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Abstract 
In-situ µCT measurements of short fiber reinforced plastic (SFRP) tensile specimens are compared 
with microstructural finite element (FEM) analyses of CT-based models of representative volume 
elements (RVE) embedded in “global” models with homogenized (Mori-Tanaka) material. Detailed 
results of stresses and strains are compared to the failures occurring in tensile tests. 
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1  Introduction 
Short term failure- as well as high cycle fatigue-analyses of SFRP (produced by injection molding) ask 
for the identification of realistic local stress and strain fields on the fiber/matrix level and the 
corresponding local failure and damage mechanisms. The present approach combines in-situ µCT 
scans of SFRP tensile samples with the numerical calculation of the local stress- and strain fields of the 
very microstructure arrangements under consideration. Advanced 3D image processing algorithms [1] 
are applied to CT data to identify the local microstructure of the fiber reinforced material (i.e. position, 
diameter and orientation of each individual fiber) within the critical area of the specimen. This 
information is used to build a detailed FEM Model of a corresponding RVE which is embedded in a 
“global” model with locally homogenized material behaviour, where the stiffness is obtained by a 
Mori-Tanaka type approach [3], considering the local orientational distribution, aspect ratio and 
volume fraction of the fibers. In the vicinity of the RVE the actual CT data may be used for the 
homogenization, whereas outside the area covered by the CT scans, injection-molding simulation data 
(i.e. fiber density and fabric tensors) may be used. 

 
Figure 1: Workflow for analyzing representative volume elements of tensile test specimens: tensile clamp setup, 
specimen geometry, CT data, FEM model showing local stress values (from left to right). 
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Suitable postprocessing features allow for the evaluation of local stress-fields as well as interface 
stresses for each individual fiber and the surrounding matrix material. This allows for a direct 
comparison of the damage (crack initiation, fiber pull-out etc.) observed by interrupted in-situ CT 
scans and the FEM results. 

2  Methods 

2.1 Analytical Methods 
The computation of the effective local elasticity tensor, E* is based on an improved Mori-Tanaka 
homogenization method following Pettermann et al. [3]. For each materialpoint of the “global” model 
the local distribution of fiber orientations as well as fiber aspect-ratios and volume-densities obtained 
either from the CT-scan data or, alternatively, from injection-molding simulations, may be considered. 
In the case of CT-scan data, all fibers identified within the RVE under consideration are grouped 
according to their orientation and aspect-ratio. The fiber grouping operation uses an equidistant angle 
division of the unit-sphere with parameters  and  (see figure 2). Within one group the influence of 
the fibers aspect-ratios is considered via a mean value. Only non-empty groups are considered. 
Convergence studies have shown that a number of 11 divisions are sufficient to receive an acceptable 
approximation. However, in the limit case, each fiber may constitute an individual group. 
Taking into consideration the individual volume fractions of each fiber-group i,  and the matrix, , 
the effective elasticity tensor with respect to the global coordinate system is obtained by: 

∗  

with ,  being the strain-concentration tensors and ,  being the elasticity tensors of the matrix 
and the fiber-group i, respectively. The strain-concentration tensors are connecting the overall mean 
strains to those in the matrix or in the individual fiber-group 〈 〉 〈 〉, its derivation involves the 
calculation of the Eshelby-tensor ([3]). 
Analogous tensors can be computed for the stress concentration and therefore used to evaluate critical 
stresses in single phases to predict the first failure in the composite. 
The effective elasticity tensor represents the homogenized stiffness of the RVE, i.e. it can be used 
within an elastic calculation to obtain mean stresses and strains at the material point under 
consideration. These mean stresses and strains may further be “concentrated” by stress or strain 
concentration factors to obtain approximations of the mean stresses and strains in the matrix as well as 
the individual fiber-groups. 

 
Figure 2: orientation discretization 

Typically, an injection molding process for thin walled SFRP leads to a strong local inhomogeneity of 
the fiber orientations through the thickness of the sheet (surface vs. core layers) and possibly also for 
in-plane positions at certain areas (e.g. weld-lines) [4]. Hence, the discretization of the global FEM 
model as well as the size of the RVEs used for the computation of the local material behaviour have to 
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be fine enough to represent these variations. Detailed statistical analyses of the actual data of the 
specimens under consideration indicate the edge length of a cube-shaped RVE to be not larger than 
250µm. 

2.2 Embedding Methods 
As pointed out, analytical mean-field approaches of the Mori-Tanaka type only allow for the 
calculation of approximative mean stress and strain values at the material point under consideration. A 
detailed calculation of the local stress- and strain distributions (not only their mean values) within 
individual fibers and the adjacent matrix material asks for a fully resolved FEM-model, which includes 
the full fiber-matrix micro-geometry. However, even for linear analyses, current computational 
limitations will only allow for a detailed modelling of a rather small volume (a cube with edge-length 
of max. 500µm), which for the material considered covers only up to 1000 fibers. 
The hierarchical approach provided in the current work allows for the embedding of a detailed fully-
resolved RVE within a global FEM-Model with homogenized material behaviour. The local RVE 
model, which may be defined at any position within the CT-scan area, is automatically coupled to the 
surrounding global FEM-model (see figure 3).  
It should be noted, that the embedding of the microstructure is performed in a novel two-step process. 
First, the RVE itself consists of a core-area and a surrounding outer “self-consistent” layer. Within the 
core-area all fibers are embedded in the regular matrix material. Within the outer area, only those 
fibers, which are also part of the core-area, are modelled in detail, being embedded in an effective 
(“quasi self-consistent”) homogenized matrix material. In a second step, the surface of the outer-area 
(SC-layer) is directly coupled to the surrounding global FEM-model. Only the core-area is subject to 
the actual evaluation of the stress- and strain distributions. 
Comparisons of this new embedding approach to common methods (which usually omit the SC-layer) 
indicate an increase in the accuracy of stresses inside the resolved volume. 

