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Comparison of the dynamics of a Duffing equation model and experimental results
for a bistable cantilever beam in magnetoelastic energy harvesting
Max-Uwe Noll1★, Lukas Lentz1, and Utz von Wagner1

1 Technische Universität Berlin, Institut für Mechanik, Einsteinufer 5, 10587 Berlin, Germany

Abstract:Nonlinear energy harvesting systems, consisting of a piezo cantilever beam with two additional magnets placed near
the beam’s free end, have received a lot of attention in the past decade. The most common approach to model this system is
to discretize the beam in space with one modal ansatz function and to assume a cubic restoring force caused by the magnetic
field. The magnets are positioned so that two stable equilibrium positions exist in addition to the unstable undeflected beam tip
displacement, i.e. the system is bistable. This modeling procedure results in a Duffing equation with a negative linear and a
positive cubic restoring term, which is capable to represent the bistability. However, its sufficiency is often just assumed without
thorough experimental validation of the mentioned presumptions.
In this paper the authors present the results of broad experimental investigations into the sufficiency of the Duffing equation as the
underlying model of the mechanical subsystem (beam and magnets, but for the sake of simplicity without piezos). Therefore, a
model is developed accordingly, following the approach of most publications, where a heuristic method is used to determine the
cubic restoring force of the system. The theoretical predictions of the Duffing like model concerning the dynamical response
to different harmonic base excitations are compared to experimental measurements done on a physical setup of the investigated
system. The results are generally in good agreement, however particular limitations regarding the model are observed, as there is a
shift of the occurring solutions to higher frequencies in the theoretical model compared to the experiments.

Keywords: nonlinear dynamics, energy harvesting, bistable oscillator, Duffing equation, cubic restoring force

1 Introduction

The term energy harvesting describes specific strategies to derive small amounts of available energy from external sources, which
would be otherwise lost. More specifically, vibrational energy harvesting systems use ambient vibrations to generate electric
energy [Priya (2007), Kim et al. (2011), Erturk and Inman (2011b)]. Commonly, the mechanical energy is transferred into electric
energy by the use of piezoceramics fixed on the corresponding bending structure. The tuning of such vibrating systems, as well as
other strategies to increase their efficiency, have been addressed in many publications, e.g. [Adhikari et al. (2009), Erturk et al.
(2009)]. Particularly due to the nature of real-world excitation processes [Lentz et al. (2017)], which can be partly stochastic or
have broadband frequencies, approaches have been made to use more than the discrete base frequency of any foremost linear
system [Pellegrini et al. (2013), Harne and Wang (2013), Daqaq et al. (2014), Wei and Jing (2017)]. About a decade ago [Erturk
et al. (2009)] has proposed the setup in figure 1, which has received great attention.

Fig. 1: Energy harvesting system. Modified figure of [Noll
(2018)] with added coordinate 1 for the base excitation.

Fig. 2: Nonlinear restoring force with unstable trivial solution
and two stable equilibria F̂1/2.
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It consists of a base frame and a ferromagnetic cantilever beam that bends under base excitation 1, with attached piezoceramic
patches. The beam is clamped to an external structure, which excites the system by its motion. A characteristic feature of this
particular system is its nonlinear behavior due to the magnets near the free end of the beam. In figure 2 the nonlinear restoring
force is shown with its three equilibrium positions, at which the restoring force vanishes. Only the two non-zero equilibrium
positions F̂1/2 are stable, which is the reason for the system to be called bistable. It has shown, as many other nonlinear systems, to
be superior in efficiency to its linear counterpart when the excitation is not mono frequent but somehow distributed around the
system’s base frequency and when the beam orbits both stable positions ([Erturk and Inman (2011a), De Paula et al. (2015)]).
In order to model this energy harvesting system, it can be divided into three subsystems which are the bending beam structure,
the restoring force caused by the magnetic field induced by the permanent magnets and the electrical part, which consists of the
piezoceramics and the connected electrical circuit. The basic structure of the bistable cantilever beam with magnets, but without
piezoceramics, was already described in [Moon and Holmes (1979)]. This part will be referred to as the mechanical subsystem in
this paper. Hence, for the sake of simplicity, no piezoceramics are considered in the modeling and in the experiment in order to
have the focus on the nonlinear magnetic restoring forces.
The key component of this mechanical subsystem is the cantilever beam, which is regularly modeled as an Euler-Bernoulli beam.
The beam is discretized by its first linear eigenfunction (without magnets). This modeling has become the standard approach to
describe its dynamics by a single second order ordinary differential equation, which has been applied many times (as in [Litak et al.
(2010), Tam and Holmes (2014), De Paula et al. (2015), Noll et al. (2019a)]). The question if more than one ansatz function is
necessary, is addressed in another paper by the authors [Noll et al. (2019b)]. Its conclusions are that the use of the first linear
eigenfunction of the beam is suitable in most cases and the second linear ansatz function only has a small geometric share in cases
of super harmonic responses. Following the standard modeling procedure, the magnets are replaced by a single transverse force
that is applied at the tip of the beam and is assumed to be of a cubic polynomial type with vanishing quadratic term. This results in
the Duffing equation with negative linear and positive cubic restoring force (see e.g. [Lentz (2018)]), which is a minimal model to
describe bistability. A lot of varied systems with different arrangements of magnets (see e.g. Westermann et al. (2013); Lan and
Qin (2017)]) or even other nonlinear mechanisms finally end in a Duffing equation. Most of the publications about comparable
bistable configurations follow this approach, or simply state a Duffing equation as the underlying model, as in [Litak et al. (2010)]
or [Lentz and von Wagner (2015)]. The model parameters are then found heuristically in a manner described in the following.
The displacement of the nontrivial equilibrium positions and the corresponding frequency of free vibration of small amplitude
are needed. They provide the necessary information to determine the restoring parameters. This can (only) be done when an
experimental setup exists, or corresponding assumptions regarding the system are made.
In [Noll et al. (2019a)] the authors have tried to apply an alternative procedure, where no existing experimental setup would
be needed to determine a model by a direct computation of the restoring force. Therefore, the magnetic field was simulated by
a two-dimensional FEM-approach with subsequent numeric force computation, where linear magnetic material behavior (i.e.
constant permeability) is assumed. However, the resulting model in that case could not satisfyingly meet the conditions of matching
equilibrium positions and corresponding frequencies. In contrast, the agreement of the equilibrium positions and frequencies are
always achieved when using the aforementioned heuristic method. It yields a model that is a good approximation when the beam
tip is in the vicinity of the stable equilibrium positions. However, in other ranges of the beam tip displacement, as for example the
unstable equilibrium with zero displacement, this might not be a good approximation.
In this paper, dynamic experiments are described, investigating the system’s steady state response for different harmonic base
excitations with varying frequency and amplitude. In the following section, the experimental setup is introduced. The results will
be compared to predictions of a model that is found according to the heuristic method, described in the second next section.

2 Experimental setup

The main focus is on the mechanical subsystem (figure 3) of the energy harvesting system, that consists of a cantilever beam
(dimensions: 250 × 20 × 1 mm) and permanent magnets (dimensions: 5 × 20 × 10 mm). No piezoceramics are considered in the
presented investigations, as mentioned in the introduction. The distance between the beam tip in the undeflected state and the top
side of the magnets is about 6 mm and the gap between the magnets is 12.7 mm. The beam made of ferromagnetic steel is modeled
according to section 3 as an Euler-Bernoulli beam and therefore mechanically characterized by its mass per length ` and bending
stiffness ��. Further it is magnetically characterized by its relative permeability. There are some indications that the material of
the beam is not linear regarding its magnetic properties, i.e. it shows a distinct hysteresis depending on the strength of the applied
external magnetic field [Noll et al. (2019a)]. The magnets are made of NdFeB (Neodymium) with remanence �r = 1.35 T. The
overall system has the physical properties given in table 1.

Tab. 1: Physical properties of the experimental setup (cf. figure 3).

property value
first circular eigenfrequency of the beam when no magnets are present l0 2c 13.4 Hz
displacement of the nonzero equilibrium positions F̂1/2 +6.97 mm
(distance from the undeflected position when permanent magnets are present) −6.97 mm
circular frequency of the oscillation in equilibrium positions with small amplitude l 2c 14.9 Hz

2c 14.6 Hz
damping ration with magnets in equilibrium positions � 0.0013

0.0019
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Fig. 3: Mechanical subsystem of the investigated energy harvesting system.

Note that in general there are two different circular frequencies l for small vibrations in each stable equilibrium, due to an
undesired but unavoidable asymmetry of the experimental setup. For the heuristic modeling later, the average will be taken. Same
applies to the damping ratios � that are found by determining the logarithmic decrement from time signals of free beam vibrations.
In order to measure the quantities in table 1, the setup shown in figure 4 is used. It consists of several devices to realize a
harmonic base excitation and devices to measure the beam’s response in form of its beam tip displacement. Also, the actual base
excitation occurring at the base frame is measured. To determine the static (and later dynamic) displacement of the beam tip a
laser triangulation sensor (ALLSENSE AM500-50) is used. It is attached to the moving base frame (cf. figure 3), hence directly
provides the relative displacement of the beam tip with respect to the permanent magnets, which are fixed within the moving
aluminum framework. The harmonic signal of the base excitation is generated by MATLAB R2018a and further processed by a
measurement box (Datatranslation DT9837A) that provides the desired voltage signal for a shaker (LDS V406/8-PA100E) after
amplification (LDS PA 100E Power Amplifier). The shaker is attached to a vibration table, containing four leaf springs as support,
on which the system in figure 3 is placed. The vibration table has a notable dynamic of its own, which has an influence on the base
excitation. The base frequency of the vibration table is about 6 Hz, which is not very far from the considered range of frequencies
in experiments later. The range will be 7 Hz to 18 Hz and is chosen around the first eigenfrequency of the beam of 13.4 Hz. Hence,
the transfer function of the vibration table is not constant within the considered range of frequencies and needs to be regarded. The
measurement box provides a voltage signal that is amplified and provided to the shaker.

Fig. 4: Experimental setup of the energy harvesting system placed on a vibration table excited by a shaker, with measurement
devices and related data acquisition tools.
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The shaker generates a force proportional to this signal, to excite the vibrating table. Since a harmonic base excitation of a certain
amplitude � is desired, that is independent of the circular excitation frequency S, the signal provided by the measurement box
needs to regard the dynamics of the vibration table. To confirm that the specified signal of the excitation concurs with the actual
base motion it is measured by a laser vibrometer (OptoMET Nova Basis), that determines the velocity ¤1 of the base frame. The
base excitation, that is proportional to the acceleration ¥1, is then found from this measurement by a numerical differentiation of the
time signal of the discrete velocity values. The reason it is measured is that the base excitation occurring at the base frame is not
always concurring with the specified signal generated in MATLAB. There is a bias in magnitude and a phase shift of roughly crad
originating from the dynamics of the vibration table. Also, the authors have observed that there are cases in which the beam, due to
its inertia, has a retroactive effect on the actual base excitation. Especially when the beam tip exhibits large orbits around both
of its stable equilibrium positions, deviations of the actual base excitation from the desired specified signal are probable. The
measurements later to be shown in detail are chosen due to their fairly harmonic base motion.
All measurements are done in the steady state of the system, which is assumed to be reached after a 60 seconds transient response
of the system. Subsequently the measurements are done for 10 seconds with a sample rate of 10 kHz. The sampling is performed
after a suitable lowpass filter applied by the measurement box.

3 Modeling of the mechanical subsystem

The different aspects of the overall system can be, to a certain extent, modeled separately and in different levels of complexity.
Two existing publications of the authors deal with particular parts of the energy harvesting system which are: first, the magnetic
field, the thereby caused magnetic restoring force and the resulting corresponding stationary behavior of the system (equilibrium
positions and corresponding frequencies of small free vibrations) in [Noll et al. (2019a)] and second, the spatial discretization of
the beam using only the first linear eigenfunction of the beam in [Noll et al. (2019b)]. In both publications the beam has been
modeled as an Euler-Bernoulli beam structure, that bends under excitation. The beam displacement is described by a partial
differential equation for the beam displacement F depending on the beam coordinate b and time C as given in many continuum
dynamics textbooks. Following the classical discretization process as in [Noll et al. (2019a)], the mixed Ritz ansatz

F(b, C) = G(C) q(b), (1)

where G is the time dependent modal coordinate. q is the first eigenfunction of the linear beam, b ∈ [0, !] the beam coordinate and
! the total length of the beam. q is chosen to be 1 at b = !, hence G concurs with the beam tip displacement F̂ = F(!, C) (cf.
figure 1). It yields the ordinary differential equation of motion given by

¥G(C) + 2�l ¤G(C) − UG(C) + VG3 (C) = 6 ¥1(C). (2)

Compared to [Noll et al. (2019a)] the term on the right-hand side is added, since in this paper dynamic experiments of the driven
Duffing oscillator are performed considering a base excitation, while in [Noll et al. (2019a)] the static behavior and free vibrations
were investigated. The coefficient 6 is determined accordingly and given by

6 = −
∫ !

0 q(b) db∫ !

0 q2 (b) db
. (3)

The excitation is chosen to be a base excitation of a constant amplitude � of the form ¥1(C) = � cosSt.
In order to get the specific kind of restoring term, that is −UG(C) + VG3 (C), the assumption has been made that the magnetic force is
a cubic polynomial of the beam tip displacement. Further, a linear modal damping has been inserted with the damping ratio �. In
cases where U and V are both positive, bistability is existent with the two nontrivial equilibrium positions G1/2 on each side of the
undeflected beam position

G1/2 = ±
√
U

V
. (4)

Further, if considering oscillations within these two equilibrium positions with small amplitude the circular frequency for free
vibrations in each of the stable equilibrium position can be determined after linearization by

l =
√

2U. (5)

When a physical setup is available the model parameters can be determined and are given in table 2 for the setup in figure 3.

Tab. 2: Model parameters of corresponding experimental setup given table 1.

parameter l [1/s] � [−] U [1/s2] V [1/s2] 6 [1/m]
value 92.7 0.0016 4275.6 8.8 · 107 −1.57
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The parameter l and � are found as the average of their values from an analysis of the time signals of free beam vibrations in each
stable equilibrium when the magnets are applied. Even though the beams’s circular eigenfrequency l0 = 2 c13.4 1/s has no direct
significance for the setup with magnets, it is taken to define the frequency ratio [ as

[ =
S

l0
, (6)

which is used later. U and V are found according to (4), (5) and 6 by equation (3). This approach is of a heuristic nature and
therefore an experimental setup needs to be present first to find the according model parameters. This is an essential drawback of
this approach, since these quantities need to be measured every time the setup is changed (e.g. the distance between the magnets).
On the other hand, an advantage is that the model gives a good approximation of the physical setup when the beam tip is near one
of the stable equilibrium positions. The approach ensures, that the equilibrium as well as the corresponding frequency of the
model concur with those of the setup (except for possible asymmetries which cannot be covered by an uneven cubic force model).
In the next section the experimental results are presented, and a comparison is done to the predictions of the Duffing model.

4 Experimental results and comparison to theory

In this section experimental results are shown and compared to the predictions provided by the corresponding Duffing model
equation (2) with parameters in table 2. The setup is excited by different harmonic base excitations, which differ in acceleration
amplitude and frequency. The beam tip displacement is measured, as well as the actual excitation. It is common to look at the
phase diagram of the solution, which is a trajectory in the state space, that shows the velocity of the beam tip over the beam tip
displacement (see figure 5). For that, the beam’s velocity is to be determined from the measurement of the beam tip displacement,
which is achieved by a numerical differentiation done using the central difference quotient. Since the signal of the beam tip
displacement is noisy and a numerical differentiation increases noise, it is necessary to lowpass filter the signals. This is done using
a Butterworth lowpass filter with cut-off frequency of 90 Hz (5 times the largest excitation frequency). This frequency is chosen as
a compromise between a low cut-off frequency to get smooth results and a high cut-off frequency to remain the characteristics of
the phase trajectory. Also, sub and super harmonics are to be expected. The super harmonics, which can be several multiples of the
excitation frequency, could be eliminated by a filter with a too low cut-off frequency.
The solution that occurs depends on the initial conditions since the system is nonlinear, what means that for one excitation different
types of solutions are possible. One approach to distinguish different solutions is to consider the turning points of the beam tip
throughout the measurement time. In figure 5 the turning points are marked. More specifically: when the velocity changes in
sign, the beam is changing the direction it travels. If all those occurring turning points (and therefore all beam tip displacements
also) have the same sign (either all exclusively positive or negative) the solution is called intrawell (in blue). If the sign switches
periodically with a period not being larger than a defined threshold, the solution is labeled as interwell solution (red). If there
is a very large number of turning points (in this work set to be greater than 25) with positive and negative signs the solution is
considered to be chaotic, even though it might be possible it is a periodic solution with a very large period.

Fig. 5: Experimental phase diagrams and turning points (marker) of different solutions for a harmonic acceleration of amplitude
� = 3.81 m/s2 and different excitation frequencies. Upper left: 7 Hz / [ ≈ 0.52; upper right: 8.5 Hz / [ ≈ 0.64; lower left:
14 Hz / [ ≈ 1.05; lower right: 17 Hz / [ ≈ 1.27. Color code refers to the type of solution: intrawell solutions in blue,
interwell solutions in red and chaotic solutions in gray.
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Fig. 6: Experimental results: turning points of the beam tip for parallel existing steady state solutions for harmonic acceleration of
constant amplitude � = 3.81 m/s2 and different excitation frequencies. Color code corresponding to figure 5.

Another possible way of displaying the occurring types of solutions is the system response diagram in figure 6, which is especially
suitable to show the influence of the excitation frequency and is also used e.g. in [Lentz (2018)]. It shows all turning points of
different solutions that exist in parallel for excitations of different frequency but constant amplitude. As it can be seen, there are
different frequency ranges where more than one solution exists and some ranges, where only one solution has occurred during the
different experimental repetitions. For each frequency ten experiments have been made, sometimes having the same final steady
state and sometimes having different final steady states. The initial conditions of each experiment are not known nor reproducible,
which means they cannot be controlled. Hence, it is not possible to directly reproduce each experiment numerically, making a
comparison of the experiment to the Duffing model difficult. To deal with the lack of controllability of the entirety of the occurring
solutions in the experiments (and also numerics), many trials with different initial conditions are done to increase the chances of
various solutions, to allow a comparison between experimental and numerical results.
In figure 7, the results of numerical simulations of the model in equation (2) can be seen. It is found by a numerical integration
using the NDSolve-function of MATHEMATICA 11 with no changes of the default settings with respect e.g. to the integration
scheme, step size and precision goal. To get a better numerical conditioning, the differential equation for the modal coordinate
G is transformed to be in the magnitude of millimeter G̃ = 10−3G before solving for G̃ and transforming back. The sets of initial
conditions in this case need to be chosen and are set to be 126 different equidistant values for G̃ for C = 0 between −15 and 15
and zero velocity. The integration time is 1000 seconds and the last ten seconds are used to be analyzed for their turning points
analogous to the experimental data. For avoiding large arguments in the periodic cosine function and corresponding errors, the
values are set back in the range between 0 and 2c when exceeding this range.

