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Abstract
This paper presents a probabilistic micromechanics-based approach to simulate the influence of scatter sources in
composite materials as an alternative to deterministic approaches. Focus is given to the effect of microscopic and
macroscopic voids, material inhomogeneity induced by manufacturing processes and stochastic fibre patterns on the
mechanical properties of continuous glass-fibre reinforced polymer components. Various periodic unit cells of neat resin
and embedded fibre clusters are generated with random distributions of the abovementioned scatter sources, while the
voids are represented by degrading locally the pristine properties in an element-wise manner. Subsequently, the models are
mechanically loaded under transverse tension as an exemplary case and the resulting responses are correlated with the
stochastic inputs. In particular, the relative influence of pore size, porosity and fibre/resin interface strength on the
transverse tension modulus and strength of unidirectional composites are numerically investigated. The present approach
is suggested as a computational efficient but reliable alternative to geometrical representations of imperfection in
composite materials.
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Introduction

Composite materials have increasingly replaced metallic
structures in many industrial applications due to their high
mass-specific mechanical properties and the weight re-
duction possibilities they offer. In the field of transportation
systems, they are used in structures sustaining crash or
impact loading because of their good energy absorption
capability under certain loading conditions.1

However, the mechanical behaviour of composite ma-
terials is inherently influenced by multiple sources of scatter
which result from the raw materials and the manufacturing
processes (draping, forming, infiltration), and may hardly be
described in a deterministic way. Additionally, the load
spectrum during the service life can neither be assumed to
be deterministic and may strongly vary depending on op-
erative conditions. While the stochasticity is not mostly
critical for the structural stiffness, its influence grows when
considering structural failure and even more fatigue. The
application of high safety margin in the sizing of composite

structures has been widely accepted in industrial applica-
tions to cover the abovementioned uncertainties, thus re-
ducing the lightweight efficiency of composite materials.2,3

Through the rapid development of computing power,
multiscale simulation solutions have thrived to achieve a
higher comprehension of the failure mechanisms in com-
posite materials at different material scales.4 Due to their
deterministic nature, these numerical approaches have
however lacked the necessary reliability to be fully used in
the sizing of structures as an alternative to costly experi-
mental tests. In the recent years, a paradigm shift has been
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observed from deterministic to probabilistic approaches and
various research activities started to include sources of
uncertainty in the simulation of composite structures.5,6

Probabilistic simulations mainly benefit from the possi-
bility to vary and investigate material properties or material
states which sometimes cannot be measured without high
experimental effort or be dependent on the manufacturing
conditions and therefore vary from structure to structure.

Recent works contributed to the development of sto-
chastic multiscale solutions using different approaches to
investigate several scatter sources in composite materials.
He7 developed an approach based on the geometrical
representation of sub-ply voids in unidirectional unit cells
and predicted the loading-dependent drop of the material
strength at increasing void contents. Using similar mod-
elling techniques, Chu,8 Hyde9 and Turteltaub10 simulated
the detrimental effect of void content and void shape on the
material’s stiffness, strength and energy release rates re-
spectively. The modelling of the voids has been differently
handled by Liu in,11 where elements were randomly deleted
at the beginning of simulation. The authors investigated the
decrease of the compression strength in various textile
composites for various void contents. The modelling
technique reproduced the stress concentration in the com-
pressed yarns with higher orientation angle accurately. Liu
applied the methodology to establish the influence of voids

on the residual stresses resulting from hygroscopic ex-
pansion in water absorption process.12 The chosen geo-
metrical representation of voids increases the simulation’s
accuracy but inherently involves finer mesh sizes, especially
in the vicinity of the microscopic voids. Consequently,
higher computational efforts are necessary for the uncer-
tainty quantification (UQ).

Composite materials are particularly sensitive on fibre-
resin debonding, which lowers strongly the transverse
strength of the material and plays a large role in the crack
propagation mechanisms. Melro implemented a micro-
scopic modelling approach where crack opening and
propagation between the fibres and the resin material is
simulated via cohesive elements.13 With this approach,
Melro predicted a strong reduction of the transverse and
shear strengths of unidirectional plies.

