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1 Abstract 

A two-scale constitutive model for short-fiber reinforced plastics is currently being realized in LS-DYNA 
associated with an appropriate data-mapper (DYNAmap). For reliable structural analysis of 
heterogeneous materials like SFRP, the anisotropic and locally varying effective elastic properties are 
determined through a homogenization process of the microstructure and provided for the structural 
analysis. 
The complete process chain, from the manufacturing to the service conditions of the components can 
thus be simulated in connection as shown in Fig.1. The spatial varying information of fiber orientation 
and fiber content resulting from the injection molding simulation is transferred to the structural analysis 
model through DYNAmap. This mapper exports the appropriate information as 
*INITIAL_STRESS_SOLID cards to the structural analysis mesh. Using this information, 

homogenized anisotropic elastic material properties are determined and provided as material cards for 
standard anisotropic elastic material models or directly used for a structural analysis. 
Chapter 2 deals with the corresponding data mapping, in chapter 3 the homogenization procedure is 
addressed. 

 

Fig.1: Overview over process chain “simulation of short fiber reinforced plastics”: Process simulation, 
data mapping and structural analysis. 
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2 Data Mapping – DYNAmap 

The development of a material model utilizing the results of infiltration simulation data goes in hand 
with the development of a proper data mapping procedure. Therefore, a new module called DYNAmap 
is introduced within this work which offers several possibilities to map simulation result data onto other 
meshes for further consideration within the following simulations along the process chain [15]. Several 
problems have to be considered when developing such a tool for infiltration simulations: 
 
First of all, several software tools such as Moldflow® or Moldex3D® exist that provide simulation 
results in different data formats such as ascii, xml and many more which shall be readable for the 
mapping program. First developments take into account the Moldflow® xml-output data format.  
 
Output data of infiltration simulations usually contain the fiber orientation tensor for each integration 
point considered within the simulation. As described below, this symmetric orientation tensor consists 
of six components, {a11, a22, a33, a12, a13, a23} which can be sorted in a different order depending on the 
simulation software. An alternative output which is also widely used is the information about the 
direction of the first two eigenvectors (EV) together with the two corresponding eigenvalues of the 
mentioned orientation tensor. The third axis and the corresponding eigenvalue can be derived from 
the given eigenvectors and eigenvalues. It is important to consider which coordinate system is used 
for the direction dependent data output. Both, a global coordinate system as well as an element 
coordinate system which is given by the element’s node numbering order are conceivable.  
 
Usually, process simulations and the following crushing analysis are preformed within different unit 
systems. This has to be respected by the mapping tool since data might have to scaled properly to 
perform a correct closest point search and averaging. The unit systems within the different simulations 
can therefore be defined by the user. Furthermore, the coordinate systems being used within the 
different analysis might be different as well. Therefore, a mesh- and data transformation for the 
direction dependent values has to be realized. 
 
The main focus has to be given towards the different discretizations being used within the different 
simulation models. A standard Moldflow® simulation usually takes up to 13 integration points (IP) 
through the element’s thickness into account whereas crushing analysis usually consider only three to 
five IPs through the element’s thickness. Besides that, process simulations in general do use a much 
smaller element size compared to durability analysis which has to be considered within the mapping 
and averaging procedures. Also, different element types are used, see Fig. 2. 

 

Fig.2: Orientation data mapping from 13 IPs through the element’s thickness of triangular shell 
element’s onto quadrilateral shell element’s using five integration points over the thickness. A 
proper tensor averaging method has to be developed. 

   
By now, the mapping algorithm is realized with a nearest neighbor search which maps the data 
without any further averaging, homogenization or a weighting approach. Approaches which might help 
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to improve the mapping of scalar and tensorial data are given in [17] and [18]. The main problem 
thereby is to consider the conservation of energy throughout the areas being mapped as well as to 
preserve shape and direction of the tensorial and therefor direction dependent data being transformed. 
 