Fig. 7: Numerical results: system response diagram in Fig. 6 found by numerical integration of the Duffing model. Color code
corresponding to figure 5.
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When comparing both outcomes in figure 6 and 7 similar characteristics can be seen. In both diagrams, there are three main
frequency ranges distinguishable: one at lower frequencies, where mostly intra- and interwell solutions (blue and red) occur in
parallel, another range, where interwell solutions (only red) exist solely and a third where chaotic solutions are probable and
also intrawell and interwell occur again. A difference between both diagrams is that in theory those three regions are shifted to
higher frequencies. In the experiment lower excitation frequencies (around about 10 Hz / [ ≈ 0.75) lead to the preferred large
interwell solutions and in theory, this range is slightly shifted to larger frequencies (around about 12 Hz / [ ≈ 0.9). The position
of this range is of high interest due to its high potential for energy harvesting purposes since the beam undergoes large periodic
deformations that cause high energy outputs. It is also noteworthy that the biggest region, where chaotic solutions were observed,
in experiment is around the eigenfrequency of the beam (13.4 Hz / [ = 1) and in theory again shifted to the right for larger
frequencies (14Hz / [ ≈ 1.05). Another difference is that in theory large interwell solutions occur for every considered frequency
but do not occur as often in the experiments. It shall be noted that the experimentally realized base excitation may differ from a
harmonic excitation due to different reasons explained in section 2. A measure of the amplitude of each actual base acceleration is
given by the Root Mean Square (RMS) value. The mean value of the acceleration amplitude � for all experiments (ten repetitions
for each of the 45 frequencies) in figure 6 is 3.81 m/s2 and the standard deviation of all values is 0.086 m/s2.
The results shown so far were generated for one specific amplitude of the base excitation. In the next step, different amplitudes are
considered. A map of the type of the solution (color code consistent to the figures above) that occurs for a single experiment with
an excitation frequency and amplitude is shown in figure 8. Again, the experimentally realized initial conditions are uncontrollable
and therefore again unknown. As it can be seen, the excitation amplitude is not uniformly distributed, due to influences of the
vibrating table. The actual occurring base excitation amplitude is determined by the RMS value of the measured base excitation.
The same rules to distinguish the type of solution are applied.
In figure 9 equivalent results of numerical simulations are shown. Again, time integration is performed using NDSolve in
Mathematica 11 with default settings. For a 1:1 comparison of the results, the same excitation and initial conditions would need to
be considered. This is impossible as described above as there are very restricted possibilities to control the initial conditions in the
experimental setup. For this reason, again more simulations are done as experiments to cover a broader range of initial conditions.
For simulations this is easier to perform as they are not as time consuming and can be done partly parallel.
For each excitation 25 simulations are performed, where the initial conditions are equidistant displacements G(C = 0) in the range
of [−3G1, 3G1] with zero velocity. Only if always the same solution occurred, a filled squared marker of corresponding color is
used. If the same solution occurs between 15 and 24 times out of 25, an diamond marker of the lighter color of the solution that
occurred the most is used. Further, no marker is used, if no solution appeared more than at least 15 out of 25 times. Note that, for
these criteria, chaotic solutions are less likely on the map and never occur 25 out of 25 times for a certain excitation. Consequently
no squared grey marker can be found, but grey diamond markers are to be seen on the map in the same regions chaos appeared
experimentally.
Again, when comparing both results, similar characteristics can be found. Overall, the model is in general suitable to predict the
experimental results, but in detail deviations can be found. In good agreement, for example, are the position of chaotic solutions
(grey) and that for small excitation amplitudes (below 2 m/s2), where mostly intrawell solutions exist. Differences are again
shifts of the different regions to higher frequencies in the model results, as can be seen in the large red region. Similar theoretical
investigations with maps of this kind can also be found in [Panyam et al. (2014)], which concur with the results of this paper.

Fig. 8: Map of experimental results of the system response for different excitation frequencies and different amplitudes of harmonic
acceleration. Only one experiment for each excitation is performed, wherefore only one solution occurred and uniquely
defines the color of the marker. Color code corresponding to figure 5.
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Fig. 9: Map of numerical results of the system responses found by time integration to be compared with figure 8. Color code
corresponding to figure 5.

5 Conclusions

Energy harvesting performed by a bistable cantilever beam has attracted much attention in the past years. In most of the
corresponding publications, the restoring force of the energy harvesting system is assumed to be of third degree, i.e. cubic. This
modeling leads to the bistable Duffing equation. Corresponding model parameters are found heuristically.
In this paper, the assumption, that the restoring force is a cubic polynomial depending solely on the beam tip displacement, is
investigated for suitability. Extensive experiments are performed to experimentally determine the system response for varying
harmonic base excitations. A comparison to numerical results by time integration of the corresponding Duffing model is presented.
The biggest issue is that the initial conditions cannot be controlled on the experimental setup that is used. Hence, the diversity of
the solutions is probably not fully represented. To overcome this limitation several experiments and many simulations with varying
initial conditions are done to increase the probability of occurrence of the respectively existing different solutions. In any case, the
final steady solution of the system is in the focus of interest. Although there is no guarantee that all possible solutions are found,
neither experimentally nor numerically, the occurring solutions are in good agreement and the results are broad enough for a
comparison of the general characteristics. In fact the results show that in general the model covers most of the characteristics that
can be seen in experiments but may have deviations. More specific, there might be a slight shift of the existence of solutions
towards larger frequencies in theory. This might lead to false predictions when optimizing an energy harvesting system by tuning it
to an existing harmonic excitation of a specific frequency. In general, the cubic restoring characteristics seems to be a good model,
if the requirements on the accurateness of the model are not too high. On the other hand, as e.g. described in [Lentz (2018)] or
[Noll et al. (2019a)], there may be specific cases where higher order approximations or in general extended modeling may be
necessary.
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Abstract: The present contribution is concerned with the effective mechanical parameters of polycristalline silicon used for solar
cells. Thereby, an analytical scheme for the prediction of elastic properties of polycrystals is reviewed, applied and verified.
Emphasis is on first-order bounds and derived estimates. Based on cubic symmetry of a single crystal the projector representation
is exploited for the description of the constitutive equations. The elasticity tensor is developed for several assumptions which
stem from rather classical homogenization schemes. This results in a rational representation and determination of linear elastic
material parameters of a homogeneous, macroscopically isotropic comparison material. The analytically determined parameters
are compared to experimental data. It is found that the present procedure reproduces the experimental results in very close
proximity.

Keywords: solar energy materials, solar cells, polycrystals, cubic system, homogenization, mechanical properties

1 Introduction

Silicon is the most commonly used semiconductor material for solar cells in photovoltaic modules. The actual market share
is around 90% (Philipps and Warmuth, 2019). Basically a distinction is here made between mono- and polycrystalline silicon.
Although higher electrical efficiencies can be achieved with monocrystalline silicon, polycrystalline silicon is used more widely
with a market share of approximately 65%. This is not least due to its cheaper production (Philipps and Warmuth, 2019) whereby
in principle several fabrication methods are possible (Petersen, 1982). During the service life of photovoltaic modules, the built-in
solar cells are exposed to different mechanical loading scenarios. To name two extremes as an example, high snow loads at low
temperatures far below freezing point or high wind loads at temperatures above 60 degrees Celsius can occur. The specification
of the temperature is important here since the solar cells are embedded in an encapsulant whose material is strongly temperature
sensitive. Solar cells should be able to withstand these stresses for periods of at least 20 years. From an engineering point of view,
strength analyses are necessary therefore. Such analyses are of immense importance since failures at solar cells are correlated
with power loss and decreased energy harvest (Köntges et al., 2014).
In present work we will focus on polycrystalline silicon. Aggregates of silicon consist of monocrystals obeying a cubic symmetry.
Due to the complexity of geometrical models for such aggregates, the necessity often arises to work with a comparison medium
for the discrete microstructure. It is in particular advantageous to work with effective properties during the design process for
structural analysis. According to Petersen (1982), the effective Young’s modulus of polycrystalline silicon is around 150⋅103 to
170⋅103 N/mm2, referring to various sources. This is certainly a very broad range (ΔY = 20 ⋅ 103 N/mm2), which means that results
of strength analysis will spread over an equally broad area. This is why there are various efforts to substantiate effective values
of polycrystalline silicon, cf. (Hopcraft et al., 2010).
In mechanics, computational and analytical methods for such estimations have proven successful, cf. Böhm (2020). The attraction
of an analytical method lies in its usually simple handling and the rapid attainment of results, at least in comparison to computational
methods. In the context of analytical homogenization methods, first-order (Voigt, 1889; Reuss, 1929) and second-order (Hashin
and Shtrikman, 1962a,b) estimates, self-consistant estimates (Christensen and Lo, 1979) and statistical methods (Kröner, 1958)
exist. Basic reviews of different methods to determine effective elastic parameters are presented in Kröner (1972) or Lobos
Fernãndez (2018). If the morphology of the microstructure is sufficiently isotropic first-order estimates deliver results with
sufficient accuracy. The following assumptions are made in the course of present investigations.

• We consider silicon mono- and polycrystals where physical and geometrical linearity is a reasonable assumption in the
elastic range.

• The silicon monocrystal possesses a cubic crystal symmetry.

• The crystal orientation of the bulk features a uniform distribution.

• The interaction of the crystals and the influence of the distribution functions of the crystal interfaces and the crystal edges
on the symmetry of the macroscopic elastic behavior are neglected.

The consideration of a uniform distribution of the crystal orientation is equivalent to an isotropic crystal orientation function.
Morphological investigations of solar cells showed crystallographic textures with no evidence of preferred orientation Stokkan
et al. (2018), at least in the preferential range of moderate cooling rates during production, cf. Yang et al. (2015). The
⋆
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above mentioned assumption does therefore not contradict physical reality. In context of a preferably accurate prediction for a
polycrystal consisting of cubic monocrystals, a discrete number of crystals is necessary to guarantee statistically isotropy of the
bulk. Following Elvin (1996) this is around 230 crystals while rds (2003) provides a specific equation obeying the convergence of
the prediction error via the increase of the number of crystals. Compared with Basore (1994), this restriction seems sufficiently
fulfilled with polycrystalline silicon solar cells. Nevertheless, these values do not seem to bound the possible crystal numbers. It
is important to note that the present analytical approaches are based on an infinite number of crystals (Hill, 1952). The resulting
approximations therefore loose quality with decreasing crystal numbers. However, since the contrast of the elastic properties
of the components made of polycrystalline silicon is comparatively small, the first-order estimates incorporating the restrictions
named above result in comparatively close approximations.

Notation. Throughout the whole text, a direct tensor notation is preferred. First- and second-order tensors are denoted by
lowercase and uppercase bold letters, e.g., a and A, respectively. Fourth-order tensors are designated by uppercase blackboard
bold letters, e.g. A. In continuation, some operations between these tensors need to be defined which will be done based on a
three-dimensional orthonormal basis. For indices i, j, k, . . . ∈ {1, 2, 3} holds. The Einstein summation convention is applied.
Common operations are the dyadic product

a ⊗ b = aibj ei ⊗ e j = C , (1)

the scalar product

a⋅ b = aibj ei⋅ e j = aibi = c, (2)

the composition of a second- and a first-order tensor

A⋅ a = Almaiel ⊗ em⋅ ei = Aliaiel = d , (3)

the composition of two second-order tensors

A⋅ B = AlmBnoel ⊗ em⋅ en ⊗ eo = AlmBmoel ⊗ eo = D , (4)

the double scalar product between two second-order tensors

A∶ B = AlmBnoel ⊗ em∶ en ⊗ eo = AlmBlm = d , (5)

the double scalar product between a fourth- and a second-order tensor

A∶ B = ApqrsBnoep ⊗ eq ⊗ er ⊗ es∶ en ⊗ eo = ApqrsBrsep ⊗ eq = E , (6)

the double scalar product between two fourth-order tensors

A∶B = ApqrsBtuvw ep ⊗ eq ⊗ er ⊗ es∶ et ⊗ eu ⊗ ev ⊗ ew = ApqrsBrsvw ep ⊗ eq ⊗ ev ⊗ ew = F , (7)

and the fourfold scalar product between two fourth-order tensors

A∶∶B = ApqrsBtuvw ep ⊗ eq ⊗ er ⊗ es∶∶ et ⊗ eu ⊗ ev ⊗ ew = ApqrsBpqrs = g . (8)

The inverse of a tensor is defined by

A
−1⋅ A = A⋅ A−1 = 1 (9)

while the transposed of a tensor is given by

a⋅ A⊤⋅ b = b⋅ A⋅ a . (10)

Herein, 1 = ei ⊗ ei is the identity on first order tensors. For an orthogonal tensor, B
−1 = B

⊤ holds true. We furthermore
introduce the Rayleigh product which maps all basis vectors of a tensor simultaneously without changing components. It is
defined for a dyad and a tensor of arbitrary order. E.g., when applied to a tetrad, the product is

B⭐ A = Ai jkl(B⋅ ei)⊗ (B⋅ e j)⊗ (B⋅ ek)⊗ (B⋅ el) with Ai jkl = A∶∶ ei ⊗ e j ⊗ ek ⊗ el . (11)

The Frobenius norm of fourth-, second, and first-order tensors is defined as follows.

∥A∥ = [A∶∶A]
1
2 ∥A∥ = [A∶ A]

1
2 ∥a∥ = [a⋅ a]

1
2 (12)

Overlined quantities indicate effective measures.
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2 Theoretical Background

Silicon is a brittle material. Its mechanical behaviour is characterised by linear elasticity until fracture. This legitimates the use
of Hooke’s law. Considering a polycrystalline aggregate, the linear relation between stress T and strain E holds true for every
single crystal.

T = C∶E (13)

Using the eigenprojector representation, it is possible to represent the stiffness tensor C as a linear combination of eigenprojec-
tors PJ and eigenvalues λJ (Halmos, 1958; Mehrabadi and Cowin, 1990).

C =
Z

∑
J=1

λJPJ (14)

In general, the number of distinct eigenvalues λJ ofC is in the range 2 ≤ Z ≤ 6. Any admissible set of projectors fulfil subsequent
projector rules (Rychlewski, 1995).

PJ ∶PJ = PJ PJ ∶PL = O ∀ J ≠ L ∑PJ = Isym PJ ∶∶PJ = NS (15)

Herein, NS is the number of dimensions of the subspace. In the case of cubic symmetry (superscript c), this method results in
Z = 3 distinct eigenvalues and projectors.

Cc = λc
1P

c
1 + λ

c
2P

c
2 + λ

c
3P

c
3 (16)

The projectors are expressed as follows (Rychlewski and Zhang, 1989).

Pc
1 =

1
3

1 ⊗ 1 Pc
2 = D − Pc

1 Pc
3 = Isym − (Pc

1 + P
c
2) (17)

The second and the third cubic projectors contain the anisotropic portion

D =
3

∑
i=1

gi ⊗ gi ⊗ gi ⊗ gi = Q⭐
3

∑
i=1

ei ⊗ ei ⊗ ei ⊗ ei (18)

where gi ∀ i = {1, 2, 3} denote the orthonormal lattice vectors of the single crystal, which are related to a fixed (sample)
reference basis ei ∀ i = {1, 2, 3} by means of an proper orthogonal tensors Q, e.g. gi = Q⋅ ei . Furthermore, 2Isym =
ei ⊗ e j ⊗ (ei ⊗ e j + e j ⊗ ei) is the identity on symmetric second-order tensors. The eigenvalues are determined by the
projection of the constitutive tensor onto the space of the respective symmetry group.

λJ = C∶∶
PJ

∥PJ∥2
(19)

The three distinct eigenvalues in Eq. (16) are as follows with respect to the lattice vectors gi (Sutcliffe, 1992).

λ
c
1 = C1111 + 2C1122, λ

c
2 = C1111 − C1122, λ

c
3 = 2C2323 (20)

The degree of anisotropy of the cubic single crystals can be described as λc
3 − λ

c
2, turning to zero in the case of isotropy. By the

aid of the projector representation, it is trivial to determine the inverse of the stiffness tensor.

(Cc)
−1

=
1
λc

1
Pc

1 +
1
λc

2
Pc

2 +
1
λc

3
Pc

3 = Sc (21)

In analogy to Eq. (19), the eigenvalues are determined by taking the sclar product of the projectors and this compliance.

1
λJ

= S ∶∶
PJ

∥PJ∥2
(22)

First endeavors to determine the overall elasticity tensor of polycrystals were made by Woldemar Voigt and AndrÃąs (Endre)
Reuss. Voigt (1889) assumed a uniform, i.e., isotropic crystal orientation distribution function and a homogeneous strain field in
the aggregate. Reuss (1929) suggested an corresponing estimate based on a homogeneous orientation distribution function and a
homogeneous stress field. Generally, these volume averages are anisotropic. If and only if the polycrystal contains a sufficiently
large number of crystals, macroscopic homogeneity and isotropy results (Hill, 1952), i.e. the texture is vanishing. For such
isotropic microstructures, the crystals differ only with respect to their orientation. The approaches by Voigt and Reuss can be
written as follows.

CV = ∫
Q

f (Q)Cc(Q) dQ SR = ∫
Q

f (Q) Sc(Q) dQ (23)
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Herein f (Q) specifies the volume fraction dV/V of crystals with the orientation Q (Bunge, 1965) and dQ is the volume element
in SO3 (special orthogonal group). Obviously, CR ≠ CV holds. These arithmetic and harmonic means of the stiffness tensors
correspond to the assumption of homogeneous strain and stress fields, respectively. If only discrete orientations are of interest
as in the case of polycrystalline silicon, the average over the orientation space can be formulated as weighted sum of the crystals
volume fraction corresponding to the specific orientation and the affiliated elasticity tensor.

CV =
η

∑
γ=1

vγC
c
γ SR =

η

∑
γ=1

vγS
c
γ (24)

Herein, η represents the number of crystals under consideration. Both estimates result in macroscopically isotropic elasticity
parameters. In context of the elasticity tensor Cc, the coincidence of the second and third eigenvalue is a necessary and sufficient
condition for an isotropic material. Hence, expression (16) reduces as follows whereby Z = 2 holds true in view of Eq. (14).