The above-mentioned works, depicted the importance of
the resin material and its properties on the behaviour of
unidirectional composite plies. Another part of literature works
focused on quantifying the influence of fibre repartition, shape
and properties on the composite’s behaviour. Swolfs con-
tributed to the experimental characterisation of the Weibull
distribution of the fibre strength with large number of sam-
ples.14 With help of large-scale microscopic models, he out-
lined the importance of using random fibre packing and
observed higher stress concentrations in the vicinity of broken
fibres in this type of model compared to hexagonal packing.
Adding to these results, AhmadvashAghbash considered ad-
ditionally interface debonding in his microscale model to
characterize the stress concentration factor near broken fi-
bres.15 The stress concentration was found to depend on
various parameters, such as local fibre volume fraction (and so
minimal fibre distance), interface debonding or friction.

Zheng et al.16 proposed an algorithm bridging the mi-
croscopic and mesoscopic scales to predict the compression
behaviour of 3D woven composites. The authors introduced

Figure 1. Representation of the multiscale framework with propagation of uncertainty effects between the material scales.

Figure 2. Specimen geometry for neat resin tension specimens.
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stochastic fibre misalignment and normally distributed fibre
strengths in mesoscale models to simulate the kinking
failure of the material under compression loading.17 The
study stressed out the strong negative effect of fibre mis-
alignment on the compression strength, with a drop up to
40% for a 5° misalignment. Mehdikani propagated the
uncertainties from microscopic models on the mesoscopic
model of a multilayered laminate to study the matrix
cracking mechanisms.18 To achieve uncertainty propagation
(UP), the stiffness and strength values from micromodels
were attributed to “voidy elements” with a fixed void

content. Going further, a complete UQ and propagation
approach has been proposed by Bostanabad in Ref. 19
which relied on random fields to model the sources of
uncertainty at the different material scales, such as fibre
misalignment or fibre volume content. The approach con-
tributed to the reduction of the computational effort for
multiscale simulation by use of metamodels and by re-
ducing the problem to the uncertainties with the highest
influence on the material response. The UQ and UP scheme
has been applicated to compute the linear behaviour of a
woven composite under the influence of various uncertainty

Figure 3. Reconstructed yarn from micrograph samples.

Figure 4. Automatic detection of the fibre distribution in polished micrographs with Hough Cycle Transformation.

Figure 5. Plots of the average probability density curves for different subregion sizes: Probability density versus fibre diameter (left) and
probability density versus nearest neighbour distance (right). Greyed curves represent the nominal distributions in single regions.
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sources. The authors emphasized the required computa-
tional efficiency for the performing of multiscale simula-
tions and for the efficient coupling between the different
scales. Similar requirements have been raised by Chiachio
in Ref. 20.

This paper describes the development of a numerical
finite-element framework on the microscopic scale to
quantify uncertainties in continuous unidirectional
composites and evaluate their influence on the

mechanical properties of the material. In particular, it
uses a non-geometrical approach for the representation of
porous regions which reduces the modelling and com-
puting effort compared to the above-mentioned geo-
metrical approaches. The approach attributes as well
spatially varying mechanical properties described by
independent Gaussian distributions on an integration-
point basis. Since no mesh modification is necessary,
the principle can be easily scaled up to the investigation
of a larger panel of uncertainties and is equally applicable
to shell elements models on the macroscale. Further
sources of uncertainty such as fibre debonding are con-
sidered as well through the use of a mesh-free cohesive
contact algorithm. The coupling of many uncertainty
sources within the same finite-element models allows for
a precise investigation of their interaction and of the
degree of influence they have on the composite’s me-
chanical properties. The extraction of metamodels,
linking uncertainties to the resulting mechanical prop-
erties, via a Monte-Carlo analysis allows for an efficient
transfer of the relationships on higher material scales,
which is out of the focus of the present contribution. The
approach finally simulates the non-linear behaviour of the
composite material and its constituents, and depicts
various failure modes driven by matrix plasticity, inter-
face failure or fibre failure.

In section 2, an experimental test campaign is per-
formed to quantify the scatter in the properties of the
principal constituents of a composite material: resin
material and infiltrated yarns. A numerical method is
then developed in section 3 to generate and simulate
stochastic representative unit cells of unidirectional
composites on the microscopic scale. Finally, an in-
vestigation of the sources of uncertainty and their re-
spective influence is performed with help of a Monte-
Carlo analysis in section 4. The present work represents
the first building block of a larger multiscale framework
for the probabilistic investigation of composite struc-
tures, as shown in Figure 1.