Nevertheless, the importance of a proper data mapping for short fiber reinforced plastics shall be 
illustrated in Fig. 3. The phenomena which can be observed when taking a look at the fiber 
orientations over the part’s thickness is that the main fiber orientation of the outer layer’s is completely 
opposite to the orientation which can be observed in the middle of the component. This fact increases 
the importance of a proper homogenization method, especially if a relatively low number of integration 
points is used through the thickness of the target mesh. 
 

Fig.3: Visualization of the fiber orientation tensor component a11 which is parallel to the global x-
direction. On the left, the component is displayed for the lower (-z) integration point, the figure 
in the middle shows the integration point in the middle of the storage box and on the right, the 
component is displayed for the upper (+z) integration point. 

 
With the developed mapping program DYNAmap, the user can define the source and target meshes 
as well as an orientation file within a standardized ascii input file which will be read prior the actual 
mapping process starts. In case that a transformation from the source towards the target mesh is 
necessary, this will be performed before the mapping, too. By now, the user can define the number of 
target layers and the orientation tensor data will be mapped and initialized within the material model 

using *INITIAL_STRESS_SHELL or -_SOLID cards. An additional flag which can switch between 

the output of globally or locally oriented tensor data will be implemented soon. 
 

3 Realized homogenization procedure for short fiber reinforced materials 

One reasonable strategy to determine homogenized equivalent elastic properties of non-aligned short-
fiber reinforced composites, depending on the fiber volume fraction and fiber orientation distribution, 
is, to carry out a two-step process as visualized in Fig. 3 and described in Advani & Tucker [1], 
Mlekusch [7] or Dray et al. [2]: 
 
In a first step, homogenized properties of a pseudo-composite with aligned (unidirectional) fiber-
reinforcement, however with appropriate fiber geometry, content and fiber and matrix elastic properties 
are determined by analytical homogenization methods, for example based on Eshelbys equivalent 
inclusion method [4] combined with Mori & Tanakas double inhomogeneity model [9]. For an overview 
on analytical homogenization estimates, we refer to Dvorak [3]. 
 
As second step, an orientation averaging is performed, i.e. the fact, that we are not dealing with 
aligned fibers, but with spatial varying fiber orientation distribution, is taken into account. 
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Fig.4: Two-step homogenization process for SFRP 

 

3.1 1st step: Homogenized properties of aligned (unidirectional) fiber-reinforced composite 

For aligned fiber-reinforced composites there exists a multitude of analytical homogenization models, 
in order to approximate the effective elastic properties. Very popular are the semi-empirical Halpin-
Tsai-equations (see [5]), derived from the self-consistent method, applicable for both isotropic and 
transversal isotropic fibers. Another very common model was developed by Tandon & Weng [13]. It 
can be used not only for fiber reinforced composites but as well for heterogeneous materials with 
spherical, ellipsoidal or disk-shaped inclusions. This formulation is based on Eshelby [4] and Mori & 
Tanaka [9] and developed for higher fiber content. 
At the moment, the Halpin-Tsai equations, the Tandon-Weng-Model and the rule of mixtures, see for 
example Lusti [6], have been implemented. 
 

3.1.1 Example: Glass-fibers in thermoplastic matrix material 

 
Exemplarily, the effective properties of a glass-fiber reinforced thermoplast are estimated, using the 
Halpin-Tsai-equations. To have a checkup, material properties of isotropic fibers and isotropic matrix 
material, as well as fiber content of 20.0 vol % and fiber aspect ratio=100.0 of an application published 
by Advani & Tucker [1] have been used, see Table 1. 
 

𝐸𝑓 𝜈𝑓 𝐸𝑚 𝜈𝑚 

72400 MPa 0.2 3400 MPa 0.35 

Table 1: Elastic constants for glass fibers and matrix material, given by Advani & Tucker [1]. 