C◦ = λ◦1P
◦
1 + λ◦2P

◦
2 (25)

We can furthermore introduce the isotropic compliance.

(C◦)
−1

=
1
λ◦1
P◦1 +

1
λ◦2
P◦2 = S◦ (26)

While the first projector coincides with the one of the cubic case (P◦1 = Pc
1), the second is determined as follows.

P◦2 = Pc
2 + P

c
3 = Isym − P◦1 (27)

Due to the isotropic nature of volumetric changes in case of cubic crystal symmetry, λ◦1 = λc
1 holds true (Hill, 1952). In the

isotropic case, λ◦2 = C1111 − C1122 = 2C2323 also holds. Considering the second eigenvalue for an isotropic comparison material
arising from the average theorems mentioned above, the second and third eigenvalue of the cubic symmetry have to be weighted
according to their deviator space dimensions, cf. Walpole (1984) and Rychlewski (1984). This requires an allocation for λ◦2 ,
either to the Voigt (homogeneous strain) or the Reuss (homogeneous stress) assumption (λV

2 ⊻ λR
2 ).

λ
V
2 =

2
5
λ

c
2 +

3
5
λ

c
3 λ

R
2 = [

2
5

1
λc

2
+

3
5

1
λc

3
]
−1

(28)

Above introduced stiffnesses constitute upper and lower bounds of the strain energy density (Nemat-Nasser and Hori, 1993). To
be exact, the Voigt bound is equal to the first-order upper bound, whereas the Reuss bound equals the first-order lower bound.
It was found by Hill (1952) that the range for the true effective stiffness C is bounded by the Voigt (arithmetic) and the Reuss
(harmonic) estimate. In the sense of positive definiteness (A∶C∶ A > 0 ∀ A ≠ 0) we can state the following.

CV ≥ C ≥ CR (29)

Hill (1952) suggested an arithmetic (H+) and an geometric mean (H-) of these isotropic bounds as good approximations, whereby
these statements are based on pure empiricism.

CH+ =
1
2
[CV+ CR] CH− = exp (

1
2
[logCV+ logCR]) (30)

The latter is usually ignored in the literature, c.f. Morawiec (2004). Herein, we can introduce logC = ∑ log(λJ)PJ and
expC = ∑ exp(λJ)PJ since J ∈ {1, 2} holds. Using such representation and considering the projector rules introduced in
Eqs. (15), Eqs. (30) can be easily transformed into the subsequent form.

CH+ = λH+
1 P◦1 + λH+

2 P◦2 CH− = λH−
1 P◦1 + λH−

2 P◦2 (31)

Herein, λH−
1 = λH+

1 = λ◦1 = λc
1 hold true since λV

1 = λR
1 is valid. For the second eigenvalues λH±

2 ∀± ∈ {+ ∨ −}, the arithmetic
and the geometric mean holds, respectively.

λ
H+
2 =

1
2
[λV

2 + λR
2 ] λ

H−
2 = [λV

2 λ
R
2 ]

1
2 (32)

Since the geometric mean is smaller than the arithmetic, but both values lie inbetween the bounds of Voigt and Reuss, following
representation holds.

Cmax ≥ CV ≥ CH+ ≥ CH− ≥ CR ≥ Cmin (33)

However, in the literature it is often referred that the choice of the arithmetic mean is reasonable, due to a better agreement
with experiments. We will deal with this proposition in a subsequent section. The orientational dependencies of the Young’s
modulus for a stiffness tensor C with arbitrary material symmetry can be presented considering the tensile direction d, where d is
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Fig. 1: Spatial plot of Young’s modulus Y(d) of a single crystal and isotropic approximation Y□ of the polycrystalline aggregate

parametrized in spherical coordinates with ∥d∥ = 1 (Hayes, 1972; Rychlewski, 1995). Since from an experimental standpoint, the
Young’s modulus, defined as the ratio of stress and strain in d, is measured in most cases, we confine further spatial comparisons
of the different estimates to this measure.

Y(d) = [(d ⊗ d) ∶ S□∶ (d ⊗ d)]
−1

∀□ ∈ {V,R,H+,H−} (34)

However, results of estimations based on Eq. (25) with eigenvalues (28) or (32) are isotropic approximations. Hence, it is possible
to determine its orientation-independent engineering parameters.

Y□ =
3λc

1λ
□
2

2λc
1 + λ

□
2

ν
□ =

λ
c
1 − λ

□
2

2λc
1 + λ

□
2

∀□ ∈ {V,R,H+,H−} (35)

Herein, Y is Young’s modulus and ν is Poisson’s ratio. Furthermore, the bulk K and the shear G moduli arise naturally.

3K = λc
1 2G

□ = λ□2 ∀□ ∈ {V,R,H+,H−} (36)

Subsequent relations emerge.

Y
□ =

9KG□

3K + G□ ν
□ =

3K − 2G□

2(3K + G□)
∀□ ∈ {V,R,H+,H−} (37)

The procedure often quoted as Voigt-Reuss-Hill average merely results in engineering parameters of the arithmetic mean
(Y□
, ν

□
,K□
,G□ ∀□ ∈ {H+}).

Note that the whole procedure presented here is based on the second and third eigenvalue of the cubic system solely. As a result,
the approximation of the isotropic elasticity and compliance tensor simplifies to the following expression.

C◦ = λ1P1 + λ
□
2 P

◦
2 ∀□ ∈ {V,R,H+,H−} (38)

Within the eigenspaces, all calculations can be traced back to scalars. This method is therewith easy to handle compared to
laborious operations by application of the vector-matrix-notation, as often referred to in the literature. This simplicity and
elegance is based on the projector representation.

3 Application and Results

When evaluating the results of the estimations described in the previous section, values for the cubic parameters of a single crystal
are considered, which originate from Hosford (1993).

C1111 = 166.2 ⋅ 103 N

mm2
C1122 = 64.4 ⋅ 103 N

mm2
C2323 = 79.7 ⋅ 103 N

mm2
(39)

This results in subsequent eigenvalues.

λ
c
1 = 295 ⋅ 103 N

mm2
λ

c
2 = 101.8 ⋅ 103 N

mm2
λ

c
3 = 159.4 ⋅ 103 N

mm2
(40)
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Tab. 1: Young’s modulus Y and Poisson’s ratio ν of different estimates, bounds and their spans

Ymin Ymax YV YR YH+ YH−
Δ

min max
Y Δ

VR
Y Δ

H±
Y

130.200⋅103 188.260⋅103 166.141⋅103 159.773⋅103 162.971⋅103 162.933⋅103 58.060⋅103 6.368⋅103 38.133

νmin νmax ν
V

ν
R

ν
H+

ν
H−

Δ
min max
ν Δ

VR
ν Δ

H±
ν

0.062 0.363 0.218 0.229 0.223 0.223 0.300 0.011 6.5 ⋅ 10−5

(Y in N/mm2, ν is dimensionless)

A common measure to quantify the extent of anisotropy in a cubic system is the Zener ratio ZR = λ
c
3/λc

2 (Zener, 1948). If
materials are isotropic, ZR = 1 holds true. For material parameters of monocrystalline silicon listed in Eq. (40), ZR ≈ 1.57
results. Compared to other cubic materials (e.g. copper, silver, gold, lead), the degree of anisotropy for monocrystalline silicon
is moderate. For further anisotropy measures and physical explanations, cf. Ranganathan and Ostoja-Starzewski (2008).
For the further examinations we mainly refer to Young’s modulus as it is more significant in comparison to Poisson’s ratio and
also has the broadest application in materials technology. The directional dependence of a single silicon crystal according to
Eq. (34) shows the following parameters where seven directions are under consideration. Due to the crystallographic equivalence
of some directions, only three of them are characteristic.

Y(d) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

130.2 ⋅ 103 N
mm2 if d = gi

169.4 ⋅ 103 N
mm2 if d = ni

188.2 ⋅ 103 N
mm2 if d = nS

(41)

Here, the normals

n1 =
(g1 + g2)√

2
, (42a)

n2 =
(g1 + g3)√

2
, (42b)

n3 =
(g2 + g3)√

2
, and (42c)

nS =
(g1 + g2 + g3)√

3
(42d)

have been introduced. Thereby, ni ∀ i = {1, 2, 3} are face diagonals (⟨110⟩, ⟨101⟩, and ⟨011⟩) while nS is a space diagonal
(⟨111⟩) of the cubic primitive cell. Again, gi ∀ i = {1, 2, 3} are directions of the crystals orthonormal basis (⟨100⟩, ⟨010⟩,
and ⟨001⟩). Angle brackets used here refer to Miller indizes (Miller, 1839). The orientation dependent Young’s modulus can
be plotted according to the procedure discussed in Nordmann et al. (2018)1, which is based on the work of Rychlewski (1995)
and Böhlke and Brüggemann (2001). In doing so, we derive the graphical representation given at the left-hand side of Fig. 1.
This plot visualizes the directional dependence of Young’s modulus for a single crystal. It becomes obvious for cubic silicon, that

Y(nS) = Ymax and Y(gi) = Ymin (43)

hold true. Both values are elementary bounds of the single crystal elasticity. Material parameters determined according to the
procedure given in Sect. 2 are given in Tab. 1. There, additionally, the bandwidths spanned

• by the single crystal minimum and maximum values Δmin max
Y = Ymax −Ymin,

• by the Voigt and Reuss bounds Δ
VR
Y = YV −YR, and

• by the arithmetic and geometric means thereof Δ
H±
Y = YH+ −YH−

are given. The bandwidths of resulting Poisson’s ratios given there are determined in analogous manner. Considering the Young’s
moduli determined, the right-hand side of Fig. 1 visualizes the directional dependence of all estimates for the polycrystalline
aggregate. Clearly, since these estimates are isotropic approximations, the Young’s modulus body is spherical.

4 Comparison and Discussion

All further evaluations refer to Young’s modulus as it is the substantial parameter, at least in isotropic material engineering. On
the other hand, Poisson’s ratio of polycrystalline silicon has not been well studied experimentally and hardly any data is available.
Firstly, the bandwidths resulting from the bounding values determined here are shown in Fig. 2. Considering first the single

1See also: https://tinyurl.com/visualising-elastic-anisotropy
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Fig. 2: Spans of extremes and isotropic bounds as well as scattering of experimental results within these ranges (� - experiments)

crystal extremes we notice a large bandwidth (Δminmax
Y ≈ 58.0 ⋅ 103 N/mm2) which doubles the statements for Young’s modulus

scattering of Petersen (1982). The bandwidth of Voigt and Reuss bound is considerably smaller (Δminmax
Y ≈ 6.4 ⋅ 103 N/mm2, about

11% of Δminmax
Y ). Hill’s bounds span a comparatively small band of ΔH±

Y ≈ 38.1 N/mm2 which is around 0.6% of the Voigt-Reuss
bandwidth. For comparison we use experimental data from Michalicek et al. (1995). Unfortunately, in Michalicek et al. (1995),
no tolerance for these measurements is given. Following the compilations of Sharpe (2002), there is a minimal measurement
scattering of ±3 ⋅ 103 N/mm2 depending on the experimental method for determining the Young’s modulus. For visualizational
purposes we therefore use Yexp = (163.0 ± 3) ⋅ 103 N/mm2 as experimental reference in context of Fig. 2. Obviously, the effective
value of YoungâĂŹs modulus is slightly smaller than the mean of the experimental results, at least in the light of YH+ and
YH−. Thereby we can recognize that the scattering of these experiments lies in between Voigt and Reuss bound. However, these
bandwidths are juxtaposed comparatively in Fig. 2 on the right-hand side. We additionally can state the distances of Young’s
moduli in form of scalar values, indicating an absolute error.

d
□
Y = Y

□ −Y
exp ∀□ ∈ {max,min,V,R,H+,H−} (44)

The results are visualized in Fig. 3, left-hand side. Clearly, the distances to the extremes of the monocrystal are the largest.
Distances to Voigt and Reuss bounds are smaller by an order of magnitude. These bounds are almost symmetric around the
experimental mean. Hills averages are smaller by two orders of magnitude compared to Voigt-Reuss bounds. Both of Hill’s
averages are smaller than the experimental mean, i.e. we underestimate the experimental findings by present strategy. Obviously
the absolute value of Hill’s arithmetic mean dH+

Y is closest to the experimental mean. Ultimately this underlines the choice of the
arithmetic mean according to Hill (1952), at least for present investigations. For further comparison with respect to experimental
findings, we analyze the ratio between experimental mean and computed value of Young’s modulus.

YR□ =
Y□

Yexp ∀□ ∈ {max,min,V,R,H+,H−} (45)

Results of this ratio are visualized in Fig. 3, center. Minimum and Maximum values of the single crystal range around to the
experimental value with approximately +0.15

−0.20Y
exp. Voigt and Reuss bounds significantly reduce this ratios to around +0.02

−0.02Y
exp. This

is being undercut by Hill’s averages by two orders of magnitude ( −0.0002
−0.0004Y

exp). Here we can also identify the closest approximation

with YH+ to the experiments. We furthermore introduce the relative error of present estimates.

e
□
Y =

d□
Y

Yexp ∀□ ∈ {V,R,H+,H−} (46)

These measures are given in Fig. 3, right-hand side. It turns out that the error caused when working with Voigt and Reuss
estimates is below ±2%. This error is decreased to approximately −0.04% when working with Hill’s geometric mean and finally
to around −0.02% when applying Hill’s arithmetic mean.
In spite of all the numerical deviations determined here, we have to consider the scattering of the experimental results of around
±3 ⋅ 103 N/mm2. In this context we have to register ΔS±

Y ≈ 6 ⋅ 103 N/mm2, dS+
Y ≈ 3 ⋅ 103 N/mm2, dS−

Y ≈ −3 ⋅ 103 N/mm2, YRS+ ≈ 1.0184,
YRS− ≈ 0.9816, eS+

Y ≈ 1.8⋅10−2, and eS−
Y ≈ −1.8⋅10−2 while the superscript index S± indicates the bounds resulting from

scattering. The error caused by the scattering in the experimental findings causes an error of around 1.8%. As already visualized
in Fig. 2 (center), this clarifies that the experimental findings vary in the range of the Voigt-Reuss bounds.
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Fig. 3: Distances and ratios of experimental to calculated solutions and associated relative error of Young’s modulus estimations

5 Summary and Conclusions

In the foregoing investigations we have predicted the elastic properties of polycrystalline silicon used for solar cells. The
predictions were determined by the aid of first-order estimates of analytical homogenization methods. These estimates are based
on assumptions for macroscopic homgeneity and isotropy for aggregates of cubic crystals. The whole procedure is based on
simplest bounds followed by empirical averages. Present homogenization approach is being applied by the aid of the eigenprojector
representation. The advantage of this approach is that we can reduce the tensorial quantities to scalar ones, i.e. this simplifies the
computation considerably. This is also an advantage in comparison to computations often done via laborious matrix computations,
cf. den Toonder et al. (1999). Based on the invariance of the first eigenvalue of the stiffness (or bulk modulus), the calculus is
reduced to the second and third eigenvalue, i.e. the computations reduce to Eqs. (28) and (32).
In context of the results gained therewith when applied to silicon we may conclude that it is sufficient to use Voigt and Reuss
bounds and determine the arithmetic mean value proposed by Hill. The latter one predicts the experimental value with sufficient
accuracy, i.e. for the given effective material properties, CH+ is a reasonable approximation for C̄. The quality of this prediction
can basically be improved by increasing the order of approximation. This means that the bandwidths of the upper and lower
bounds are becoming smaller and smaller. The application of such improvements remains contestable, at least in context of
the scattering of the Young’s moduli determined at polycrystalline silicon. For polycrystalline silicon, the results imply that the
procedure well known as Voigt-Reuss-Hill average provides sufficiently accurate results.
However, the use of silicon for mechanical structures is widespread, so the parameters for this material have been investigated
thoroughly. Therefore, the initial values of present calculations, cf. Eq. (39), may scatter to a certain extent (±500 N/mm2). In the
present treatise we waived the representation of the error propagation caused by the scattering of initial material parameters of
the monocrystal. This surely is a problem of experimental mechanics which also concerns the measurements on polycrystalline
silicon for solar cells. To counter this problem, sensitive measurements are required at both, the constituents forming the aggregate
and the aggregate itself, while one always has to consider the accuracy of the measurement equipment. This is also dependent on
the method used, e.g. tension, bending, resonance, indentation, ultrasonic, or bulge test respectively.
The morphology and topology of the material can have an important influence on the effective properties which cannot be
considered by the isotropic Voigt and Reuss estimates. For more precise computations, one will have to consider the crys-
tallographic texture, cf. Morawiec (2004). Hereby, the extent of anisotropic effects strongly depends on the degree of
crystallographic texture. However, in this case one must consider that both, Voigt and Reuss bounds are anisotropic, i.e.
∥Caniso∥ = ∥C□ − C◦∥ ≠ 0 ∀□ ∈ {V,R}. On the one hand this needs theoretical considerations for the analysis of textures,
which can be found in the literature Kocks et al. (1998). On the other hand, experimental investigations on crystal orientation
distribution functions of polycrystalline silicon aggregates used for solar cells are necessary to feed such models. Such studies
however, are absent.
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Appendix

A.1 Equivalent vector-matrix based procedure

In engineering, especially in the geometrically linear setting of classical continuum theory, a vector-matrix representation finds
broad application. This is possible since present mechanical problem is set in the space of symmetric tensors. To be exact, the
stress T = Ti j ei ⊗ e j and strain tensor E = Eklek ⊗ el are symmetric, i.e.

a⋅T = T ⋅ a T = T
⊤

Ti j = Tji

a⋅E = E⋅ a E = E
⊤

Ekl = Elk

and the constitutive tensor C = Ci jkl ei ⊗ e j ⊗ ek ⊗ el features left sub-symmetry, right sub-symmetry and major symmetry, i.e.

A ∶C ∶ B = B ∶ C ∶ A Cijkl = Cklij major symmetry

A∶C = A
⊤∶C Cijkl = Cjikl left subsymmetry

C ∶ A = C ∶ A⊤
Cijkl = Cijlk right subsymmetry

for arbitrary a, A, B. Due to the symmetries given we can uniquely assign vectors and matrices to these tensors. In accordance
with the operations in Sect. 2, we can then execute the algebraic operations analogously in a vector-matrix notation. To derive
such a representation we first introduce a six-dimensional basis (Brannon, 2018), which we will call Kelvin basis, cf. Thomson
(1856).