Figure 6. Measured stress–strain curves (left) and pore size distribution (right).

Table 1. Hill’s anisotropic constants.

F G H L M N

Resin 0.5 0.5 0.5 1.5 1.5 1.5
Fibre 0.04 0.04 �0.04 0 0 0

Table 2. Mechanical properties of fibre and resin materials.

E11 (GPa) E22 (GPa) E33 (GPa) G12 (GPa) ν12

Resin 2.89 2.89 2.89 1.13 0.28
Fibre 80 80 80 33 0.22

Figure 7. Gaussian distribution at the example of the axial
modulus for the probabilistic simulation.
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Experimental determination of
material scatter

The development of the microscale simulation methods
requires the understanding and quantification of the sources
of scatter in the composite material. First, the sources of
uncertainty are clustered in three categories depending on
their nature. Geometric uncertainties result from the
manufacturing processes and mainly concern the spatial
distribution of the fibres. During the draping and the
subsequent infiltration steps, the rearranging of the fibres
leads to the formation of various fibre-dense clusters,
resin pockets, or more generally of domains with random
local fibre volume content. Moreover, local misalignment
of the fibres can be observed which may strongly in-
fluence the axial mechanical properties of the compound.
Constituent material property related uncertainty can
mostly be affected by the resin material (heterogeneous
mixing of the resin components over the part) or the
properties of the interface between the resin material and
the fibres. Finally, morphological uncertainty results from
induced defects during the production processes, which
may locally influence load paths (pores in the resin
material, cracks in the composite). In the following, the
above listed scatter sources will be experimentally
characterised for a woven glass-fibre reinforced epoxy
material as basis for the probabilistic simulation frame-
work. In section 2.1, the considered material and the
manufacturing of the specimens is presented. Section
2.2 focuses on optical measurements of the fibre distri-
bution in the composite. In section 2.3, the neat resin is
experimentally investigated.

Material system, manufacturing and test specimens

The experimental work focuses on a woven composite
constituted of Johns Manville StarRov® 086 3k glass-fibre
tows embedded in a high temperature epoxy resin Sika

Biresin® CR170 combined to a hardener Biresin® CH170-3
at a weight mixing ratio of 100 to 16. Both neat resin plates
and reinforced woven plates are first infiltrated using the
RTM technique and post-cured at 160°C during 5 hours
with a heating ramp of 0.2°C/min and cooling rate of 0.5°C/
min up to room temperature. Specimens are finally milled
out of the plates to avoid edge perturbation characteristic of
other cutting methods like water jet or laser jet. For the
experimental characterisation of the epoxy resin, specimens
are chosen according to DIN EN ISO 527-2B21 norm for
tensile specimens (Figure 2).

Finally, polished specimens are prepared out of the in-
filtrated composites plates on samples with a diameter of
15 mm for further optical investigation. The specimens are
first grinded with grinding plates of 60 μm and progres-
sively polished using diamond particles of 14 μm, 9 μm,
3 μm and 0.5 μm. Between each step, the specimens are
cleaned of remaining particles in an ultrasonic bath filled
with osmosis water.

Investigation on polished micrographs

The polished specimens are investigated with a Keyence
VHX-5000 digital microscope for measurement of the fibre
dimensions and spatial distribution. The complete yarns are
captured in multiple steps at a magnification factor of 1000×
and reconstructed into one single image (Figure 3). The
micrograph pictures are then postprocessed with the open-
source software ImageJ 1.52.22 After removing unnecessary
information by adjusting the grey-value threshold
(Figure 4(a)), an edge recognition step is performed
(Figure 4(b)) and the processing is completed with a Hough
Cycle Transformation on the inverted picture (Figure 4(c)
and (d)).23 The extracted information (position of the fibre
centre point and diameter) are stored in separate files for
statistical analysis.