 
With 𝑥1 being the fiber orientation, this results in following transversal isotropic elastic effective 
constants for the unidirectional composite, see Table 2. 
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 𝐸1 𝐸2 = 𝐸3 𝐺12 = 𝐺13 𝐺23 𝜈12 

LS-DYNA 16220 MPa 5620 MPa 1850 MPa 1750 MPa 0.32 

Advani&Tucker 16221 MPa 5621 MPa 1848 MPa 1745 MPa 0.32 

Table 2: Effective transversal isotropic elastic constants of composite. 

 

3.2 2nd step: Orientation averaging 

After determining the effective material properties 𝑪𝑈𝐷 of the corresponding unidirectional reinforced 
material, it is necessary for an accurate prediction of the effective anisotropic material properties 𝑪 of 
non-aligned short fiber reinforced composites, to take the pointwise fiber orientation distribution into 
account. 
This could be done very plausible by means of an integral of the unidirectional elasticity tensor 𝑪𝑈𝐷 

weighted with the orientation distribution function 𝜓(𝜙, θ) over the solid angels 𝜙 and θ: 
 

  𝑪 = ∫ 𝑪𝑈𝐷(𝜃, 𝜙)  𝜓(𝜃, 𝜙)  𝑑𝛺.         (1) 

 
Hereby the orientation distribution function 𝜓 describes the probability, to have fibers in the direction 
defined by 𝜙 and θ. 
But for most cases the orientation distributions function is not available; furthermore, the numerical 
evaluation of this integral is impractical. 
A more convenient and popular alternative to conduct the orientation averaging is, to use a tensorial 
description of the fiber orientation, as described by Advani & Tucker [1]. To this end, the fiber 
orientation vector 𝒑 = 〈𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜓, 𝑠𝑖𝑛𝜃 𝑠𝑖𝑛𝜓, cos 𝜃〉𝑇 is introduced, see Fig. 3. 
 
The orientation state of fibers can be reflected by a truncated series of even order orientation tensors, 
see Advani & Tucker [1] for details. For the evaluation of the effective 4th order elasticity tensor 𝑪, the 
2nd and the 4th order orientation tensor are needed. They are given by: 
 

  𝑎𝑖𝑗 = ∫ 𝑝𝑖𝑝𝑗  𝜓(𝜃, 𝜙)  𝑑𝛺      and   𝐴𝑖𝑗𝑘𝑙 = ∫ 𝑝𝑖𝑝𝑗𝑝𝑘𝑝𝑙  𝜓(𝜃, 𝜙)  𝑑𝛺.      (2) 

 
The resulting equations, to evaluate the effective anisotropic elasticity tensor 𝑪 are given by Advani & 

Tucker [1] as follows; 𝑥1 is hereby the fiber direction of the unidirectional elasticity tensor 𝐶𝑈𝐷. 
 

𝑪 = ∫ 𝑪𝑈𝐷(𝜃, 𝜙)  𝜓(𝜃, 𝜙)  𝑑𝛺         (3) 

 

𝐶𝑖𝑗𝑘𝑙 = 𝐵1𝐴𝑖𝑗𝑘𝑙 + 𝐵2(𝑎𝑖𝑗𝛿𝑘𝑙 + 𝑎𝑘𝑙𝛿𝑖𝑗) + 𝐵3(𝑎𝑖𝑘𝛿𝑗𝑙 + 𝑎𝑖𝑙𝛿𝑗𝑘 + 𝑎𝑗𝑙𝛿𝑖𝑘 + 𝑎𝑗𝑘𝛿𝑖𝑙) + 𝐵4(𝛿𝑖𝑗𝛿𝑘𝑙) 

 

   +𝐵5(𝛿𝑖𝑘𝛿𝑗𝑙 + 𝛿𝑖𝑙𝛿𝑗𝑘)          

 
𝐵1 = 𝐶𝑈𝐷

1111 + 𝐶𝑈𝐷
2222 − 2𝐶𝑈𝐷

1122 − 4𝐶𝐶𝑈𝐷
1212        (4) 

 

  𝐵2 = 𝐶𝑈𝐷
1122 + 𝐶𝑈𝐷

2233                                                  (5) 
 