 
Figure 3: Embedded cell in specimen 

2.2 Tensile Specimens 
A series of specimens are cut from a sheet (figure 4, thickness 2.5mm) made of glass fiber reinforced 
polypropylene with a fiber volume fraction of approx. 11%, a nominal mean fiber length of 300 µm 
and a diameter of 14 µm, respectively. The specimens orientations are chosen such, that different main 
fiber orientations could be realized (0°, 90°, appr. 45°). For the shape of the specimens a miniaturized 
standard tensile sample with a length of 30 mm is chosen. 
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Figure 4: specimen cut-outs with different orientations 

2.3 In situ-µCT  
A GE Phoenix|x-ray Nanotom-s CT device was used for scanning the specimens with 3 µm voxelsize. 
Onto the rotation table a tensile testing device was mounted, which allows for a complete 360° 
rotation. Scan parameters were optimized for fast scan times of 46 minutes. Starting from the unloaded 
condition, 2 additional scans at different load levels were taken. For each scan the fiber microstructure 
was extracted using the software described in [1]. The last scan was taken at a load slightly below the 
tensile strength of the material which depends on the main orientation of the fibers. 

3  FEM-Simulations 
The discretization of the microstructure from the CT data analysis as well as the embedding of the 
RVE in the specimen geometry is performed by an automatic preprocessing tool using the python-
script capability of Abaqus-CAE. The actual displacement regime observed in the in-situ tensile testing 
is directly applied at the loading-pin positions. Currently the material response of the model is 
restricted to linear elastic behavior. 

4  Results 
The stress and strain distribution in the fibers and the matrix as well as in the fiber-matrix interface is 
obtained automatically for the RVE and for each individual fiber and its surrounding matrix. Figure 5 
shows the stress distribution on the specimen’s surface and the entire set of resolved fibers 
respectively. Obviously long fibers oriented in loading direction show critical stress values and 
therefore may show fiber breakage. 
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Figure 5: Mises stress entire specimen and fiber stresses in longitudinal direction 

The comparison of FEM-Results with corresponding findings of CT-measurements of damaged 
specimens is presented in the subsequent section. CT data analyses at different loading conditions 
show microstructural damage mechanisms as well as local strain concentrations. The main damage 
mechanisms that were identified are fiber breakage, fiber pullout and fiber detachment. 
Due to the brittle material behavior, fiber breakage is observed throughout the specimen straight before 
global failure arises. The cross section and the surface rendering of a CT-scan in figure 6 show two 
broken fibers. The corresponding fibers can be identified due to their significantly increased stress-
levels. 

 

 
 

Figure 6: Cross section and surface rendering of CT-scan, axial stress distribution in critical fibers  
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In figure 7 the v’Mises stress in the matrix material surrounding the critical fibers is shown. The 
material in the vicinity of the fiber ends is subject to high local stresses and may be a candidate for 
matrix fractures as well as fiber-pullout. 

 
Figure 7: Stress distribution (mises-stress) in matrix material surrounding fibers analyzed 

Another phenomenon studied is the detachment of the fiber/matrix interface. This type of failure is 
indicated by critical values of the stresses normal to the fiber’s surface. In Figure 8 a fiber showing 
detachment in the real test is compared to the FEM simulation of the respective fiber. 

 

 

Figure 8: Normal surface-stresses at fiber-matrix interface 

In order to compare the results of detailed FEM modelling to analytical results, the FEM data is used 
for statistical evaluations (e.g. histograms of stress distribution of certain fiber orientations). In figure 9 
the histograms and the according mean values computed analytically are shown for two loading 
conditions (left: transverse tension; right: longitudinal tension). The comparison shows that the mean-
stress approximations of the Mori-Tanaka homogenization are in good agreement with the detailed 
FEM-results. However, the histograms indicate, that there are large material areas which experience 
stress levels far above the mean-value. Since the onset and evolution of damage is a highly localized 
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phenomenon, the actual stress distribution will have an important effect on the fatigue behaviour of 
SFRPs. 

 
Figure 9: Histogram of stress distribution in a single fiber and according analytically computed values 

5  Discussion 
The approach presented allows for a direct correlation of the actual local damage and failure identified 
by µCT to the local stress and strain fields within the material. The detailed local information may be 
used to identify and develop suitable damage indicators on the RVE range which may be transferred 
onto the global homogenized structural level. Using currently linear elastic material models with 
perfect phase bonding only allows the evaluation of the stress and strain fields before damage 
initiation. More complex material and suitable damage initiation models have to be considered that 
allow for local damage initiation and evolution simulation. 
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