The characteristics of the fibre clusters are represented by
two statistical functions. The distribution of the fibre

Figure 8. Generated models of a neat resin (left) and of a microscopic unit cell (right) with pores.
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diameter D follows the normal (or Gaussian) distribution in
equation (1), in which σ and μ are the mean value and
standard deviation of the data sample. This distribution has
been widely used in various algorithms for the generation
of microscopic models and is a realistic statistical repre-
sentation of the variations in the fibre’s diameter.24,25 The
second characteristic parameter is the Nearest Neighbour
Distance (NND) which describes the smallest distance
between one reference fibre and its neighbours. As the
NND is per definition larger or equal to zero, the Gaussian
distribution is replaced by the inverse normal distribution
(also known as Wald distribution) which is characterised
by the location parameter θ, the scale parameter λ and the
mean μ (equation (2)).26 This type of distribution depicts
accurately the NND, as shown in Figure 5 for one ex-
emplary sample of 3000 fibres. The measured NND dis-
tribution shows similar characteristics to the probability
function documented in Ref. 25 for carbon fibres, with an
average at about 0.5 μm
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The spatial distribution of the fibres in consolidated
composites is per nature stochastic and varies over the
whole yarn or over the different yarns. Since finite-
element simulations on the mesoscopic or macroscopic
scales consider homogenised materials with a specific
discretization size, it is necessary to investigate the
scatter in the fibre distribution depending on the size of
the postprocessed domain. To this purpose, the yarns
are subdivided into rectangular regions which contains
from 15 up to 3000 single fibres and the distributions
for fibre diameter and NND are characterized for each
region (Figure 5). In this application, the calculation of
the diameter distribution is possible at every scale,
while the NND should be studied at least on more than
50 fibres to diminish the influence of local effects. No
voids have been detected in the investigated micro-
graph samples.

Material characterization of the resin BR170

In composite materials, resin material acts as stabilising
system for the fibres and as load transfer medium between
the fibres. Consequently, the material properties of the resin
strongly influence the composite mechanical properties,
particularly under transverse loading, shearing, or under
axial compression, where stability issues can occur. Fur-
thermore, strong dependencies on the resin system have
been observed in literature for the energy absorption ca-
pability of composite materials in crash or impact
events.27–29 In regard to this influence, a characterization of
the resin material appears mandatory in all multiscale
frameworks in order to achieve a good prediction accuracy.
Several literature sources observed up to 30% increase of
the in-situ hardness and elastic modulus of the resin material
when measured in the infiltrated composite material with
nanoindentation tests compared to neat resin properties
measured on bulk specimens.30–32 Furthermore, the elastic
modulus was found to be impacted by the vicinity of fibres
in the indented resin pocket. The nanoindentation technique
is sensitive to manufacturing conditions and to the state of
the composite at the testing time. In his work, Chevalier
cited amongst others the potential influence of resulting
thermal stresses after curing or of material aging on the
measured properties.31 The non-destructive characterization
through nanoindentation is particularly promising for the
individual assessment of composite parts’ performances
subsequent to their manufacturing. In the present work,
material characterization is performed using mechanical test
procedures from norms on bulk specimens. This choice is
driven by the possibility to feed the resin’s material card
without inverse modelling techniques. Furthermore, the
resulting data and stress versus strain relationships can be
easily compared to other studies working with similar
methods.33

Under transverse tension, modelling the epoxy resin as
an isotropic, elasto-plastic material with tension-
compression asymmetry has yielded good predictions of
the composite’s behaviour in precedent literature
works.34,35 For this reason, experimental investigations will
first be performed on tension specimens only. An im-
provement of the numerical model can be achieved by
additionally investigating the compression and shear
loadings and using extended failure models based for in-
stance on the Drucker-Prager yield criterion. Twenty tension
specimens from two different material plates are quasi-
statically tested in a universal testing machine
Zwick1494 at a crosshead speed of 2 mm/min according to
the norm DIN EN ISO 527-1.36 The tests are monitored
using one camera from the LIMESS Messtechnik
u. Software GmbH37 and two-dimensional strain fields
are subsequently extracted using Digital Image Corre-
lation and virtual extensometers. Stress calculation is

Table 3. Range for the investigated parameters.

Parameter Min. value Max. value

Porosity 0% 5%
Macroscopic pore size 0.1 mm 2 mm
Microscopic pore size 2 μm 10 μm
Interface strength 0.020 GPa 0.150 GPa
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achieved using the measured force while considering
cross-section changes of the specimen throughout the
test. Before testing, the resin specimens are photo-
graphed, and the pictures are treated to estimate the
pore’s size and density. For this, the automatic edge
detection and pattern recognition features of ImageJ are
used. The specimens show relatively constant pore size
distributions (Figure 6, right) with a maximal pore size
of about 1.2 mm. Due to the postprocessing method-
ology used, pores below 0.1 mm diameter could not be
detected. The unidirectional composite material could
not be tested experimentally and will only be numeri-
cally investigated in section 4. Both the measured
Young’s modulus and the measured material strength
follow a normal distribution with mean values of 3 GPa
and 0.058 GPa respectively and with standard deviations
of 0.13 GPa and 0.011 GPa respectively.