K i = ei ⊗ ei ∀ i = {1, 2, 3} (A.1a)

K3ND−i−j =

√
2

2
[ei ⊗ e j + e j ⊗ ei] ∀ i, j = {1, 2, 3} while i < j (A.1b)

Herein, ND is the number of dimensions under consideration (ND = 3). Obviously our ordering is in accordance with classical
Voigt notation (Voigt, 1889), while the normalization with

√
2 differs from the classical representation where only the symmetric

part is applied. Since the index of these second-order bases is running from 1 to 6, we introduce greek indices so that
Kα ∀α = {1, . . . , 6} holds. The Kelvin basis is orthonormal.

Kα∶Kβ = δαβ (A.2)

A six-dimensional vector representation of stresses and strains is possible while the components are defined as follows.

Tα = T ∶Kα ∀α = {1, . . . , 6} (A.3a)

Eβ = E∶Kβ ∀ β = {1, . . . , 6} (A.3b)

Both vectors are related by a six-by-six-matrix which is based on the constitutive tensor. We can determine the coefficients of
this constitutive matrix by the following calculation rule.

Cαβ = Kα∶C∶Kβ ∀α, β = {1, . . . , 6} (A.4)

Due to the calculation rules shown, all indices of the vector-matrix notation (α, β) can be assigned to the tensor notation (i, j, k, l ),
and vice versa. Thus, the tensors T , E, C may also be written as follows.

T = Tα Kα (A.5a)

E = Eβ Kβ (A.5b)

C = Cαβ Kα ⊗ Kβ (A.5c)

We can achieve the vector-matrix representation of the constitutive law by the arrangement of the coefficients.

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

T1

T2

T3

T4

T5

T6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

C11 C12 C13 C14 C15 C16

C22 C23 C24 C25 C26

C33 C34 C35 C36

C44 C45 C46

C55 C56

sym C66

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

E1

E2

E3

E4

E5

E6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(A.6)

Herein, the matrix [Cαβ] takes the general anisotropic form. For the sake of completeness we provide the assignment of the
parameters with indices i, j, k, l and α, β. These are relations of the stresses

T1 = T11 T2 = T22 T3 = T33 T4 =
√

2T23 T5 =
√

2T13 T6 =
√

2T12 ,
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the strains

E1 = E11 E2 = E22 E3 = E33 E4 =
√

2E23 E5 =
√

2E13 E6 =
√

2E12 ,

and the constitutive coefficients for an aelotropic material

C11 = C1111 C12 = C1122 C13 = C1133 C14 =
√

2C1123 C15 =
√

2C1113 C16 =
√

2C1112

C22 = C2222 C23 = C2233 C24 =
√

2C2223 C25 =
√

2C2213 C26 =
√

2C2212

C33 = C3333 C34 =
√

2C3323 C35 =
√

2C3313 C36 =
√

2C3312

C44 = 2C2323 C45 = 2C2313 C46 = 2C2312

C55 = 2C1313 C56 = 2C1312

C66 = 2C1212 ,

while Cαβ = Cβα holds. This modified representation was already used, e.g., by Fedorov (1968). When introducing sans serif,
upright, bold minuscules for vectors and sans serif, upright, bold majuscules for matrices, we can write generalized Hooke’s
law of Eq. (A.6) in the form t = C e. Due to the normalization factor introduced in Eq. (A.1b), the following relations between
vector-matrix and tensor notation hold.

t
⊤

t = T ∶T e
⊤

e = E∶E t
⊤

e = T ∶E (A.7)

Furthermore, C features the same invariants, eigenvalues, and eigendirections as C and obeys the major symmetry (Nordmann
et al., 2018). The normalization also enables to apply operations like trace, determinant, matrix multiplications and so on at
componentens of six-by-six matrices.2 In context of cubic symmetry, the occupiedness of C reduces as follows when lattice basis
and (sample) reference basis coincide.

C
c =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

C11 C12 C12 0 0 0

C11 C12 0 0 0

C11 0 0 0

C44 0 0

C44 0

sym C44

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

with

C11 = C1111

C12 = C1122

C44 = 2C2323

(A.8)

Obviously we can identify C11 = 1/3(λc1 + 2λc2), C12 = 1/3(λc1 − λc2), and C44 = 1/2λ
c
3 and find a projector representation for the

elasticity matrix in analogy to Eq. (16) (Halmos, 1958). As was introduced at the elasticity matrix in Eq. (A.4), we determine
matrix coefficients of the projectors also.

(Pαβ)
c
J = Kα∶P

c
J ∶Kβ ∀α = {1, . . . , 6} ∧ J = {1, . . . , 3} (A.9)

Ordering all coefficients, the cubic projectors are represented by six-by-six matrices as follows.

P
c
1 =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1
3

1
3

1
3

0 0 0
1
3

1
3

0 0 0
1
3

0 0 0

0 0 0

0 0

sym 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

P
c
2 =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

2
3

− 1
3

− 1
3

0 0 0
2
3

− 1
3

0 0 0
2
3

0 0 0

0 0 0

0 0

sym 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

P
c
3 =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 0 0

0 0 0 0 0

0 0 0 0

1 0 0

1 0

sym 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(A.10)

This representation holds only when the refence vectors of the orthonormal system are lattice vectors. In this context we can
write the constitutve matrix as sum of eigenvalues and corresponding projection matrices.

C
c = λc

1P
c
1 + λ

c
2P

c
2 + λ

c
3P

c
3 (A.11)

The compliance S = C
−1 is determined through S C

−1 = 1 while 1 is the identity matrix.

S
c =

1
λc

1
P

c
1 +

1
λc

2
P

c
2 +

1
λc

3
P

c
3 (A.12)

2For instance, the present strategy to reduce to a vector-matrix notation keeps us from an incorrect determination of the eigenvalues of the stiffness matrix as
done through various softwares circulating out there. However, when original Voigt notation is used, λJ (C) = λJ (C) has no general validity since the physical
parameters Ci jkl in C are not normalized with the metric.

129



M. Aßmus, R. Glüge, H. Altenbach Tech. Mech., Vol. 40, Is. 2, (2020), 120–133

For the sake of completeness we give the cubic compliance in terms of the coefficients Cαβ .

S
c =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

S11 S12 S12 0 0 0

S11 S12 0 0 0

S11 0 0 0

S44 0 0

S44 0

sym S44

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

with

S11 =
C11 + C12

(C11 − C12)(C11 + 2C12)

S12 =
−C12

(C11 − C12)(C11 + 2C12)

S44 =
1

C44

(A.13)

Herein, S11 = (2λc
1 + λ

c
2 )/(3λc

1 λ
c
2 ), S12 = (λc

2 − λ
c
1 )/(3λc

1 λ
c
2 ), and S44 = 2/λc

3 hold. In analogy to the tensorial description we can give
representations of Voigt and Reuss homogenization schemes in matrix notation, cf. Eq. (24).

C
V =

η

∑
γ=1

vγC
c
γ S

R =
η

∑
γ=1

vγS
c
γ ∀ η ∈ N+ (A.14)

The isotropic constitutive law can be written as follows.

C
◦ = λ◦1 P

◦
1 + λ◦2 P

◦
2 (A.15)

Applying the isotropic projectors of Eq. (27) in Eq. (A.9) yields the components (Pαβ)
◦
J ∀ J = {1, 2}. The equivalent matrix

representation for isotropic projectors is then given as follows.

P
◦
1 =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1
3

1
3

1
3

0 0 0
1
3

1
3

0 0 0
1
3

0 0 0

0 0 0

0 0

sym 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

P
◦
2 =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

2
3

− 1
3

− 1
3

0 0 0
2
3

− 1
3

0 0 0
2
3

0 0 0

1 0 0

1 0

sym 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(A.16)

Here again P
◦
1 = P

c
1 = P1 holds. The isotropic elasticity matrix can be presented as [Cαβ]

◦
= C

◦.

C
◦ =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

C11 C12 C12 0 0 0

C11 C12 0 0 0

C11 0 0 0

C44 0 0

C44 0

sym C44

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

with

C11 =
Y◦(1 − ν◦)

(1 − 2ν◦)(1 + ν◦)

C12 =
Y◦
ν
◦

(1 − 2ν◦)(1 + ν◦)

C44 =
Y◦

2(1 + ν◦)

(A.17)

Herein, the material parameters Y◦ and ν◦ hold for all isotropic approximations ◦ ∈ {V,R,H+,H−}. Alternatively we can state
the three isotropic coefficients Cαβ in terms of K◦ and G◦,

C11 = K
◦ +

4
3

G
◦

C12 = K
◦ −

2
3

G
◦

C44 = G
◦
, (A.18)

or in terms of λ◦1 and λ◦2 .

C11 =
1
3
(λ◦1 + 2λ◦2) C12 =

1
3
(λ◦1 − λ◦2) C44 = λ◦2, (A.19)

The homogenization is here also based on the eigenvalues λcJ ∀ J ∈ {2, 3} while applying Eqs. (28) and (32). Again, λc1 = λ◦1 =
λ
□
1 ∀□ ∈ {V,R,H+,H−} holds. Finally we can present the results in form of constitutive matrices of the different estimates by

the aid of projectors.

C
□ = λ1P1 + λ

□
2 P

◦
2 ∀□ ∈ {V,R,H+,H−} (A.20)

The present procedure naturally yields identical results as given in Tab. 1.

A.2 Equivalence of different respresentations of Hooke’s laws

Engineers are usually confused about the projector representation of constitutive laws. We here want to verify the equivalence
of different representations of Hooke’s law, at least in the case of isotropy. We start with the projector representation of the
constitutive tensor

C◦ = λ◦1P
◦
1 + λ◦2P

◦
2 (A.21)
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while we want to point out that the isotropic projectors P◦1 and P◦2 map the strain tensor E into its dilatoric and deviatoric part,
respectively.

P◦1∶E = E
dil P◦2∶E = E

dev (A.22)

This dil-dev split is additive.

E = E
dil + E

dev (A.23)

We can thus write our constitutive law T = C◦∶E as follows.

T = λ◦1E
dil + λ◦2E

dev (A.24)

Using the relations of Eq. (36) yields a well-known form of Hooke’s law.

T = 3KE
dil + 2GE

dev (A.25)

In the light of (A.23) we can reformulate this representation.

T = 3KE
dil + 2G(E − E

dil) (A.26a)

= 3KE
dil + 2GE − 2GE

dil (A.26b)

= (3K −2G)Edil + 2GE (A.26c)

We already know that Edil = 1
3
[E∶ 1]1 holds and obtain the following representation.

T = (K −
2
3

G) [E∶ 1]1 + 2GE (A.27)

We furthermore introduce the first (λ = K − 2/3G, please note that this λ is without any index) and the second LamÃľ parameter
(μ = G), cf. Lamé (1852).

T = λ[E∶ 1]1 + 2μE (A.28)

We are aware that E∶ 1 = trE. However, Eq. (A.28) is known as LamÃľ representation, established in civil engineering. As the
relations

λ =
νY

(1 − 2ν)(1 + ν)
and μ =

1
2

Y

(1 + ν)
(A.29)

hold in the case of isotropy , we can also write the constitutive law in the form

T =
νY

(1 − 2ν)(1 + ν)
[E∶ 1]1 +

Y

(1 + ν)
E (A.30)

which seems to be more familiar to mechanical engineers.
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Abstract:The presented study deals with the experimental characterization of damping materials for acoustic simulations with
respect to the stiffness and damping in dependence of the excitation frequency, i.e. frequency-dependent elasticity modulus. The
test rigs under consideration utilize a shaker, acceleration sensors and a laser Doppler vibrometer (LDV) to measure oscillating
behaviour at frequencies ranging from 20 to 2000 Hz. Suitable mounting properties of the test rigs are examined experimentally
and by finite element analysis. The applicability of the gained results for acoustic simulations is investigated with results from a
window test setup.

Keywords: foam, damping, stiffness, characterization, acoustics

1 Introduction

During the last years, the reduction of sound transmission towards the passengers cabin in automobiles gained importance in order
to improve the driving experience and customer satisfaction. Beside the reduction of noise sources, passive elements such as
damping layers are widely used to lower the level of noise transmitted to the passengers. In order to assess the choice of material,
structure and geometry for such elements in the early development stages, simulative approaches are striven for. Such simulation
approaches were already developed, for example, for a holistic consideration of engines by Duvigneau et al. (2016). The main
difficulty of all numerical analyses in acoustics is an accurate modelling of the vibroacoustic properties of the damping materials,
which are used in almost every real world application that presents acoustic issues. A proper modelling of damping materials is
also of utmost importance if innovative materials, such as acoustic metamaterials (Duvigneau and Duczek (2017)), are under
investigation to find an optimal design for the given task.
Experimental methods are used to determine the material properties required for the models used in the acoustic simulations. The
main assumption for a macroscopic description of the dynamic behaviour assumes homogenized material properties, often in
combination with isotropic and linear media.
The skeleton of polymeric poroelastic materials, such as polyurethane foams frequently used in the automotive industry for
acoustic treatment, have a viscoelastic behaviour. This means that under deformation the material exhibits viscous as well as
elastic characteristics (Lakes (1998)). For the typical deformation amplitudes that noise control treatments undergo, the behaviour
remains in the linear viscoelastic regime. Additionally, in the present study we assume isotropic material behaviour. Unlike elastic
materials, the loading and unloading paths for a viscoelastic material are not the same. The dissipated energy per cycle inside the
material due to viscoelastic losses is known as hysteresis loss.
The methods for the characterization of the elastic parameters can be classified in three groups (Renault (2008)). First, there
are approaches based on the velocity at which waves propagate inside the poroelastic material. For instance, the velocity of the
Rayleigh waves can be related to the shear modulus � and the Poisson ratio a of the material (Allard et al. (2002); Boeckx et al.
(2005)). In order to identify these, a layer of poroelastic material is fixed to a rigid plate on one of its ends. On the other end, the
layer is excited with a harmonic signal through a shaker. A laser vibrometer is employed to measure the displacement on the
surface. The fitting of the theoretical and the measured phase velocities delivers frequency-dependent values for � and a. In order
to calculate the theoretical solution, the poromechanical parameters need to be determined beforehand, which is a cumbersome and
expensive process. The method utilized in this paper does not need the identification of the poromechanical parameters in advance.
In the second kind of characterization methods, the shear modulus and the Poisson ratio are calculated with the help of acoustic
methods. A material sample with rigid backing is excited by a monopoly source. A microphone located near the sample measures
the pressure resulting from the direct and the reflected fields. After that, the poroelastic material is replaced by a rigid, impervious
surface and the procedure is repeated. The ratio between the two pressures is then calculated. Again, from the contrast between the
obtained values and the theoretical solution, provided that the poromechanical parameters are known, the elastic parameters � and
a can be derived, see Allard et al. (2005).
The third group is formed by the vibrational methods, which are based on the response of the material subjected to mechanical
excitation. The vibrational approaches are further broken down into two categories: The quasi-static methods, in which the
inertial effects are neglected, and the dynamic techniques, which include them. In the quasi-static compression approach proposed
by Langlois et al. (2001) two material samples of different shape factor are measured. The shape factor is defined as the ratio
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of half the radius to the thickness of a cylindrical sample. After that, several finite element simulations on elastic solids under
compression are run to obtain polynomial relations that link the measured compression stiffness to the elasticity modulus, the
Poisson’s ratio and the shape factor. In order to account for the inertial effects, this setup can be modified to conduct a dynamic
uni-axial compression, like the configuration presented by Pritz (1986, 1994).
A review of other quasi-static and dynamic experimental methods, including torsion and shear loading can be found in Renault
(2008) and Jaouen et al. (2008). In the scope of Gavila Lloret (2018) six different poroelastic foams were analysed following these
methods. It can be noted that the values of the elasticity modulus obtained with the quasi-static compression method (Langlois
et al. (2001)) are systematically lower than the ones provided by the dynamic method (Pritz (1986)) since the former neglects the
inertial effects. As the frequency increases, the inertial force increases and gets significant in comparison to the elastic force in the
system, see Koblar and Boltežar (2016). Therefore the utilization of dynamic characterization techniques becomes necessary.
As already mentioned, the dynamic behaviour of the solid skeleton is viscoelastic and frequency-dependent. Rigobert et al. (2004)
and Van der Kelen et al. (2014) give two examples on the modelling of a poroelastic layer that covers a structurally excited plate.
In both cases the foam layer was described using the full poroelastic formulation. It was first found that the application of the
quasi-static elastic parameters resulted in a poor comparability with the experimental data. In a second step, a frequency-dependent
profile for the elastic properties was defined by fitting the calculated predictions to the reference data sets. Even if this derivation
leads to a good prediction of the vibroacoustic behaviour, it presents the great disadvantage that a measurement of the complete
setup is first needed in order to obtain the frequency-dependent parameters. At this point, we address presentable measurement
methods that follow a simple and robust approach, while the number of material parameters remains low and parameters without
physical interpretation are renounced. In addition, the measurement of the complete experimental setup for model-updating
purposes is undesired. In such cases the advantages of numerical simulations would be lost.
The theory of poroelasticity by Biot (1956a,b); Allard and Daigle (1994) is the state of the art in numerical modelling of poroelastic
media. Its main underlying assumption is the homogenization. This means that, provided that the lengths of the waves propagating
inside the material are much larger than the pore size, the biphasic aggregate can be considered as a homogeneous medium in
which the two phases are simultaneously present. Consequently, the resolution of the pores on the micro scale is avoided. The two
governing equations have the form of a fluid-structure interaction problem with the particularity that the mechanical coupling
between the elastic frame deformation and the fluid behaviour is not limited to the fluid structure interfaces, but is of a volume
nature. The coefficients of the equation can be grouped into three classes - fluid properties, elastic and poromechanical parameters.
The first set includes the material properties of the filling fluid, namely its density, its viscosity and the speed of sound. The
elastic parameters characterize the response of the frame in vacuum and are typically the Young’s modulus, the Poisson ratio, the
structural damping coefficient and the density of the drained material. The poromechanical parameters help to link the microscopic
thermal and viscous effects at a local level with the changes in the macroscopic effective bulk modulus and effective dynamic
density. This requires a constitutive model as, for example, the one proposed by Johnson et al. (1987), Champoux and Allard (1991)
(JCA), which is employed as reference for the conducted numerical simulation in section 4.1. Some procedures to determine the
values of these mentioned material parameters can be found in Jaouen et al. (2008); Salissou and Panneton (2007); Atalla and
Panneton (2005).
An alternative to the complex poroelastic modelling is the simplification of the material as an elastic solid. This approach has the
major advantage of avoiding the characterization of the poromechanical parameters, which is a laborious task and requires specific
test equipment. However, since the presence of the fluid phase is neglected, some dissipation mechanisms inside the poroelastic
medium may not be correctly represented, especially at high frequencies. In particular, if constant elastic material parameters are
used, large differences at higher frequencies occur as presented by Van der Kelen et al. (2014).
An option to include the missing mechanisms is to condense the additional effects by means of frequency-dependent elastic
parameters, which is pursued in the paper at hand. The frequency-dependent characterization of poroelastic materials, which is
carried out analogously to classical viscoelastic media, was also utilized by Cuenca et al. (2014) and Finnveden et al. (2014).
An experimental setup to determine frequency-dependent elasticity modulus and Poisson ratio based on sine burst excitation
is proposed by Bonfiglio and Pompoli (2015). One general trend that can be identified is an increasing elasticity modulus
with frequency. This is a common progression for polymers and other viscoelastic materials, which do not have a crystalline
structure (Sfaoui (1995); Ferry (1980)). Since the frame of the investigated polyurethane foams is also a viscoelastic material, such
a frequency behaviour is to be expected. In comparison to poroelastic models it needs less (exclusively physical) parameters,
which are easier to interpret and can be identified in parallel with the same experimental setup. Moreover, poroelastic models do
not work properly for foams with closed cells as closed pores are neglected in the sense that they are counted as part of the solid
structure (Pride and Berryman (1998)). Finally, the material modelling within the numerical simulation is also straightforward
beside causing fewer degrees of freedom.
In the following section two experimental methods are described and frequency-dependent complex elasticity moduli are derived.
The limits of the methods and influences arising from the boundary conditions are discussed. Regarding the latter, the choice of
lightweight but sufficiently stiff bearings, which load the foam samples, is investigated experimentally and by finite element analysis.
Different designs and arrangements of the test set-up are presented and their advantages and disadvantages are evaluated in order to
determine a preferred variant for engineering practice. Section 3 sums up the measurement results of the frequency-dependent
elasticity moduli of two structurally different foams gained from the final measurement setup. The determination of the material
properties gets more challenging with higher excitation frequencies due to the required energy, therefore the testing frequency
ranges from 20 to 2000 Hz. Section 4 presents a window test rig and the associated acoustic simulation model in which the
applicability of the presented characterization method is examined. In section 5 a conclusion and an outlook are given.
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Tab. 1: Specimen overview of two foams of bright (B) and dark (D) colour with edge lengths of 30 mm and 50 mm or diameters of
30 mm, respectively. Specimen duplicates are enumerated by x.

