric prepreg 
Prepreg fibre volume (%) 51.4 
Number of layers 10 
Orientation 0° warp 
Dimensions (mm) 500*600 
Number of parts cured 1 
Measurred thickness (mm) 2.11 ± 0.01 

Table 1. Details of prepreg used to manufacture  RR composites 

The ramie rosin sandwich (SRR) composite  has a core made 
from 1 layer of green honeycomb oriented in the L direction and 
the skins are made from the woven composite described in 
Table 1, applied in 5 layers in the 0º warp direction. The total 
thickness of the panel is 12 mm.  

In order to perform a multiscale analysis of the SRR sandwich 
panel two different micromodels have been developed. The first 
one is representatitve of the woven skin composite and will be 
described in section 3.1. For the core of the sandwich specimen 
a honeycomb representative volume has been developed that 
will be described in section 3.2.  

The boundary conditions considered in the numerical simulation 
are consistent with the experimental setup. In Figure 3 the 
position of the applied loads and of the restraints is indicated, as 
specified by the AITM 1-0018. 

 
Figure 1. Test specimens for 4PB: SCR (black) and SRR (yellow). 
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Figure 2. View of the mesh used in the numerical simulation of the 

four point bending case. 

 
Figure 3. Schematic representation of the 4PB experimental setup of 

AITM 1-0018. 

 Representative volume element of woven 
ramie fibres in an epoxy matrix 

The micro-model developed to analyze the skin of the sandwich 
specimen is shown in Figure 4. The model has been developed 
in accordance with the microstructure observed in the same 
figure.  The geometry has been meshed with four node 
tetrahedrons in a total of 9547 finite elements and 2287 nodes. 
The mesh can be seen in Figure 5. 

 
Figure 4. Geometry of the woven ramie RVE together with the real 

microstructure. 

 
Figure 5. Mesh used in the numerical simulation for the woven ramie 

RVE. 

 Representative volume element of 
honeycomb 

In order to numerically model the core of the sandwich panel a 
honeycomb RVE has been developed. The geometry together 
with a view of the real internal structure of the honeycomb can 
be observed in Figure 6. In Figure 7 the mesh used in the 
numerical simulation can be seen together with a zoom where 
the discretization in the thickness of the honeycomb wall can be 
observed. The geometry was meshed into 9600 linear 
hexahedral elements and 15666 nodes with two elements in the 
thickness direction of the honeycomb wall. 

 
Figura 6. Geometry of the honeycomb RVE together with the real 

microstructure. 

 
Figure 7. Mesh used in the numerical simulation for the honeycomb 

RVE. 

 Results obtained from the numerical 
analysis 

The simulation campaign began with simulations conducted on 
the two composing materials of the sandwich specimen 
separately in order to calibrate their mechanical properties. 
Results will be shown for the woven ramie rosin composite for 
the RR tensile test. The honeycomb has been calibrated to 
match the properties indicated in a standard data sheet. Finally, 
the results for the 4PB simulation will be shown. 

3.3.1 Micro-model performance of woven ramie fibres in 
an epoxy matrix 

The behavior of the woven RR RVE has been analyzed by 
simulating a tensile test. The mesh used for the macro finite 
element model is shown in Figure 8. The mesh of the 
macromodel consists of 3500 linear hexahedral elements and 
4928 nodes. At each integration point of the macro structure the 
woven RR RVE is computed in the first step of the linear domain.   
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Figure 8. View of the mesh used in the numerical simulation of the RR 

tensile test. 

The distribution of the main tensile stress is shown in Figure 9. 
The highest stress gradient can be seen, as expected, in the 
area closest to the tabs.  

 
Figure 9. Distribution of the main tensile stress on the macromodel. 

This simulation has been used in order to calibrate the 
properties of the woven ramie rosin composite in the elastic 
domain. The comparison of the stress - strain behaviour 
between the experimental result and the numerical one can be 
seen in Figure 10.  

 
Figure 10. Stress-strain curve comparison between the experimental 

result and the elastic numerical simulation. 

 
Figure 11. Distribution of the main tensile stress on the ramie fibers of 

the micromodel. 