Modelling of composite materials at
the microscale

The experimental investigation of composite materials for
certification purposes is a cost and resource-intensive task
and requires a high level of repetition to capture stochastic
effects. In the present section, a microscopic approach is
presented to virtually investigate randomly distributed
variations in resin and unidirectional composites. The
model generation, material models, and algorithms used are
documented.

Generation of randomly distributed unit cells

The concept of unit cell is widely employed in multiscale
simulations to reduce the computation time.38,39 Particu-
larly, several works have developed algorithms to generate

Figure 9. Relationship between porosity, pore size and material properties for neat resin.

Figure 10. Stress concentration caused by the presence of pores in the neat resin.
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unit cells of random fibre patterns at the microscopic scale
while guarantying compatibility with periodic boundary
conditions.13,40 In the present work, 75 × 75 × 7 μm³ mi-
croscopic unit cells were created using the modified Nearest
Neighbour Algorithm developed by Wang to achieve high
fibre volume content of up to 70%40 The distributions
experimentally measured in section 2.2 were used for the
model generation. A unit cell size of 10 times the mean fibre
radius was chosen to limit the computation time as docu-
mented in Refs. 41 and 42. The unit cells consist of 2 μm
tetrahedron elements with shear locking correction. 3D
periodic boundary conditions are applied using the algo-
rithm proposed by Chao in Ref. 43. Linear constraint
equations are applied to corresponding nodes on external
faces of the unit cell. The loading of the unit cell is defined
through an imposed displacement boundary condition.

Additionally, 5 × 5 × 5 mm³ unit cells of neat resin are
generated with 0.25 mm large tetrahedrons to separately
investigate the effect of macroscopic pores and stochastic
material properties on the neat resin behaviour. The finite-
element models with 35,646 and 126,324° of freedom in
total for the neat resin model and the microscopic model
respectively are simulated using the explicit solver LS-
DYNA R12.1 using four Intel® Core� i7-10850H
2.70 GHz with a timestep of 1.0 × 10�5 ms. The neat
resin model and the microscopic model computes within
1221 s and 5101 s respectively.

Material model

The present work focuses on the influence of randomly
distributed defects and locally varying material properties in
composite materials. To this purpose, both resin and
fibre materials are modelled with an anisotropic elasto-
plastic model with brittle orthotropic failure
(MAT_157_ANISOTROPIC_ELASTIC_PLASTIC in
LS-DYNA).44 The material properties consisting in the
ijth terms of the 6 × 6 anisotropic constitutive matrix, as
described in equation (3), and consisting in the strengths

in 3D space are attributed in an element-wise manner for
solid elements or to each integration points of shell
elements at the beginning of the simulation. The resin
plasticity is described by the experimentally measured
stress versus strain curve with the highest strength, see
Figure 6 in section 2.3, assumed to correspond to a
specimen with no or neglectable defects. The resin and
fibre failure follow the Tsai-Hill failure criterion from
equation (4) with the Hill’s parameters given in Table 1.
Fibre failure is assumed to occur only in the axial di-
rection. The stochastic distribution of the fibre axial
strength, investigated by Swolfs et al. in Ref. 14, has
been accounted for by using the tool described in section
0 using the suggested Weibull distribution. Other failure
mechanisms in the fibres are neglected and the corre-
sponding strengths set to an infinite value. The me-
chanical properties of fibre and resin materials are
documented in Table 2.

Calculation of the compliance matrix
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Tsai-Hill failure criterion for the fibre and the matrix
materials.