Label Color Width Length Height
, [mm] ! [mm] � [mm]

B�50.x bright 50 50 15.8
B�30.x bright 30 30 15.8
D�50.x dark 50 50 10.25
D�30.x dark 30 30 10.25

Label Color Diameter � [mm] Height
� [mm]

B#30.x bright 30 15.8
D#30.x dark 30 10.25

Fig. 1: Viscoelastic representation of the material behaviour (left) and foam samples B�50.x (center) and D#30.x (right).

2 Experimental methods

Different experimental methods have been presented in the literature in order to characterize frequency-dependent stiffness and
damping behaviour of poroelastic media. A comprehensive study with a focus on reproducibility of the approaches was conducted
by several researchers and is published by Bonfiglio et al. (2018), also depicting the challenges. Referring to the literature review
given in the introduction we focus on the third group of characterization methods, namely the vibrational methods. Especially, we
exclusively consider dynamical methods, as from our point of view the frequency dependency of the material properties is of
utmost importance. Consequently, quasi-static methods are not sufficient for this purpose.
In the study at hand, two methods are investigated out of which the material properties are derived. The applied material model is
viscoelastic with a frequency-dependent stiffness parameter 2( 5 ) and damping parameter 3 ( 5 ) , Fig. 1. This characteristic can be
represented independently of the specimen geometry by using the apparent complex elasticity modulus � :

� ( 5 ) = � ′( 5 ) + 8 �̄ ( 5 ) = 2( 5 )�
�
+ 8 2c 5 3 ( 5 )�

�
. (1)

With 5 , �, � being the frequency under consideration, the foam sample height and the foam surface area under load, respectively.
Due to the assumption of constant Poisson ratio in the presented procedures, the given elasticity modulus is an apparent value. A
comparison of the results obtained from the measuring methods will be given in section 3, including a discussion on sources of
deviations and the influence parameters, as for example the boundary conditions.
Two open cell polyurethane molded foam products with different mechanical properties are considered. For the ease of
distinctiveness their colour is used for labelling within this article. One foam is of bright colour and one is of dark colour,
identified in the following sections by the characters ”B” and ”D”, respectively. Geometric specifications of the used specimens are
summarized in Tab. 1. To verify the reproducibility, multiple specimens of the foam samples were analysed. In general, we used
three specimens per specification.

2.1 Resonance Method

The first method utilized represents a suspended mass with support node excitation in vertical direction. Located between two steel
plates, the specimen is modelled with a linear spring and a linear damper element connected in parallel, see Fig. 2. The lower mass
<0 represents the masses of the movable parts of the shaker, the base plate and the acceleration sensor 1. The mass <B includes
the suspended masses of the top mass and the acceleration sensor 2. The mass of the specimen is equally distributed to the two
entities, <0 and <B . With the assumption of sole vertical movement, the set-up represents a damped oscillator with one degree of
freedom with the eigenfrequency of

50 =
1

2c

√
2( 50)
<B

(2)

and the damping factor

� =
3 ( 50)
2( 50)

c 50 . (3)
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a) Mechanical model

acc. sensor 1

acc. sensor 2

mass

specimen

shaker

H l

b) Vertical test rig c) Resulting squared transfer function

Fig. 2: Resonance measurement arrangement.

The shaker excites with a white Gaussian noise signal that results in a broadband excitation. The acceleration of the base plate ¥G1
and the response of the top mass ¥G2 are simultaneously measured. Subsequently, the resulting transfer function + of the Fourier
transformations F ( ¥G1) and F ( ¥G2) can be fitted to the analytical solution of the one dimensional oscillator model (Nashif et al.
(1985))

+ ([, �) = F ( ¥G2)
F ( ¥G1)

=

√
1 + 4�2[2√

(1 − [2)2 + 4�2[2
(4)

or the squared form

+2 ([, �) = 1 + 4�2[2

(1 − [2)2 + 4�2[2 , (5)

respectively, with [ = 5 / 50 being the tuning ratio. Eq. 5 is fitted to the measured data in a least-square sense in order to obtain the
resonance frequency 50 and the dimensionless damping factor � as presented in Fig. 2 c). Taking into account the specimen
height � and the orthogonal face area �, the viscoelastic behaviour can also be reformulated as the real part � ′ and imaginary
part �̄ of the complex elasticity modulus, according to Eqs. (1), (2) and (3)

� ′( 50) = 4c2 5 2
0 <B

�

�
, (6)

�̄ ( 50, �) = 2� � ′. (7)

In order to obtain a frequency-dependent description of the material behaviour, the procedure has to be carried out with different
top masses <B to realize different resonance frequencies. With a view on acoustics applications, this method is limited regarding
high frequencies requiring lightweight top masses, which are prone to detach from the specimen.

2.1.1 Measurement Results

As noted above, the major drawback of the method presented in Sec. 2.1 is the relatively low maximum testing frequency because
of the limitation in the weight of the top masses. The presented foams with edge lengths of 50 mm were tested with weights ranging
from 67 g to 418 g, resulting in a resonance frequency range from 33 Hz to 181 Hz, which is hardly relevant for acoustical problems.
The calculated real and imaginary parts of the elasticity modulus according to Eq. (6) and Eq. (7) are summarized in Tab. 2 and
depicted in Fig. 3. The results show good repeatability and an increase in stiffness with frequency. This is particularly evident for
the bright foam. The specified standard deviation results from eight measurements with one for each possible orientation of the
foam. One cause of deviation may arise due to the imperfections in the foam structure, as can be seen in Fig. 1.
In an attempt to expand the frequency range by utilizing adhesive tape and strong fast-acting adhesives in order to prevent
detachment, a significant influence on the stiffness and damping results was identified, see Tab. 2 variations a) and b). With the
help of the adhesives the detachment of the 71 g mass could be prevented, but the two adhesive modifications led to significantly
different results. Additionally, with higher excitation amplitudes, referenced as condition c), the top mass can separate, which
causes deviations of the resulting stiffness. The positioning of the acceleration sensors, condition d), also gives rise to variations in
the results due to non strict one dimensional movement. Therefore, a centred positioning of the sensors is advised in order to
minimize the influence due to tilting motion of the masses. Furthermore, it cannot be ruled out that the resulting viscoelastic
properties may be influenced by the pre-compression or the compression rate of the foam during the experiment due to the variation
of the top load. Due to the limited frequency range, investigations with the resonance method were discontinued and further
investigations regarding the influences mentioned above were not conducted.
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Tab. 2: Tests with the resonance procedure and modifications of the boundary conditions. -) Standard configuration. a) Using
adhesive tape. b) Using strong fast-acting adhesive. c) High excitation amplitude. d) Sensors not centered. The specified
bounds represent standard deviations resulting from eight repetitions, one for each different orientation.

Spec. cond. <B [g] 50 [Hz] � ′ [kN/m2] �̄ [kN/m2]
D�50.1 - 418 74.49 ± 0.71 375.52 ± 7.21 46.26 ± 4.63
D�50.2 - 357 78.41 ± 0.83 355.79 ± 7.48 43.24 ± 1.37
D�50.3 - 357 80.57 ± 1.07 375.61 ± 10.09 46.85 ± 6.46
D�50.1 - 211 103.36 ± 1.06 342.55 ± 61.49 40.75 ± 7.23
D�50.1 a) 71 181.02 ± 7.96 375.21 ± 32.54 75.01 ± 1.27
D�50.1 b) 71 159.96 ± 2.53 292.65 ± 9.23 49.90 ± 1.18
D�50.1 b), d) 71 144.19 ± 0.24 237.74 ± 0.80 44.83 ± 0.50
B�50.2 - 357 33.20 ± 4.27 99.38 ± 25.49 34.94 ± 8.66
B�50.1 - 110 77.12 ± 0.80 162.89 ± 3.35 68.92 ± 1.20
B�50.1 - 89 96.81 ± 2.23 207.88 ± 9.58 81.07 ± 9.94
B�50.1 - 71 100.32 ± 5.55 177.91 ± 20.29 86.66 ± 17.08
B�50.1 c) 71 69.04 ± 3.27 84.16 ± 8.00 56.78 ± 5.52
B�50.2 c) 71 96.05 ± 1.76 162.66 ± 5.95 97.53 ± 3.82
B�50.2 - 67 102.51 ± 1.31 174.79 ± 4.46 72.99 ± 1.44
B�50.3 - 67 97.60 ± 1.05 158.44 ± 3.41 68.04 ± 1.73

Fig. 3: Real (� ′, black marker) and imaginary (�̄ , white marker) parts of the elasticity moduli measured for the dark (D, round
marker) and bright (B, triangular marker) foam samples in standard configuration without adhesives. The error bars
represent the bounds specified in Tab. 2.
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PLA cup
aluminium cup

shaker front
plate

aluminium cup

shaker

plate
front

Fig. 4: Horizontal measurement arrangements. Shaker facing force sensor position: a) Mechanical model. b) Test rig. Bearing
facing force sensor position: c) Mechanical model. d) Test rig. Seismic mass bearing: e) Mechanical model. f) Test rig.

2.2 Harmonic loading method

For the second characterization method, the specimen is horizontally aligned between the shaker and a bearing, which is assumed
to be rigid. Different arrangements for the bearing have been investigated, as displayed in Fig. 4. The configurations in Fig. 4 a)-d)
include a fixed bearing, but with different order of the specimen and the force sensor in the load path. In the setup in Fig. 4 e)-f) a
seismic mass bearing hangs in a free-free boundary condition. The shaker provides a harmonic force � that loads the specimen at a
frequency 5 .
A laser Doppler vibrometer (LDV) is utilized to measure the deflection G 5 . After a few oscillations, the steady state is reached and
the periodic solution

G 5 (C) = Ğ 5 sin(2c 5 C + k) (8)

with amplitude Ğ 5 and phase k remains. For the setup in Fig. 4 e)-f) using the seismic mass bearing, the acceleration

¥G 5 (C) = ¥̆G 5 sin(2c 5 C + k) = −4c2 5 2Ğ 5 sin(2c 5 C + k) (9)

is measured with an appropriate acceleration sensor due to the lack of optical access for the LDV. The deflection amplitude is
calculated by

Ğ 5 = ¥̆G 5 (−4c2 5 2)−1 . (10)

The approach with an acceleration sensor turned out to be just as feasible as the displacement measurement with the LDV. Again,
the porous medium is modelled with a linear spring-damper combination with one single degree of freedom. This leads to the
following balance of forces

�1 (C) = 2 G 5 + 3 ¤G 5 + < 5 ¥G 5 (11)

in the case where the force sensor is positioned between the shaker and the specimen, see Fig. 4 a). The mass < 5 combines the
weight of the adapter plate and partial contributions by the force sensor and the specimen. The determination of the latter two is
prone to errors. Combining Eq. (8) and Eq. (11), the inertial force can be obtained as second derivative of the deflection signal with
respect to time. The calculated inertial force is subtracted from the force signal to obtain the loading force �̄ acting on the foam

�̄ = �1 (C) − < 5 ¥G 5 (C) = 2 G 5 (C) + 3 ¤G 5 (C). (12)

Due to the error-prone determination of the inertial component, this approach has a lower accuracy than the setup, where the force
sensor is mounted between the specimen and the bearing. In the latter cases, Fig. 4 c)-f), inertial forces are not recorded by the
force sensor and the compliance of the foam is assumed to be dominant, leading to

�̄ = �2 (C) = 2 G 5 (C) + 3 ¤G 5 (C). (13)

The theoretical force-deflection diagram according to Eq. (13) yields an elliptical hysteresis curve which is met by the experimental
data quite well, Fig. 5. The hysteresis loss,� can be calculated with the integral of the foam loading force with respect to the load
path

,� =

∮
�̄ d G 5 . (14)
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Fig. 5: Hysteresis loss of an example measurement of B#30.3 at 1100 Hz.

Fig. 6: Test setup iterations. a) PLA die with 70 mm edge length, 2 mm ground plate height and 18.5 g mass b) PLA die with
30mm edge length, 2 mm ground plate height and 3.1 g mass c) PLA die with 10.0 g mass for cylindrical probes of 30 mm
diameter d) final design with aluminium cup (top) for 30 mm diameter probes and shaker front plate (bottom).

According to Eqs. (8) and (13), the stiffness and damping coefficients for the particular loading frequency 5 is gained by

2( 5 ) =
˘̄�
Ğ 5
, (15)

3 ( 5 ) = ,�

Ğ2
5

2c2 5
. (16)

Recalling Eq. (1), the real and imaginary part of the elasticity modulus are

� ′( 5 ) = 2( 5 ) �
�

(17)

�̄ ( 5 ) = ,� ( 5 )
Ğ2
5
c

�

�
. (18)

2.2.1 Test set-up optimization

The frequency range of the method described in Sec. 2.2 is limited by the power of the shaker, the mass to be moved and the
specified displacement amplitude. Therefore, several mass reducing iterations of the set-up were investigated in order to maximize
the frequency range without violating the assumption of a rigid set-up and dominant compliance due to the foam.
The first design with a square steel sheet with an edge length of 70 mm and a thickness of 0.75 mm showed evident flexibility
during operation. In the first step, the steel sheet was replaced by a rapid prototyped die with an edge length of 70 mm and a ground
plate height of 2 mm made of PLA (polylactide), depicted in Fig. 6 a). In order to test the assumption of rigidity, a smaller die
with an edge length of 30 mm and a ground plate height of 2 mm was used to test the square foam specimens with 30 mm edge
length, Fig. 6 b). Despite the benefit of higher frequency ranges, a comparison of the determined frequency-dependent elasticity
moduli with the two PLA dies showed a significant discrepancy. For that reason, finite element analyses were carried out in order
to evaluate the rigidity assumption of the PLA die from Fig. 6 b), which is less compliant because of the geometry.

Finite element analysis (FEA) evaluation

A finite element representation of the experimental setup was modelled to identify measurement deviations due to compliant
components. The geometrical parameters and material properties used for the foam domain are specified in Tab. 3. Due to the
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Fig. 7: Utilized grid in the finite element analysis.

Tab. 3: Isotropic elastic parameters and geometry of the foam domain in the FEA.

� ′foam dfoam afoam !foam �foam �foam
[kN/m2] [kg/m3] [−] [mm] [mm] [mm]
5000 25.4 0.3 30 30 15.75

assumption of increased stiffness of the foam at higher frequencies the finite element analysis was carried out for a maximum
anticipated elasticity modulus of � ′

5 >0<
= 5000 kN/m2. The simulation parameters are summarized in Tab. 4. Fig. 7 shows the

domain discretization as well as the load-controlled boundary conditions. According to Lerch et al. (2009) and the material data in
Tab. 3, resonances may occur above the border frequencies√

� ′foam (1 − a)√
d(1 − a − 2a2) · 2 ·max(!, �, �)

≈ 8580 Hz

for longitudinal wave propagation and√
� ′foam√

2d(1 + a) · 2 ·max(!, �, �)
≈ 4586 Hz

for transversal wave propagation, respectively. With a testing frequency of 500 Hz a sufficient gap to the critical values is kept.
In a first analysis, the die was modelled rigidly in order to compare the elasticity modulus derived from the force and deflection
data to the input values, Tab. 3. With this analysis the suitability of the chosen boundary conditions, the time integration method,
the excitation amplitude, the number of load cycles, the mesh discretization and the element type, see Tab. 4, was verified. A
harmonic pressure load is applied at the square tip of a pin in the centre of the die, see Fig. 7, while the mesh is continuous at the
boundary between the die domain and the foam domain. The deflection of all nodes on the opposite area of the foam domain is
constrained in the load direction, whilst all three translational degrees of freedom of the central node of this face are constrained,
too. As a consequence, contact formulations and possible gaps due to the axial movement are avoided in the interface area.
The analysis shows that the variation of the excitation amplitude, the number of load cycles, the load frequency and the foam
elasticity modulus do not affect the results significantly. The derived elasticity modulus shows a deviation of approximately
five percent with respect to the input value, which is considered sufficient. Inadequate discretization in time or mesh size can
be identified not only by an increased deviation from the input value but also by hysteresis development in the force-deflection
correlation, whilst material damping is not considered in the FE-model and a hysteresis is not to be expected.
The results of the FEA with a compliantly modelled die show a significant discrepancy to the rigid reference model, see Tab. 5,
which is also evident when comparing the contour plots of the deflections in the loading direction in Fig. 8. The thickness of 2 mm
for a plate shaped die of PLA material is not sufficient to fulfil the assumption of rigidity and the foam is loaded non-uniformly.
The method can therefore be improved by choosing a die material with higher elasticity modulus or a stiffer geometry. Results of
subsequent FE-models presented in Tab. 5 show that the compliance of the die in comparison to the foam gets negligible if the
Young’s modulus reaches values of the order of magnitude of steel or the thickness is increased to 6 mm. Aiming for a lightweight

Tab. 4: FEA simulation parameters.