  𝐵3 = 𝐶𝑈𝐷
1212 + 1

2⁄ (𝐶𝑈𝐷
2233 − 𝐶𝑈𝐷

2222)                                    (6) 

 

       𝐵4 = 𝐶𝑈𝐷
2233                                                                   (7) 

 

      𝐵5 = 1
2⁄ (𝐶𝑈𝐷

2222 − 𝐶𝑈𝐷
2233)                                                     (8) 

 
For most applications, the 2nd order orientation tensor 𝒂 is available as a result of a manufacturing 

simulation, whereas the 4th order orientation tensor 𝑨 is usually unknown. 
Therefore a so called closure approximation for estimating the 4th order orientation tensor has to be 
performed. Various assumptions for determining closure approximations are given in the literature and 
a comparison of their accuracy is for example given in Dray et al. [2]. 
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3.2.1 Closure approximation 

At the moment, the linear, the quadratic and the hybrid closure approximation have been 
implemented. Further approximations will be realized in the near future. 
  

 Linear closure approximation: 
 

    𝐴𝐿
𝑖𝑗𝑘𝑙 = −

1

35
(𝛿𝑖𝑗𝛿𝑘𝑙 + 𝛿𝑖𝑘𝛿𝑗𝑙 + 𝛿𝑖𝑙𝛿𝑗𝑘 ) +

1

7
(𝑎𝑖𝑗𝛿𝑘𝑙 + 𝑎𝑖𝑘𝛿𝑗𝑙 + 𝑎𝑖𝑙𝛿𝑗𝑘 + 𝑎𝑘𝑙𝛿𝑖𝑗 + 𝑎𝑗𝑙𝛿𝑖𝑘 + 𝑎𝑗𝑘𝛿𝑖𝑙). (8) 

 
The linear closure approximation is exact for a complete isotropic fiber orientation. 
 

 Quadratic closure approximation: 
 

  𝐴𝑄
𝑖𝑗𝑘𝑙 = 𝑎𝑖𝑗𝑎𝑘𝑙.                      (9) 

 
The quadratic closure approximation is exact for complete aligned fibers. 
 

 Hybrid closure approximation: 
 
 

    𝐴𝐻
𝑖𝑗𝑘𝑙 = (1 − 𝑓)𝐴𝐿

𝑖𝑗𝑘𝑙 + 𝑓𝐴𝑄
𝑖𝑗𝑘𝑙  .          (10) 

 
The hybrid closure approximation is a mixture of the linear and quadratic closure approximations. In 
average, the hybrid closure approximation is more accurate than linear or quadratic closures, because 
the linear one is accurate for nearly randomly fiber distribution and the quadratic one is accurate for 
nearly aligned fiber distribution. The scalar factor 𝑓 can be defined as a function of the 2nd order 
orientation tensor: 

 

𝑓 =
3

2
𝑎𝑖𝑗𝑎𝑖𝑗 −

1

2
   or alternatively    𝑓 = 1 − 27 𝑑𝑒𝑡 (𝑎𝑖𝑗).                                                       (11) 

 

3.2.2 Application example 

In their paper, Dray et al. [2] provide experimental results of a polyacrylamide matrix (density=2.6E-09 
t/mm3) reinforced with 16.5 vol% glass fibers (density=1.2E-09 t/mm3) with an aspect ratio of 30.0, 
both constituents are assumed to be isotropic, the material properties are given in Table 3.  
 

𝐸𝑓 𝜈𝑓 𝐸𝑚 𝜈𝑚 

74000.0 MPa 0.25 5100.0 MPa 0.395 

Table 3: Elastic properties of glass fibers and matrix material (Dray et al. [2]). 