ðGþ HÞσ211 þ ðF þ HÞσ222 þ ðF þ GÞσ233 � 2Hσ11σ22
� 2Fσ22σ33 � 2Gσ33σ11 þ 2Nσ2

12 þ 2Lσ223 þ 2Mσ231 < 1

(4)

Consideration of material uncertainty

Material uncertainty is introduced to the structure early in
the manufacturing phase. Since the manufacturing pro-
cess is accepted as a stochastic process by nature, de-
termination of the level of the uncertainty is a challenging
task. Locally varying material properties and non-
continuous boundaries in a domain of interest, such as
pores or inclusions, are two main sources of material
uncertainty. Of course, the manufacturing process can be
optimized to reduce uncertainty, but complete prevention

Figure 11. Predicted relationship between porosity and
mechanical properties at the microscopic scale compared to the
simulated value in Ref. 7.
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is not possible. Therefore, the present work uses the
commercial software envyo®45 to imitate the material
uncertainty by generating randomly distributed pores (or
inclusions) and modifying the material properties of fi-
bres and resin materials using Gaussian distribution on
integration point level of a unit cell finite element
(FE) mesh.

The software uses real-time seeded Gaussian distri-
bution embedded randomized algorithm according to the
user defined control file. The control file consists of
nominal values and standard deviations of the material
parameters as well as porosity options such as minimum
and maximum pore size, maximum porosity, and pore
effect constant. If the pore effect constant is defined greater
than 1.0, the algorithm can mimic inclusion effects by
amplifying the material properties (in the scope of this
work, only the pore effects are studied). Thereby the
material uncertainty of a unit cell can be represented by
modifying material constants and establishing a porous
domain of interest.

According to the user-defined data, the software ini-
tializes material properties of each integration point ran-
domly and generates pores using only randomly selected
resin elements by degrading their stiffnesses by a factor d
(standardly set as 0.01) according to the scheme described in
equation (5). To avoid element deletion at higher strains, the
material strengths of porous elements are set to high values.

Degraded material properties of porous elements

�
Cij, pore ¼ Cij, 0 � d

σij, pore ¼ ∞
(5)

Each pore generation process may be similar, but it is
unique for each run for the same control file and unit cell
input. The repeatability of the data set generation using
Gaussian distribution is ensured (Figure 7). However,
the selection of values from the generated data set is
totally random. Therefore, the resulting material

behaviour may be close to data set extremums. This
stochastic approach provides rapid virtual data gener-
ation and robust virtual statistical investigations of the
target material. The present representation of the pores
by lowering the material properties locally is particu-
larly suitable for use in fast computational models. It
represents an alternative to modelling approaches as
exemplary investigated in Ref. 7, which represent ac-
curately the spherical shape of voids with finer mesh
sizes. Furthermore, the present approach allows a large
flexibility in the representation of multiple material
phases within the same model such as the contamination
with foreign particles. On the downside, the random
pore generation is strongly dependent on the mesh size
and on the formulation of the elements used.

Section 4 places the focus on the effect of spherical voids
in microscopic models. However, the void creation routine
is extendable to other shape ratio, requiring extended ex-
perimental data on the void shape distributions.

Evaluation of material scatter in composite
unit cells

In the previous sections, a framework has been developed to
generate stochastic unit cells of resin material and unidi-
rectional composite. Using the experimental measurements
of section 2, several sources of scatter and their effect on the
mechanical properties are investigated with a metamodel-
based Monte-Carlo analysis using the optimization software
LS-OPT Table 3.46

Computation scheme and parameter investigation

The complexity of characterizing composite materials
comes from the difficulty to separate the sources of scatter
and investigate them independently on an experimental
basis. The present approach allows for an independent

Figure 12. Relationship between porosity, pore size and material properties for neat resin; the size of the scatter points indicates the
interface strength.
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consideration of these defects. In a first step, the effect of
porosity and pore size on the behaviour of neat resin ma-
terial is studied. For this, the original deterministic unit cell
is attributed randomly distributed material properties and
pores (Figure 8 left). In a second step, the same method-
ology is applied to the unit cells of a unidirectional com-
posite under transverse tension by adding the interface
strength as further scatter variable (Figure 8 right). The
postprocessing of the results leads to a metamodel quan-
tifying the influence of each source of scatter (listed in
Table 3).