Time integration explicit, central diff.
Maximum time step size 8 × 10−5 s
Excitation amplitude 1 N/mm2

Deflection amplitude ≈ 80 `m
Number of load cycles 10
Mesh factor (MF) 0.5 . . . 10
Maximum element size �foam/(10 ·MF)
Element type linear hexahedrons
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a) c) e)

b) d) f)
Fig. 8: FEA model deflections for different die properties. a),b) rigid die c),d) 2 mm thick die e),f) 6 mm thick die. Deflections are

displayed with a scaling factor of 50.

Tab. 5: FEA results for an exemplary loading frequency of 500 Hz. Foam sample edge lengths are 30 mm. The center of the
interfacial area is used for the evaluation.

�plate �plate �foam diff. to rigid
[kN/m2] [mm] [mm] [%]
5 × 106 2 15.75 29.43
50 × 106 2 15.75 7.81

210 × 106 2 15.75 4.79
5 × 106 6 15.75 5.08
5 × 106 2 20.0 25.61
5 × 106 2 30.0 19.31

structure, the increase of the PLA die height is favourable. Increasing the foam height also reduces the deviation, but undesirable
lateral slip movements in the test bench are to be expected. In a following iteration, a hollow die with inner supporting structures,
Fig. 6 c) is used to test round samples of foams with diameters of 30 mm. It was found that the used threaded connection to the
shaker influenced the measurements detrimentally and despite the lower density of the PLA material, the use of aluminium parts
result in a better stiffness to weight ratio. The final design consists of an aluminium plate shielding the shaker face and the force
sensor mounted between the bearing and an aluminium cup, Fig. 4 d) and Fig. 6 d). The tested seismic mass bearing was not
pursued further due to the cumbersome overall setup and adjustment of the initial compression of the foam at rest due to slow
decay of the seismic mass swing motions. Under the assumption of a sufficiently stiff setup, the frequency-dependent properties
were determined and the influence factors in the experimental process were investigated. The results are presented in the following
section.

3 Measurement results

After discarding unsuitable setups and configurations, the preferred procedures were repeated with eight orientations of three
foam samples for each foam material. Each facial area of the cylindrical samples is loaded four times while being unmounted and
remounted with a 90° rotation along the loading axis between each measurement. This results in a total of 24 measurements for
each material from which the standard deviation is calculated. All samples are cylindrical and the loading direction is always
coinciding with the cylinder axis which matches the rising direction during manufacturing. The orientation also corresponds to the
application direction of the acoustic treatment. The loading amplitude was specified with Ğ = 10 µm, which achieves a sufficient
signal-to-noise ratio. The results shown below compare the derived parameters with those from the resonance method. An increase
in the standard deviation of the gained results is evident for frequencies above 1200 Hz, especially for the bright foam. This may be
a consequence of its inhomogeneous structure, which is visible in Fig. 1. Comparing both measurement methods presented, a good
agreement at low frequencies near 100 Hz can be found for the imaginary part of the elasticity modulus for both foams, see Fig. 10,
and for the real part of the elasticity modulus for the bright foam. In addition, Fig. 10 shows the associated damping loss factor
underlining the good agreement of the mean value of both methods for the bright foam. Only the real part of the elasticity modulus
of the dark foam shows considerable deviations between both measurement methods, see Fig. 9. This deviation may be caused by a
significant dependence of the foam properties on the pre-load and compression rate due to the different top masses used in the
resonance method leading to a higher elasticity modulus. This dependency seems to be less distinct for the bright foam. The
undesired influence of the pre-load is inherent to the measuring principle of the resonance method whereas pre-compression and
compression rate can be adjusted in the harmonic loading method.
Considering both parts of the elasticity modulus, a distinct frequency dependence in the stiffness and damping behaviour is evident
from the gained results and needs to be considered in material models for the following numerical simulations. With respect to the
gained results at 100 Hz, the real part of the elasticity modulus at 2000 Hz shows an increase by 275% for the bright foam and 62%
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for the dark foam, respectively. The imaginary part of the elasticity modulus of the dark foam increases by 380% in the frequency
domain ranging from 100 Hz to 2000 Hz. The imaginary part of the elasticity modulus of the bright foam varies between 66 kN/m2

and 400 kN/m2. The outlier for both foams at 700 Hz is linked to a resonance frequency in the test setup which should be resolved in
future measurements as proposed in the outlook.

Fig. 9: Measurement results of the real part � ′ of the elasticity modulus of the bright (B) and dark (D) foam. Markers • and N
represent results of the resonance method.

Fig. 10: Measurement results of the imaginary part �̄ of the elasticity modulus (left) and the associated damping loss factor (right)
of the bright (B) and dark (D) foam. Markers ◦ and 4 represent results of the resonance method.

3.1 Influence factors on the measurement results

Due to the manual arrangement of the shaker position, slight variations in the alignment of the foam sample in the test setup
may occur. For this reason, a study on the influence of misalignments and the loading amplitude was conducted. Starting with
the angular misalignment with respect to the loading plane, Fig. 11 a) and b), two additional measurements with noticeable
misalignments were carried out. Again, the outlier at 700 Hz is attributable to a resonance frequency in the experimental setup.
The data show that the deviation from the mean results is close to the standard deviation, although the misalignment is exaggerated
and visible to the eye. A tendency of decreasing values for the real and imaginary part of the elasticity modulus is noticeable.
Misalignments during a characterization procedure, which is executed with the necessary diligence, are much smaller than the
extreme examples presented here and therefore considered tolerable. Consequently, the robustness of the presented method with
regard to angular misalignment is shown.
Additionally, the manual positioning of the shaker relative to the bearing can result in longitudinal variances in the loading direction
which can induce an initial compression of the foam. The initial loading must at least be larger than the loading amplitude in order
to prevent a lift-off from the bearing or the shaker face-plate. If this requirement is fulfilled, the use of adhesives is unnecessary.
Measurements with increasing initial compression of the foam sample were carried out and are presented in Fig. 12. It is evident
that the real part as well as the imaginary part of the elasticity modulus decreases in the examined frequency range for both foams
when the initial loading is increased. The maximum height reductions considered are 3 mm for the dark and 4.8 mm for the bright
foam specimen, respectively. Considering that the initial loading paths are in the range of millimetres and that relative deviations
of up to -35% may occur, this error must be reduced to a minimum. In order to achieve this, the shaker is carefully positioned and
the initial foam thickness in the test bench is previously measured. It is assumed that only compressions of less than one millimetre
occur during the regular measurements. As a result, a deviation of less than 10% is to be expected under the aspired avoidance of
this influence. Conversely, the frequency dependence of the elasticity modulus is distinct and the results keep an advantage in
comparison to the resonance characterization method, which only uses a few data points in the lower frequency domain.
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a) Top view b) Side view

Fig. 11: Measurement with exaggerated misalignment of the foam loading. Solid lines: Dark foam. Dashed lines: Bright foam.
The filled area represents the standard deviation from Fig. 9 and Fig. 10.

Fig. 12: Measurement with initial compression of the foam. Indicators represent the relative height with respect to the initial
height of the foam samples. Solid lines: Dark foam. Dashed lines: Bright foam.

Fig. 13: Measurements with different loading amplitudes. Solid lines: Dark foam. Dashed lines: Bright foam.
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Fig. 14: Window test bench for transmission loss experiments.

As can be seen in Fig. 13, the increase of the loading amplitude from 10 µm to 20 µm and 50 µm has little influence on the resulting
elasticity modulus. Amplitudes below 10 µm were found to be not appropriate due to the decreasing signal-to-noise ratio. Because
of the limitation in the power output of the shaker, the minimal feasible loading amplitude of 10 µm is chosen in order to maximize
the testable frequency range. In order to model the targeted insertion loss characteristics of the foams, the results at different initial
compressions and different loading amplitudes may be extrapolated to a compression free state.

4 Application example

4.1 Window test bench as evaluation reference

In order to evaluate the accuracy of the measured frequency-dependent elasticity moduli to describe the material behaviour, several
spring-mass systems were measured in a window test bench, see Fig. 14. A spring-mass system is a commonly employed noise
control treatment that is formed by a poroelastic layer and a heavy layer. The system is attached to a thin steel plate, Fig. 15. This
test bench is formed by two separated rooms, a reverberation chamber and a semi-anechoic room. An opening, also called window,
connects the two rooms. Inside the reverberation chamber the combination of an acoustic source with the reflecting walls produces
a diffuse pressure field that acts as the excitation. Hence, airborne noise transmission is investigated. In a complementary study
on the acoustic behaviour of excited structures by Schrader et al. (2018), structure-borne noise was investigated. It has been
determined that a frequency-dependent modelling approach achieved better results compared to constant material parameters but
in a summary, no model delivered satisfactory results. This leads to the question whether alternative modelling approaches have to
be pursued in order to reproduce structure-borne noise propagation.
In the connecting window the test object is placed. The basis geometry is a 1 m by 1 m steel plate of 0.75 mm thickness on which
the different spring-mass systems are attached. The acoustic energy is transmitted through the object into the semi-anechoic room.
The absorbing walls in this room allow an acoustic investigation under free field conditions without reflections.
The performance of the different spring-mass systems is determined by the insertion loss (IL). This quantity, commonly used in the
evaluation of acoustic treatments, is defined as the difference of the sound power radiated by a bare plate Π?;0C4

A03
and by the plate

with the acoustic treatment Π#�)
A03

attached, Eq. (19).

IL[dB] = Π?;0C4
A03

[dB] − Π#�)A03 [dB] (19)

The measurement of the radiated power was conducted with an array of PU-probes. These probes can simultaneously measure the
sound pressure and sound velocity in the near field of the test object. The product of the two quantities is the sound intensity,
whose integration over the complete surface results in the sound power. To facilitate the scanning process the array was installed
on a robotic arm, as shown in Fig. 14 b).

4.2 Simulation model for material property evaluation

The same configuration found in the window test bench was reproduced in a numerical model, which is displayed in Fig. 15. On
the basis steel plate, a diffuse pressure field is applied. This field results as the superposition of plane waves with different incident
angles that are randomly determined. The total number of waves required to ensure the diffusivity of the field was previously
investigated in detail by Gavila Lloret (2018). In real applications, especially on the edges of the finite plate, there is not a perfectly
diffuse field. This behavior is numerically implemented by limiting the maximum incident angle of the waves to 78° (Zeller (2012)).
The remaining face of the plate is connected to the poroelastic foam layer and to the heavy layer that assemble the spring-mass
system. The system radiates into the receiving fluid. In order to simulate the free radiation conditions this fluid is composed of
a finite fluid volume with infinite elements on its outer layer, which is a numerical procedure to extend the domain and avoid
unwanted reflections (Gavila Lloret et al. (2020)). Over this surface the total radiated power can be retrieved. The insertion loss is
the quantity selected for the evaluation of the results, analogously to the measurement setup.
For the resolution with the finite element method and due to their small thickness, the steel plate and the heavy layer are discretized
with solid shell elements of second order. Quadratic hexahedral elements have been employed for the discretization of the foam
layer, and linear hexahedral and tetrahedral elements are chosen for the fluid domain.
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Fig. 15: Sketch of the simulation model.

Fig. 16: Comparison of the measured and simulated insertion loss for the dark foam.

Standard values for the material properties have been applied to all components with exception to the foam, for which the properties
obtained with the different characterization procedures, namely, the resonance method and the harmonic loading method, are
used. It was found that the influence of the imaginary part of the elasticity modulus on the insertion loss is small and the stiffness
property provided by the real part of the elasticity modulus is dominant. Regarding the resonance method, constant elasticity
moduli of � = 355.8 kN/m2 + 8 · 43.25 kN/m2 for the dark foam and � = 158.5 kN/m2 + 8 · 68 kN/m2 for the bright foam were considered,
based on the previous results at the highest attainable frequencies. The frequency-dependent data obtained from the harmonic
loading method are indicated in Fig. 9 and Fig. 10.
In addition, the poroelastic model developed by Johnson et al. (1987); Champoux and Allard (1991) is also evaluated as reference.
The required input parameters for the poroelastic model were provided by a commercial third party company. In comparison, the
presented harmonic loading method for material parameter identification is easier to conduct, which is reflected in less effort in the
measurement setup and implementation of the material model.
Regarding the results for the dark foam, Fig. 16, the stiffer material characterization from the resonance measuring method becomes
apparent and shows that the results from the harmonic loading method are closer to the measurement results. Overall, none of the
issued models meet the minimum insertion loss, which is located near 250 Hz in the experimental data. Regarding the location of
the minimum, the results from the harmonic loading method show the smallest deviation. Comparing the slope of the insertion
loss after the minimum qualitatively, the harmonic loading method results show the best agreement.
As can be seen from the results for the bright foam, Fig. 17, the resonance method and the harmonic loading method show a
minimum in the insertion loss with approximately −2.8 dB at 420 Hz while the experimental results indicate a minimum with
−1.4 dB at 240 Hz and the poroelastic model shows −4.7 dB at 480 Hz, respectively. Regarding the slope of the insertion loss, the
data from the harmonic loading method shows the best agreement in the frequency range up to 1 kHz. In the frequency range
above 1 kHz the slope of the poroelastic model agrees best with the experimental data.

5 Conclusion

In the present study the identification of frequency-dependent viscoelastic material parameters for two foam types was conducted.
Two characterization methods with shaker test rigs were presented and their properties have been discussed. The resonance
characterization method is limited regarding the evaluable frequency range, whereas the harmonic loading procedure is an
economical method that delivers satisfying results for frequencies up to 2 kHz with the presented setup.
It is noted that during measurements the force sensor should be mounted on the bearing side and not on the shaker side. That way
it is possible to avoid compensation calculations due to inertial forces. Furthermore, the initial loading of the foam has an influence
on the resulting elasticity modulus for the foams under consideration. Therefore, an initial loading should be established in the
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Fig. 17: Comparison of the measured and simulated insertion loss for the bright foam.

measurements which represents the final installation of the damping material.
The gained data was used in order to simulate the insertion loss achieved with the usage of the foams in spring-mass systems
for noise control. The air-borne noise transmission was evaluated. From the results, the presented method in its current form
is not considered sufficient for detailed insertion loss estimations but the obtained data lies in the range of the reference data,
which was derived from a poroelastic simulation model and the associated parameter identification tests. In further studies it is
to be considered to extend the method by samples of different shape factors in order to map possible frequency dependency of
the Poisson ratio, similar to Langlois et al. (2001). As already mentioned, the method is characterized by less effort and simple
implementation. The presented measurement deviations are in line with the statements made by Bonfiglio et al. (2018) regarding
limited reproducibility. In order to shift resonance frequencies of the set-up out of the measuring range, the bearing mass is to be
increased. Additionally, the implementation of a movable carriage to position the shaker more precisely should be considered.
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Abstract:Analysis of the longitudinal fracture behaviour of an inhomogeneous stepped rod with two concentric longitudinal
cracks is developed. The stepped rod has circular cross-section and exhibits continuous material inhomogeneity in radial direction.
The material has non-linear elastic mechanical behaviour. The rod is subjected to torsion. The two cracks present concentric
circular cylindrical surfaces. Thus, the fronts of the cracks are circles. The fracture is studied in terms of the strain energy release
rate by considering the complementary strain energy stored in the rod. Solutions to the strain energy release rate are derived at
different lengths of the two cracks. The balance of the energy is analyzed in order to verify the solutions. It is shown that the
solutions can be applied also when the stepped rod is inhomogeneous in both radial and length directions. The solutions are used
in order to evaluate the influences of the locations of the two concentric cracks in radial direction and the material inhomogeneity
in radial and length directions on the longitudinal fracture behaviour of the stepped rod.

Keywords: longitudinal fracture behaviour, inhomogeneous stepped rod, two concentric longitudinal cracks

1 Introduction

One of the most important features of the load-bearing structural members and components exhibiting continuous (smooth)
material inhomogeneity is the fact that the material properties are continuous functions of the coordinates (Tokovyy and Ma, 2008;
Tokova et al., 2017; Tokovyy and Ma, 2013, 2016). The inhomogeneous structural materials present a great deal of interest for
researchers mainly because certain kinds of inhomogeneous materials such as functionally graded materials have been increasingly
used in various branches of practical engineering in the last three decades. Functionally graded materials are inhomogeneous
composites manufactured by mixing of two or more constituent materials. Smooth spatial variation of material properties along
one or more directions in the solid is obtained by continuously changing the microstructure of functionally graded materials during
manufacturing. The fact that the material properties of functionally graded materials can be formed technologically in order to meet
different performance requirements in different parts of a structural member is the basic advantage of functionally graded materials
over the homogeneous structural materials (Altunsaray and Bayer, 2014; Jha et al., 2013; Knoppers et al., 2003; Mahamood and
Akinlabi, 2017; Miyamoto et al., 1999; Nemat-Allal et al., 2011; Uysal and Kremzer, 2017; Uysal, 2016; Uysal and Güven, 2016).
Therefore, functionally graded materials are frequently used in aeronautics, nuclear reactors, electronics and biomedicine.
Analysis of fracture behaviour plays a very important role in the design of inhomogeneous (functionally graded) structural members
and components (Carpinteri and Pugno, 2006; Erdogan, 1995; Paulino, 2002; Tilbrook et al., 2005; Uysal and Güven, 2016).
Various works on fracture behaviour of linear-elastic composite materials with continuously inhomogeneous (functionally graded)
composition have been reviewed in Tilbrook et al. (2005). Analyses of cracks oriented parallel or perpendicular to the direction of
the material gradient have been considered. Investigations of failure resistance have also been discussed. Studies of fatigue fracture
behaviour of functionally graded composites under cyclic crack loading conditions have been presented too. Different solutions
for rectilinear cracks and also for arc cracks and slightly curved cracks in graded materials by applying methods of linear-elastic
fracture mechanics have been summarized.
A method for evaluation of the strength of load-bearing functionally graded structures by using linear-elastic fracture mechanics
has been developed in Carpinteri and Pugno (2006). Cracks and re-entrant corners have been analyzed. The influences of the
varying corner angle and depth on the fracture have been analyzed assuming linear-elastic behaviour of the functionally graded
material. It has been shown that the method is useful in engineering applications for predicting the strength of the structural
members and components composed by functionally graded materials.
Fundamental problems of linear-elastic fracture mechanics of continuously inhomogeneous (functionally graded) materials and
structures have been summarized and discussed in Erdogan (1995). The debonding of functionally graded coatings has been
studied. Different aspects of surface fracture behaviour of functionally graded materials have been investigated and discussed in
details.
It should be mentioned that certain kinds of inhomogeneous materials such as functionally graded materials can be built-up layer by
layer (Mahamood and Akinlabi, 2017) which is a premise for appearance of longitudinal cracks between layers. Thus, longitudinal
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fracture of inhomogeneous beam structures has been analyzed in a series of publications recently (Rizov, 2017; Rizov, 2018; Rizov,
2018).
In contrast to Rizov (2018) where an inhomogeneous circular shaft of a constant cross-section with one longitudinal crack under
torsion is analyzed, the present paper deals with analysis of an inhomogeneous stepped rod of a circular cross-section with two
concentric longitudinal cracks loaded in torsion. The stepped rod has non-linear elastic behaviour. It should be noted that the
paper is motivated also by the fact that stepped rods loaded in torsion are widely used as components of various structures and
mechanisms. Therefore, fracture analysis of stepped rods is an important research topic. In the present paper, the fracture is
analyzed in terms of the strain energy release rate. Solutions to the strain energy release rate are derived by considering the
complementary strain energy. The solutions are verified by analyzing the balance of the energy. The solutions are applied to
evaluate the influence of the locations of the two cracks in radial direction and the material inhomogeneity on the longitudinal
fracture behaviour of the stepped rod.