Figure 11 shows the distribution of the main tensile stress on the 
micromodel situated at one of the integration points of a FE 
situated in the proximity of the tabs. The result is shown only on 
the fibers that form the RVE. It can be seen that higher streeses 
develop in the fibers aligned with the loading direction on the 
macroscale, the x-x direction, as expected.  

3.3.2 Micro-model performance of honeycomb 

The behavior of the honeycomb RVE has also been studied in 
a different simulation. The macromodel consisted this time of 
only one linear hexahedral FE with 8 integration points. The 
movement of one face of the element has been restricted and a 
tensile displacement has been applied on its opposite face. At 
each of these integration points the honeycomb RVE has been 
computed. The material properties of the RVE are shown in 
Table 2. These values were calibrated to be same as the 
standard values available for a HexWeb A1 honeycomb. 

The RVE_02 Material properties 

Young Modulus (MPa) 
Exx Eyy Ezz 

34.88 35.10 138.31 

Shear Modulus (MPa) 
Gxy Gxz Gyz 

10.20 41.06 30.54 

Poisson Ratio 

Pxy Pyx Pxz 

0.5348 0.5313 0.3000 

Pzx Pyz Pzy 

0.0756 0.3000 0.0761 

  Table 2. Details of prepreg used to manufacture  RR composites 

Figure 12 presents the distribution of the main tensile stresses 
on the honeycomb RVE. 

 

Figure 12. Distribution of the main tensile stress on the honeycomb 
micromodel. 

3.3.3 4PB numerical simulation 

With the material properties obtained from the two previously 
presented numerical simulations, the four point bending case 
has been analyzed. 

At each integration point of the macro structure,  either the 
woven RR RVE is computed if the element belongs to the skin, 
or the honeycomb RVE is computed if the element belongs to 
the core, in the first step of the linear domain. 

After that, the RVE will be solved only on those integration points 
that exhibit stress states that surpass the elastic limit , in order 
to reduce computational time. 

In Figure 13 the distribution of the main tensile stress can be 
seen on the deformed shape of the model for the two woven 
ramie rosin skins. As expected in a bending case, the tensile 
stresses appear on the inferior skin.  
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Figure 13. Distribution of the main tensile stress on the skins of the 

sandwich 

Figure 14 ehxibits the same result on the core of the sandwich 
where two symmetrical lateral areas are clearly marked as the 
most loaded ones. 

 
Figure 14. Distribution of the main tensile stress on the honeycomb 

core 

 
Figure 15. Distribution of the damage internal variable on the 

honeycomb core 

Figure 15 shows the distribution of the internal damage variable 
on the model. Damage appears in the area where bending 
stresses develop and the pattern observed on the two faces of 
the model is a diagonal distribution that is found in shear 
failures. This is consistent with the failure mode observed in the 
experiment.  

Figure 16 shows the distribution of the internal damage variable 
on the deformed shape of the honeycomb micromodel together 
with the initial undeformed mesh, for reference. The micromodel 
belongs to the integration point of the element where the 
maximum damage value appears in the macromodel, situated 
on the side of one of the flanks of the model.  

 
Figure 16. Distribution of the internal damage variable on the 
honeycomb micromodel 

A comparison is made in Figure 17 between the behaviour of 
the model in the numerical simulation and in the experimental 
test in terms of the force – displacement curve. The reaction in 
the vertical direction is plotted versus the displacement of the 
node situated in the middle span of the specimen, on the inferior 
skin. 

The correlation between the two curves is very good. However 
the numerical analysis can not capture the final abrupt failure 
due to loss of convergence.  

 
Figure 17. Comparison between the experimental and numerical force 

– displacement  curve

 Conclusions 
This work has shown a numerical study conducted on a 
sandwich eco-composite using the multiscale analysis based on 
the classical first-order homogenization theory. Simulations 
have been conducted first on each of the composites forming 
the sandwich specimen in order to correctly asses their 
mechanical behavior and ensure an increased reliability of the 
simulation results.  

The results of the four point bending simulation have been 
compared to experimental results in terms of failure mode and 
force - displacement curve and they have been found to be in 
good agreement.  

It can be concluded that the multiscale numerical 
homogenization procedure is a valid and feasible method for the 
simulation of composites that have different complex 
microstructures, including in the nonlinear domain.  
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