 
Dray et al. [2] measured the fiber orientation tensor 2nd order by analyzing series of images obtained 
with a scanning electron microscope, 
 

𝒂 = [
0.793 0.016 0.053
0.016 0.179 0.006
0.053 0.006 0.028

], 

 
as well as the Youngs moduli along the injection flow (E1) and the transverse direction (E2). In Table 4, 
homogenization results with LS-DYNA using the Halpin-Tsai-equations for the unidirectional 
composite, in combination with either linear, or quadratic or hybrid closure approximations of the 4th 
order fiber orientation tensor 𝑨 as well as the experimental results of Dray et al [2] are given, 
displaying a nice accordance.  
 

 𝐸1 𝐸2 = 𝐸3 

LS-DYNA, Halpin-Tsai, linear closure approximation 11600 MPa 7900 MPa 

LS-DYNA, Halpin-Tsai, quadratic closure approximation 11400 MPa 7230 MPa 
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LS-DYNA, Halpin-Tsai, hybrid closure approximation 11500 MPa 7300 MPa 

Dray et al. [2],  experimental results 11800 MPa 7220 MPa 

Table 4: Youngs moduli in injection flow and transverse direction measured by Dray et al. [2] in 
comparison to simulation results.  

 

4 Numerical application: Stackable storage box 

Following application example of an injection molded stackable box under impact loading is taken from 
Jennrich et al. [14]. Thanks to Mr. Weber and Mr. Kolling for kindly allowing us, to use the geometry 
and the injection molding simulation results as the fiber orientation (see Fig.4 left) which has been 
transmitted to the structural analysis model via DYNA-map. For the constituents fiber and matrix, we 
assumed isotropic elastic behavior and material properties given in Table 5, with a fiber volume 
fraction of 0.165 and an aspect ratio of 25.0. 
 

𝐸𝑓 𝜈𝑓 𝜌𝑓 𝐸𝑚 𝜈𝑚 𝜌𝑚 

74000.0 MPa 0.25 2.6 E-09 t/mm3 5100.0 MPa 0.35 1.2E-09 t/mm3 

Table 5: Elastic properties of glass fibers and matrix material. 

 
The spherical impactor has a diameter of 19.6 mm, a mass of 0.0052t, is assumed to be rigid and 
impacts with an initial velocity of 1000 mm/s.  
 
The homogenization was performed using the Halpin-Tsai-equations and the linear closure 
approximation. In Fig. 4, the 11-componente of the fiber orientation tensor in the mid plane of the 
specimen is depicted on the left, a result of the injection molding simulation transferred to the model 
using the data-mapper. On the right the special distribution of the 1111-component of the 
homogenized elasticity tensor in the mid plane of the specimen is shown. The obvious similarity of the 
special distribution illustrates, how the elasticity tensor reflects the fiber orientation distribution. 

 

Fig.5: Component 𝑎11 of 2nd order fiber orientation tensor (left); elasticity tensor component C1111 of 
homogenized equivalent medium (right). Both: In the mid plane of the specimen. 

 
In Fig.5 the system response as the deflection under the impactor (left) and the contact force (right) 
over the time is diagrammed. The red curve (A) is for the case of pure matrix material, curve B in 
green is the system response of the fiber reinforced composite material. Due to the reinforcement, the 
deflection is much smaller (curve B, left) than for the pure matrix material (curve A, left), while the 
contact force is larger for the reinforced composite (curve B, right) than for the pure matrix material 
(curve A, right).  
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Fig.6: left: z-displacement vs. time under the impactor. Right: Contact force vs. time. Comparison of 
system responses: pure matrix material (red) vs. fiber reinforced composite (green). 

 
In Fig.6 the vertical displacement distribution at the moment of maximum deflection (t=0.016 s) is 
given, on the left for the pure matrix material, on the right for the fiber reinforced composite. 
 

 

Fig.7: Comparison system responses: z-displacement at t=0.016 s of pure matrix material (left) vs. 
fiber reinforced composite (right). 

 

5 Summary 

Within this paper, the formulation of a two-scale anisotropic elastic material model for short fiber 
reinforced materials in combination with DYNA-map is described and a first application example from 
the molding simulation to a serviceability test simulation as a closed process chain was presented. 
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