2 Calculation of the strain energy release rate

2.1 Calculation of the strain energy release rate by using the complementary strain energy

An inhomogeneous stepped rod with two longitudinal concentric cracks is shown in Fig. 1. In portions, %&, &� and ��, the rod
has circular cross-sections of radiuses '1, '2 and '3, respectively. The lengths of rod portions %&, &� and ��, are ;1, ;2 and
; − (;1 + ;2), respectively. The rod is clamped in section, �. The internal and external cracks are circular cylindrical surfaces of
radiuses '1 and '2, respectively (Fig. 1). Thus, the fronts of the internal and external cracks are circles of radiuses '1 and '2,
respectively. The lengths of the internal and external cracks are 01 and 02, respectively. In portion, &�, the rod is divided by
the internal crack in internal and external part. The internal part is treated in the analysis as a rod of circular cross-section of
radius '1. The external part is treated as a ring-shaped rod of internal and external radiuses '1 and '2. In portion �� the rod is
divided by the two cracks in three parts: internal, interstitial and external part. The internal part is treated in the analysis as a rod of
circular cross-section of radius '1. The interstitial part is treated as a ring-shaped rod of internal and external radiuses '1 and '2,
respectively. The external part is treated as ring-shaped rod of internal and external radiuses '2 and '3, in portion ��. In the
portion �� the rod is divided by the external crack in two parts: internal and external part. The internal part is treated as a rod of
circular cross-section of radius '2 and length 02 − 01. The rod is loaded in torsion by three torsion moments )1, )2 and )3 applied,
respectively, in cross-sections %, & and �, as shown in Fig. 1. The rod exhibits continuous (smooth) material inhomogeneity in
radial direction. The material has non-linear elastic behaviour.
The longitudinal fracture is analyzed in terms of the strain energy release rate. For this purpose, first, an elementary increase d01
of the length of the internal crack is assumed and the strain energy release rate �01 is expressed as (Rizov, 2018)

�01 =
d*∗

;cf1d01
(1)

where*∗ is the complementary strain energy stored in the beam and ;cf1 is the length of the front of the internal crack. Since

;cf1 = 2c'1, (2)

Eq. (1) is re-written as

�01 =
d*∗

2c'1d01
. (3)

The complementary strain energy is obtained as

*∗ = *∗IN1 +*
∗
IS1 +*

∗
EX +*

∗
IN2 +*

∗
CD, (4)

 
                       
               
 
     

 
 

Fig. 1: Geometry and loading of an inhomogeneous stepped rod with two concentric longitudinal cracks
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where*∗IN1 the complementary strain energy in the rod portion %& and in the internal parts of portions&� and �� of the rod,*∗IS1
is the complementary strain energy in the external part of the rod portion &� and in the interstitial part of the portion �� of the
rod,*∗EX is the complementary strain energy in the external part of portion �� of the rod,*∗IN2 is the complementary strain energy
in the internal part of portion �� of the rod,*∗CD is the complementary strain energy in the un-cracked portion �� of the rod.
The complementary strain energy in the rod portion %& and in the internal parts of portions &� and �� of the rod is expressed as

*∗IN1 =

;1+01∫
0

'1∫
0

2c∫
0

D∗0IN1'dGd'di, (5)

where D∗0IN1 is the complementary strain energy density, ' and i are the polar coordinates, G is the longitudinal centroidal axis of
the rod. The complementary strain energy density is calculated by using the following formula (Rizov, 2018):

D∗0IN1 = gW − D0IN1, (6)

where g is the shear stress, W is the shear strain, D0IN1 is the strain energy density. In principle, the strain energy density is equal to
the area enclosed by the stress-strain diagram. Thus, D0IN1 is expressed as

D0IN1 =

∫
0

Wg(W)dW. (7)

In the present paper, the mechanical behaviour of the material is treated by applying the following non-linear stress-strain relation
(Lukash, 1998):

g =
�W√
1 + W2

, (8)

where � is the shear modulus. By substituting of (8) in (7), one obtains

D0IN1 = �

(√
1 + W2 − 1

)
. (9)

The complementary strain energy density is found by substituting of (8) and (9) in (6)

D∗0IN1 = �

(
1 − 1√

1 + W2

)
. (10)

The rod exhibits continuous material inhomogeneity in radial direction. Thus, the distribution of � in radial direction is treated by
using an exponential law

� = �0e
? '

'3 , (11)

where

0 ≤ ' ≤ '3. (12)

In (11) �0 is the value of � in the centre of the cross-section of the rod, ? is a material property that controls the material
inhomogeneity in radial direction.
The distribution of the shear strain in radial direction is treated by applying the Bernoulli’s hypothesis for plane sections since rods
of a high length to diameter ratio are under consideration in the present paper. Thus, the distribution of W in the cross-section of the
rod portion %& and in the internal parts of portions &� and �� of the rod is written as

W = Wm
'

'1
, (13)

where

0 ≤ ' ≤ '1. (14)

In (13) Wm is the shear strain at the periphery of the rod portion %& and at the periphery of the internal parts of portions &� and
�� of the rod. The following equation for equilibrium of the elementary forces in the cross-section is used to determine Wm:

)1 =

'1∫
0

2c∫
0

g'2d'di (15)

After substituting of (8), (11) and (13) in (15), the equation for equilibrium is solved with respect to Wm by using the MatLab
computer program.
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The complementary strain energy in the external part of the rod portion &� and in the interstitial part of portion �� of the rod
(Fig. 1)

*∗IS1 =

;1+01∫
0

'1∫
0

2c∫
0

D∗0IS1'dGd'di, (16)

where D∗0IS1 is the complementary strain energy density. Equation (10) is applied to derive D∗0IS1. For this purpose, W is replaced
with WIN1. The distribution of shear strain WIN1 is expressed as

WIN1 = WmIN1
'

'2
, (17)

where

'1 ≤ ' ≤ '2. (18)

In (10) WmIN1 is the shear strain at the periphery of the rod portion &� and at the periphery of the interstitial part of portion �� of
the rod. The following equation for equilibrium is used to derive WmIN1 (Fig. 1):

)2 =

'2∫
'1

2c∫
0

gIN1'
2d'di, (19)

where the distribution of the shear strain gIN1 is found by replacing of W with WIN1 in Eq. (8). After substituting of gIN1 in (19), the
equation for equilibrium is solved with respect to gmIN1 by the MatLab computer program.
The complementary strain energy*∗EX in the external part of portion �� of the rod is expressed as (Fig. 1)

*∗EX =

;1+;2+02∫
;1+;2

'3∫
'2

2c∫
0

D∗0EX'dGd'di, (20)

(20) where the complementary strain energy density D∗0EX is determined by replacing of W with WEX in Eq. (10). The distribution
of the shear strain WEX in the cross-section of the external part of the rod in portion �� is written as

WEX = WmEX
'

'3
, (21)

where

'2 ≤ ' ≤ '3. (22)

The shear strain WmEX at the periphery of the rod is found by using the following equation for equilibrium (Fig. 1):

)3 =

'3∫
'2

2c∫
0

gEX'
2d'di, (23)

where the distribution of the shear stresses gEX is obtained by replacing of W with WEX in (8). After substituting gEX in (23), the
equation for equilibrium is solved with respect to WEX by using the MatLab computer program.
The complementary strain energy*∗IN2 in the internal part of portion �� of the rod is expressed as (Fig. 1)

*∗IN2 =

;1+;2+02∫
;1+01

'2∫
0

2c∫
0

D∗0IN2'dGd'di, (24)

where the complementary strain energy density D∗0IN2 is determined by Eq. (10). For this purpose, W is replaced with WIN2. The
distribution of the shear strain WIN2 is written as

WIN2 = WmIN2
'

'2
, (25)

where

0 ≤ ' ≤ '2. (26)
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The equation for equilibrium that is used to determine the shear strain WmIN2 at the periphery of the internal part of the rod in
portion �� is expressed as

)IN2 =

'2∫
0

2c∫
0

gIN2'
2d'di, (27)

where )IN2 and gIN2 are, respectively, the torsion moment and the shear stresses in the internal portion of the rod. By using Fig. 1,
the torsion moment is found as

)IN2 = )2 − )1. (28)

The shear stresses gIN2 are found by replacing of W with WIN2 in Eq. (8). After substituting of gIN2 and (28) in (27)), the equation
for equilibrium is solved with respect to WmIN2 by using the MatLab computer program.
The complementary strain energy*∗

��
in the un-cracked portion �� of the rod is expressed as (Fig. 1)

*∗�� =

;∫
;1+;2+02

'3∫
0

2c∫
0

D∗0CD'dGd'di, (29)

where the complementary strain energy density D∗0CD is determined by applying Eq. (10). For this purpose W is replaced with W�� .
The distribution of the shear stains W�� is obtained as

WCD = WmCD
'

'3
, (30)

where

0 ≤ ' ≤ '3. (31)

In (30) WmCD is the shear strain at the periphery of the rod in portion ��. The following equation for equilibrium is used to
determine WmCD:

)CD =

'3∫
0

2c∫
0

gCD'
2d'di, (32)

where )CD and gCD are, respectively, the torsion moment and the shear stresses in the un-cracked portion of the rod. The torsion
moment is obtained as (Fig. 1)

)CD = )1 + )3 − )2. (33)

The shear stresses gCD are obtained by replacing of W with WCD in (7). After substituting of gCD and (33) in (32), the equation for
equilibrium is solved with respect to WmCD by using the MatLab computer program.
The following expression for the strain energy release rate is obtained by substituting of (4), (5), (16), (20), (24), (29) in (3):

�01 =
1
2c'1

©«
'1∫
0

2c∫
0

D∗0IN1'd'di +
'2∫

'1

2c∫
0

D∗0IS1'd'di −
'2∫
0

2c∫
0

D∗0IN2'd'di
ª®®¬ . (34)

The integration in (34) is carried-out by the MatLab computer program.
The strain energy release rate is derived also assuming an elementary increase d02 of the length of the external crack (Fig. 1). For
this purpose, Eq. (3) is re-written as

�02 =
d*∗

2c'2d02
. (35)

In (35) it is taken into account that the length of the front of the external crack is 2c'2 (Fig. 1). By substituting of (4), (5), (16),
(20), (24), (29) in (35), one derives

�02 =
1
2c'2

©«
'3∫

'2

2c∫
0

D∗0EX'd'di +
'2∫
0

2c∫
0

D∗0IN2'd'di −
'3∫
0

2c∫
0

D∗0CD'd'di
ª®®¬ . (36)

The integration in (36) is performed by the MatLab computer program.
The longitudinal fracture behaviour of the inhomogeneous stepped rod is analyzed also for the case when the external crack is
shorter than the internal one (Fig. 2). In portion �� the rod is divided by the two cracks in internal, interstitial and external parts.
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Fig. 2: Inhomogeneous stepped rod configuration in which the external crack is shorter than the internal one

The internal crack divides the portion �� of the rod in internal and external parts. Thus, the complementary strain energy in the
rod is expressed as

*∗ = *∗IN1 +*
∗
IS1 +*

∗
EX1 +*

∗
EX2 +*

∗
CD, (37)

where*∗IN1 is the complementary strain energy in the rod portion %& and in the internal parts of portions &� and �� of the rod,
*∗IS1 is the complementary strain energy in the external part of the rod portion &� and in the interstitial part of the portion �� of
the rod,*∗EX1 is the complementary strain energy in the external part of portion �� of the rod,*∗EX2 is the complementary strain
energy in the external part of portion �� of the rod,*∗CD is the complementary strain energy in the un-cracked portion �� of the
rod.
The complementary strain energy*∗IN1 is found by Eq. (5). The complementary strain energy*∗IS1 is expressed by Eq. (5). For
this purpose01 is replaced with 02. The complementary strain energy*∗EX1 is obtained by Eq. (20).
The complementary strain energy*∗EX2 in the external part of portion �� of the rod is written as

*∗EX2 =

;1+01∫
;1+;2+02

'3∫
'1

2c∫
0

D∗0EX2f'dGd'di. (38)

Equation (10) is applied to obtain the complementary strain energy density D∗0EX2f . For this purpose W is replaced with WEX2f . The
distribution of the shear strains WEX2f is written as

WEX2f = WmEX2f
'

'3
, (39)

where

'1 ≤ ' ≤ '3. (40)

The shear strain WmEX2f at the periphery of the rod in portion �� is found from the following equation for equilibrium:

)EX2f =

'3∫
'1

2c∫
0

gEX2f'
2d'di, (41)

where the torsion moment )EX2f is written as (Fig. 2)

)EX2f = )3 − )2. (42)

The shear stresses gEX2f are obtained by replacing of W with WEX2f in (8). After substituting of gEX2f and (42) in (41), the equation
for equilibrium is solved with respect to WmEX2f by the MatLab computer program.
Equation (29) is used to derive the complementary strain energy*∗

��
in the un-cracked portion �� of the rod. For this purpose

02 is replaced with 01.
By substituting of*∗IN1,*

∗
IS1,*

∗
EX1,*

∗
CD, (37) and (38) in (3), one obtains

�01 =
1
2c'1

©«
'1∫
0

2c∫
0

D∗0IN1'd'di +
'3∫

'1

2c∫
0

D∗0EX2f'd'di −
'3∫

'1

2c∫
0

D∗0EX2f'd'di
ª®®¬ . (43)
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The integration in (34) is carried-out by using the MatLab computer program.
The strain energy release rate is obtained also assuming an elementary increase d02 of the external crack in the rod shown in Fig. 2.
By substituting of*∗IN1,*

∗
IS1,*

∗
EX1,*

∗
CD, (37) and (38) in (35), one derives

�02 =
1
2c'2

©«
'2∫

'1

2c∫
0

D∗0IS1'd'di +
'3∫

'2

2c∫
0

D∗0EX'd'di −
'3∫

'1

2c∫
0

D∗0EX2f'd'di
ª®®¬ . (44)

The MatLab computer program is used to perform the integration in (4).

2.2 Calculation of the strain energy release rate by considering the energy balance

For verification, the strain energy release rates are derived also by considering the balance of the energy. First, the stepped rod
shown in Fig. 1 is analyzed. By assuming a small increase X01 of the length of the internal crack, the balance of the energy is
written as

)1Xk1 + )2Xk2 + )3Xk3 =
m*

m01
X01 + �01 ;cf1X01, (45)

where k1, k2 and k3 are, respectively, the angles of twist of the cross-sections %, & and � of the rod,* is the strain energy stored
in the rod. By combining of (2) and (45), one derives

�01 =
)1
2c'1

mk1
m01
+ )2
2c'1

mk2
m01
+ )3
2c'1

mk3
m01
− 1
2c'1

m*

m01
. (46)

The angles of twist k1, k2 and k3 are obtained by the integrals of Maxwell-Mohr. The result is

k1 =
Wm
'1
(;1 + 01) +

WmIN2
'2
(02 − 01 + ;2) +

WmCD
'3
(; − 02 − ;1 − ;2),

k2 =
WmIN1
'2

01 +
WmIN2
'2
(02 − 01 + ;2) +

WmCD
'3
(; − 02 − ;1 − ;2),

k3 =
WmEX
'3

02 +
WmCD
'3
(; − 02 − ;1 − ;2).