Numerical results

Neat resin material. Figure 9 shows the relationship between
the degree of porosity, the size of the pores and the mechanical
properties of the neat resin material. The elastic properties of the
material are negatively impacted by both the porosity and the pore
size. A decrease by 10% of the elastic properties is observed at a
porosity of 5% and for a pore size of 1.8 mm compared to a non-

porous model. A strong influence of the mean pore size on the
material strength is predicted by the current modelling approach.
At a pore size of 1.8 mm, the strength is only half of the pristine
value. This effect is caused by the resulting stress concentration in
the vicinity of the voids that causes plastic deformation of the
model at a lower global strain state (Figure 10). This plastic
deformation increases at higher porosity as the distance between
the voids decreases. At the higher pore size, a stress concentration
of 1.6 has been observed in the finite-element simulation,
compared to 1.2 for lesser pore sizes.

Impregnated fibre cluster. In a first analysis on the micro-
scale, the relationship between the mechanical properties
and the porosity and pore size are investigated indepen-
dently on other factors (Figure 11). The present model
depicts a similar detrimental effect of pores on the trans-
versal stiffness and strength as similarly predicted in lit-
erature works with geometrical models of the pores for
carbon composites.7–9 In particular, Chu and Jiang nu-
merically predicted a drop of the transverse modulus of

Figure 13. Failure mechanisms under transverse tension for unit cells with stochastic inputs.
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about 10% at a void content of 4%, which correlates well
with the present numerical results.8,47 He7 and Liu12 pre-
dicted a strength drop between 15% and 25% at the same
void content, which agrees well with the observed 15% drop
in this work. With about 90,000 tetrahedron elements
compared to the 600,000 used by Chu in Ref. 8, the present
approach represents a strong reduction of the computational
time assuming the use of similar material models and finite-
element solver. The same observation can be made for the
modelling approach used by Jiang.47 It involves
32,000 hexahedron elements for a unit cell size of 24 × 13 ×
1 μm³, leading to more than three million elements for a 75 ×
75 × 7 μm³ unit cell as investigated in this work. The good
correlation between the different modelling techniques
overall underlines the potential of the present approach with
a simplified representation of the pores. As little information
about the actual computational efforts could be found in
previous literature works, the efficiency of the present
approach can only be estimated based on available data
about the mesh size, which is in linear relationship with the
critical timestep.

In the second Monte-Carlo analysis, the combined in-
fluence of the scatter sources is investigated (Figure 12).
Overall, the fibre/resin interface strength represents the
major contribution to the material strength for most of the
pore configurations investigated. A low adhesive strength,
resulting from imperfect manufacturing processes or from
incompatible fibre/resin combinations, significantly

decreases the transverse strength (Figure 13). The different
failure mechanisms due to difference between the neat resin
strength and the interface strength are correctly reproduced
as depicted in Figure 14. For low interface strengths, cracks
are initiated at the intersection between fibres and in the
vicinity of pores at low global strain levels. The crack
network develops further until a crack front occur in the
total cross section of the unit cells. The presence of pores
accelerates further the crack propagation. As the interface
strength increases, matrix plasticization and failure are
observed in the unit cell in addition to interface breakage,
consequently increasing the material strength (Figure 14).

Conclusion and outlook

In this work, a methodology based on microscopic nu-
merical simulations was developed in this work to analyse
the influence of different scatter sources on the mechanical
properties of neat resin and unidirectional composites.
Experimental measurements of the porosity, pore size and
fibre distribution characteristics were performed and defined
the boundary conditions for a Monte-Carlo analysis. Ad-
ditionally, variations in the interface strength have been
added to the study. While the results of the analysis show a
strong relationship between the porosity and the neat resin
properties, a lower correlation was observed on the mi-
croscopic model and only the interface strength appeared to
have a major influence on the material strength. The present

Figure 14. Crack initiation and propagation at different interface strengths and with different porosities.
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representation of pores through a local change of the ma-
terial properties performs well in comparison to the models
with geometrical representations of the pores. In particular,
it represents accurately stress concentration in the vicinity of
the pores.

Applied on a full multiscale framework, the present
approach would allow for the precise quantification of
scatter sources and of their effect at every material scale and
enable the prediction of the probability of failure on the
structural level. Of particular interest is the investigation of
uncertainty sources at the mesoscopic and macroscopic
levels. On those material scales, scatter sources from the
lower scales are adding up, influencing even more the
mechanical properties of the material. The current proba-
bilistic approach could guide and support the definition of
mechanical testing campaigns or the further development
and improvement of manufacturing processes by analysing
the most sensitive and relevant parameters for various
loading scenarios.
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