(47)

The strain energy in the rod is written as

* = *IN1 +*IS1 +*EX +*IN2 +*CD, (48)

where*IN1 the complementary strain energy in the rod portion %& and in the internal parts of portions&� and �� of the rod,*IS1
is the complementary strain energy in the external part of the rod portion &� and in the interstitial part of the portion �� of the
rod,*EX is the complementary strain energy in the external part of portion �� of the rod,*IN2 is the complementary strain energy
in the internal part of portion �� of the rod,*CD is the complementary strain energy in the un-cracked portion �� of the rod.
Equation (5) is used to determine *IN1. For this purpose D∗0IN1 is replaced with D0IN1. The strain energy *IS1 is obtained by
replacing of D∗0IS1 with D0IS1 in Eq. (16). The strain energy density is found by (9). For this purpose W is replaced with WIN1.
Equation (20) is applied to obtain*EX. For this purpose D∗0EX is replaced with D0EX, where D0EX is found by replacing of W with
WEX in (9). The strain energy*IN2 is found by replacing of D∗0IN2 with D0IN2 in (24). The strain energy density D0IN2 is obtained by
replacing of W with WIN2 in (9). Equation (29) is used to determine*CD by replacing of D∗0CD with D0CD. Equation (9) is applied to
obtain the strain energy density D0CD. For this purpose W is replaced with WCD.
By substituting of*IN1,*IS1,*EX,*IN2,*CD, (47) and (48) in (46), one derives

�01 =
)1
2c'1

(
Wm
'1
− WmIN2

'2

)
+ )2
2c'1

(
WmIN1
'2
− WmIN2

'2

)
− 1
2c'1

©«
'1∫
0

2c∫
0

D0IN1'd'di +
'2∫

'1

2c∫
0

D0IS1'd'di −
'2∫
0

2c∫
0

D0IN2'd'di
ª®®¬

(49)

The integration in (49) is carried-out by the MatLab computer program. The fact that the strain energy release rate obtained by
(49) matches exactly that found by (34) is a verification of analysis carried-out assuming increase of the internal crack in the rod
shown in Fig. 1.
The strain energy release rate is obtained also assuming a small increase X02 of the length of the external crack in the rod shown in
Fig. 1. For this purpose, (46) is re-written as

�02 =
)1
2c'2

mk1
m02
+ )2
2c'2

mk2
m02
+ )3
2c'2

mk3
m02
− 1
2c'2

m*

m02
. (50)
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By substituting of*IN1,*IS1,*EX,*IN2,*CD, (47) and (48) in (50), one obtains

�02 =
)1
2c'2

(
WmIN
'1
− WmCD

'3

)
+ )2
2c'2

(
WmIN2
'2
− WmCD

'3

)
− 1
2c'2

©«
'3∫

'2

2c∫
0

D0EX'd'di +
'2∫
0

2c∫
0

D0IN2'd'di −
'3∫
0

2c∫
0

D0CD'd'di
ª®®¬

(51)

The MatLab computer program is used to carry-out the integration in (51). The strain energy release rate obtained by (51) is exact
of that found by (36). This fact is a verification of analysis carried-out assuming increase of the external crack in the rod shown in
Fig. 1.
The solutions to the strain energy release rate for the case when the external crack is shorter than the internal one are also verified.
For this purpose, the strain energy in the rod shown in Fig. 2 is written as

* = *IN1 +*IS1 +*EX1 +*EX2 +*CD, (52)

where*IN1 is the complementary strain energy in the rod portion %& and in the internal parts of portions &� and �� of the rod,
*IS1 is the complementary strain energy in the external part of the rod portion &� and in the interstitial part of the portion �� of
the rod,*EX1 is the complementary strain energy in the external part of portion �� of the rod,*EX2 is the complementary strain
energy in the external part of portion �� of the rod,*CD is the complementary strain energy in the un-cracked portion �� of the
rod.
The strain energy*IN1 is obtained by replacing of D∗0IN1 with D0IN1 in (5). The strain energy*IS1 is found by replacing of 01 and
D∗0IS1 with 02 and D0IS1 in Eq. (16). The strain energy *EX1 is obtained by replacing of D∗0EX with D0EX in Eq. (20). The strain
energy*EX2 in the external part of portion �� of the rod is found by replacing of D∗0EX2f with D0EX2f in (38). The strain energy
density D0EX2f is obtained by replacing of W with WEX2f in (9). Equation (29) is applied to derive the strain energy *CD in the
un-cracked portion �� of the rod. For this purpose 02 and D∗0CD are replaced with 01 and D0CD, respectively.
By using the integrals of Maxwell-Mohr, the angles of twist of the free ends of the internal, interstitial and external parts of the rod
are written as (Fig. 2)

k1 =
Wm
'1
(;1 + 01) +

WmCD
'3
(; − 01 − ;1),

k2 =
WmIN1
'2
(;2 + 02) +

WmEX2f
'3

(01 − 02 − ;2) +
WmCD
'3
(; − 01 − ;1),

k3 =
WmEX
'3

02 +
WmEX2f
'3

(01 − 02 − ;2) +
WmCD
'3
(; − 01 − ;1).

(53)

First, a small increase X01 of the length of the internal crack is assumed (Fig. 2). Thus, by substituting of*IN1,*IS1,*EX1,*EX2,*CD,
(52), (53) in (46), one arrives at

�01 =
)1
2c'1

(
Wm
'1
− WmCD

'3

)
+ )2
2c'1

(
WmEX2f
'3

− WmCD
'3

)
− 1
2c'1

©«
'1∫
0

2c∫
0

D0IN1'd'di +
'3∫

'1

2c∫
0

D0EX2'd'di −
'1∫
0

2c∫
0

D0CD'd'di
ª®®¬

(54)

The integration in (54) is carried-out by the MatLab computer program. It should be noted that the strain energy release rate
obtained by (54) is exact match of that found by (43).
The strain energy release rate for the rod shown in Fig. 2 is derived also assuming a small increase X02 of the length of the external
crack. By substituting of*IN1,*IS1,*EX1,*EX2,*CD, (52) and (53) in (50), one obtains

�02 =
)2
2c'2

(
WmIN1
'2

− WmEX2f
'3

)
+ )3
2c'2

(
WmEX
'3
− WmEX2f

'3

)
− 1
2c'2

©«
'2∫

'1

2c∫
0

D0IS1'd'di +
'3∫

'2

2c∫
0

D0EX'd'di −
'3∫

'1

2c∫
0

D0EX2'd'di
ª®®¬

(55)

The MatLab computer program is used to perform the integration in (55). The fact that the strain energy release rate found by (55)
is exact match of that obtained by (44) is a verification of the fracture analysis carried-out assuming increase of the external crack
in the stepped rod in Fig. 2.

3 Results and discussion

In this section, the solutions to the strain energy release rate derived in the previous section of the paper are used to investigate the
influence of various geometrical parameters and material inhomogeneity on the longitudinal fracture behaviour of the stepped rod
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with two concentric longitudinal cracks. The strain energy release rate is presented in non-dimensional form by using the formula
�# = �01/(�0'3). It is assumed that )1 = 5 Nm, )2 = 8 Nm, )3 = 7 Nm, '3 = 0.010 m and ; = 0.500 m.
The influence of the location of the internal crack in radial direction on the fracture behaviour is analyzed. The rod shown in Fig. 1
is considered. The location of the internal crack is characterized by '1/'3 ratio. The influence of the location of the internal crack
on the fracture is illustrated in Fig. 3, where the strain energy release rate in non-dimensional form is presented as a function of
'1/'3 ratio at '2/'3 = 0.8 . The curves shown in Fig. 3 indicate that the strain energy release rate increases with increasing of
'1/'3 ratio. One can observe also in Fig. 3 that the strain energy release rate derived assuming increase of external crack is higher
than that obtained assuming increase of the internal crack.
The influence of the material property ? on the fracture behaviour is analyzed too. The rod in which the external crack is shorter
than the internal one is under consideration (Fig. 1). The solution to the strain energy release rate derived assuming increase of the
external crack is applied. One can get an idea about the influence of ? on the fracture in Fig. 4 where the strain energy release rate
in non-dimensional form is presented as a function of at three '2/'3 ratios for '1/'3 = 0.2 (the ratio '2/'3 characterizes the
location of the external crack in radial direction).
It can be observed in Fig. 4 that the strain energy release rate decreases with increasing of ?. This finding is attributed to the fact
that the stiffness of the rod increases with increasing of ?. The curves in Fig. 4 indicate that the strain energy release rate increases
with increasing of '2/'3 ratio.
The longitudinal fracture behaviour is analyzed also for the case when the rod exhibits continuous (smooth) material inhomogeneity
in both radial and length directions. The distribution of �0 along the length of the rod is written as

�0 = �0be@
G
; , (56)

where

0 ≤ G ≤ ;. (57)

In (56) �0b is the value of �0 at the free end of the rod, @ is a material property that controls the material inhomogeneity in the
length direction. When the rod is inhomogeneous in radial and length directions, the strain energy release rate can be obtained by
applying the solutions derived in the previous section of the paper. For this purpose, the material property �0 has to be calculated
by (56) for the corresponding crack length. The effect of @ on the fracture behaviour is illustrated in Fig. 5 where the strain energy
release rate in non-dimensional form is presented as a function of @ at 02/(; − ;1 − ;2) = 0.4 (the solutions to the strain energy
release rate obtained at increase of the external crack in the rods shown in Figs. 1 and 2 are applied). It is evident from Fig. 5 that
the strain energy release rate decreases with increasing of @ (this behaviour is due to the increase of the stiffness of the rod). The
curves in Fig. 5 show also that the strain energy release rate is higher in the stepped rod configuration in which the external crack
is shorter (Fig. 2). This finding can be explained by the fact that when the external crack is shorter, the crack front is located
in cross-section of the rod in which the stiffness is lower since the stiffness increases from the free end of the rod towards the
clamping according to (56).

4 Conclusions

The longitudinal fracture behavior of an inhomogeneous stepped rod with two longitudinal concentric cracks is analyzed in terms
of the strain energy release rate. The rod has a circular cross-section. The two concentric longitudinal cracks present circular
cylindrical surfaces. The rod under consideration exhibits continuous (smooth) material inhomogeneity in radial direction. Besides,
the material has non-linear elastic behaviour. The rod is loaded in torsion. Solutions to the strain energy release rate are derived at
different lengths of the two cracks by considering the complementary strain energy stored in the rod. The solutions are verified by
analyzing the balance of the energy. It is shown that the solutions can be applied also for stepped rods which exhibit continuous

 
  Fig. 3: The strain energy release rate in non-dimensional form presented as a function of '1/'3 ratio (curve 1 – at increase of the

internal crack and curve 2 – at increase of the external crack)
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                                                   Fig. 4: The strain energy release rate in non-dimensional form presented as a function of ? (curve 1 – at '2/'3 = 0.3, curve 2 – at

'2/'3 = 0.5 and curve 3 – at '2/'3 = 0.7)

 
                       
 
  

Fig. 5: The strain energy release rate in non-dimensional form presented as a function of @ (curve 1 – for the stepped rod shown in
Fig. 1 and curve 2 – for the stepped rod in which the external crack is shorter (Fig.2))

material inhomogeneity in both radial and length directions. The influence of the locations of the two cracks in radial direction on
the fracture behaviour is investigated. It is found that the strain energy release rate increases with increasing of '1/'3 ratio. The
increase of '2/'3 ratio leads also to increase of the strain energy release rate. The analysis reveals that the strain energy release
rate decreases with increasing of material property ?. It is found also that the strain energy release rate obtained at increase of
external crack is higher than that obtained at increase of the internal crack. Concerning the effect of material inhomogeneity along
the length of the rod, it is found that the strain energy release rate decreases with increasing of material property @. The analysis
indicates also that the strain energy release rate is higher in the stepped rod in which the external crack is shorter.
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Abstract:We discuss the derivation of Hooke’s law for plane stress and plane strain states from its general three-dimensional
representation. This means that we consider the anisotropic case to ensure a certain generality of our representation. Thereby, two
approaches are examined, namely the tensorial representation involving fourth-order tensors over a three-dimensional vector space,
and the Voigt-Mandel-Notation involving second-order tensors over a six-dimensional vector space. The latter reduces to a
vector-matrix notation common in engineering applications. It turns out that both approaches have their merits: The tensorial
approach is easier to handle symbolically, the matrix approach is easier to handle numerically. Both procedures are applicable
for arbitrary material symmetries. Finally, we answer the question why a material under the assumptions of a plane stress state
behaves softer and why it behaves stiffer under a plane strain state compared to the three-dimensional state.

Keywords:Plane stress, Plane strain, Elasticity, Hooke’s law, Anisotropy

1 Introduction

1.1 Motivation

Commonly, the aim of continuum mechanics is to describe the motion and deformation of an arbitrary body B in the three-
dimensional Euclidian space E3 under given loading. However, in general it is not possible to solve the arising system of Partial
Differential Equations (PDEs) without the help of numerical solution shemes like the Finite Element Method (FEM). But more
important is that it is not always necessary to solve the full system of PDEs. Often, it is possible to reduce the problem size because
in one or two directions no gradients occur, for example due to the specific boundary conditions or when the extension in this
direction is small compared to the other two directions. This reduction is quite remarkable: In simulations, the number of degrees
of freedom at similar discretisations 3 is by a factor of 333/(232) = 1.53 lower.
Here we discuss the plane stress state (PT) and the plane strain state (PE). In the first state it is assumed that in the normal direction
(e3) to the plane no stress but a deformation occurs, namely a free lateral contraction. In the PE it is assumed that in the normal
direction (e3) to the plane no strains occur, hence there are out-of-plane reaction stresses to this constraint. Historically, these
assumptions can be addressed to the works of Airy (1863), Maxwell (1870), Levy (1899), Flamant (1892) and Golovin (1881)
among others (e.g. Michell (1899), Carothers (1914), Love (1944)). We mention these scientists to honour their work because
commonly these assumptions are used without any reference. For a deeper insight in the history of the PT and PE we refer the
interested reader to the review by Teodorescu (1964). The plane states described under the designations generalized plane stress or
generalized plane strain remain out of the scope of present treatise.
A famous example for these two states is a gear wheel with a straight-cut and thick teeth which is presented in Fig. 1 (This is
the arbitrary body B, now.). In general, the stress state which arises in a tooth is very complex and to analyse this stress state a
three-dimensional analysis is required. However, a faster and more efficient analysis is possible. For a thick teeth under loading the
stress state is approximately equal to a PT at the end of the teeth (cf. Fig. 1 left-hand side) and the stress state in the middle of the
teeth converges to a PE (cf. Fig. 1 right-hand side). The assumption of a PT at the end of the teeth is possible because at this
position no stress in e3 direction can occur. In the middle, the deformation is symmetric, hence no shear strains �13 and �23 and
normal strain �33 occur. Since the teeth can hardly contract along the e3-direction due to the attachment to the wheel, a plane
strain state is a reasonable and conservative approximation in the middle plane.
The saved time could be used e.g. to consider further influences in the simulation or to perform parametric studies of the teeth
geometry, etc. Another famous example for the use of plane states is the field of fracture mechanics (e.g. Phase-Field-Method (Miehe
et al., 2010; Kuhn et al., 2015), Cohesive-Zone-Model (Barenblatt, 1959; Dugdale, 1960)).
By using the PT or PE assumptions and going from the 3D- to the 2D-case one needs to condense the three-dimensional elasticity
law from 3D to 2D as well. Although this is not complicated, there appears to be no systematic derivation of this. While the
two-dimensional PT and PE stiffnesses are well known and found in textbooks for isotropic materials (e.g. Altenbach et al. (2018);
Chaboche and Lemaitre (1990)), an examination of the general anisotropic case is unknown to the authors.

1.2 Organization

The paper is organized as follows. We firstly consider the general tensorial representation that involves fourth-order tensors
for both PT and PE states. We proceed by expressing the PT and PE stiffnesses and compliances in a Voigt-Mandel type
★ E-mail address: marcus.assmus@ovgu.de doi: 10.24352/UB.OVGU-2020-023 2020 | All rights reserved.
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plane stress state plane strain state
load load

Ti3 = 0 ∧ Ei3 , 0
Ei3 = 0 ∧ Ti3 , 0

e1

e2

e3 e1

e2

e3

Fig. 1: Gear wheel with a straight-cut under loading based on Wittel et al. (2017) with assumed PT to analyse the stresses at the
end of a tooth (left-hand side) and with assumed PE to analyse the stresses in the middle of a tooth (right-hand side) for
8 ∈ {1, 2, 3}

vector-matrix-notation where the indexing is adopted to the plane state conditions. We further on examine simplifications following
from different material symmetries. Finally, problems arising of the assumptions of plane states are addressed.

1.3 Notation

We employ a direct tensor notation. Vectors are denoted as a = 08 e8 , where 8 is an implicit summation index and {e1, e2, e3}
is a set of orthonormal base vectors of a Cartesian coordinate system. The scalar product is denoted by a· b. For example,
for the base vectors we have e8 · e 9 = X8 9 , with the Kronecker symbol X8 9 being 1 for 8 = 9 and zero for 8 ≠ 9 . Higher order
tensors are obtained by the dyadic product and denoted by capital letters, where G = a ⊗ b = �8 9 e8 ⊗ e 9 is an example for a
second-order tensor, C = G ⊗ H = �8 9:; e8 ⊗ e 9 ⊗ e: ⊗ e; is an example for a fourth-order tensor, and E = G ⊗ H ⊗ I ⊗ J =

�8 9:;<=>? e8 ⊗ e 9 ⊗ e: ⊗ e; ⊗ e< ⊗ e= ⊗ e> ⊗ e? is an example for an eighth-order tensor. A tensor-vector product is denoted as
G· a = �8 9 e8 ⊗ e 9 · 0; e; = �8 90; e8 (e 9 · e;) = �8 90;X 9; e8 = �8 90 9 e8 . The scalar contractions are extended to higher order tensors
such that the positivity of the scalar product is maintained, e.g. G: G = �8 9 e8 ⊗ e 9 : �:; e: ⊗ e; = �8 9�:;X8:X 9; = �8 9�8 9 . We
additionally introduce the Rayleigh product which maps all basis vectors of a tensor simultaneously without changing components.
When applied between dyad and a tetrad, the product is H ★A = �8 9:; (H· e8) ⊗ (H· e 9 ) ⊗ (H· e: ) ⊗ (H· e;) with components
�8 9:; = A:: e8 ⊗ e 9 ⊗ e: ⊗ e; . A tensor is said to be symmetric when a· G· b = b· G· a holds. With respect to orthonormal
bases, this reduces to the index symmetry �8 9 = � 98 . The tensor components may be arranged in a matrix, where the index
symmetry becomes a transposition across the main diagonal. Hence, for second-order tensors we denote the symmetry by G = GT,
i.e. G ∈ SH<. For detailed explanations of these operations we refer to e.g. Bertram and Glüge (2015). Also, we make use of
numerical vectors and matrices which are both indicated by the superscript indexM.

KM =


�M1
�M2
�M3

 C
M =


�M11 �M12 �M13
�M21 �M22 �M23
�M31 �M32 �M33


With regard to vector-matrix calculations we refer to Brannon (2018). This representation is used to analyse some properties of the
2D stiffness and compliance matrix, later on.

2 Continuum Mechanical Propaedeutics

The formulation of the common quasi-static boundary value problem under small deformations for a linear-elastic body is given as
follows.

∇·Z = 0 bal. of linear momentum (1)

Z = C: K constitutive law (2)

K =
1
2

[
∇ ⊗ u + (∇ ⊗ u)>

]
strain-displacement-relation (3)

Herein, Z = )8 9 e8 ⊗ e 9 is the stress tensor, C = �8 9:; e8 ⊗ e 9 ⊗ e: ⊗ e; is the constitutive tensor, K = �:; e: ⊗ e; is the linearized
strain tensor and ∇ = m/m-8 represents the nabla operator with respect to the reference configuration. The first index of the stress
and strain tensor refers to the force, respectively, displacement direction and the second index refers to the surface normal.
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2.1 Three-Dimensional Hooke’s Law

We focus on Hooke’s law (2), which contains the stiffness tetrad.

C = �8 9:; e8 ⊗ e 9 ⊗ e: ⊗ e; (4)

Further on, Z ∈ SH< and K ∈ SH< hold true, along with the following symmetry properties for the constitutive tensor.

G:C: H = H : C: G �8 9:; = �:;8 9 major symmetry
G:C = G>:C �8 9:; = � 98:; left subsymmetry
C: G = C: G> �8 9:; = �8 9;: right subsymmetry

Therein, G and H are chosen arbitrary. The subsymmetries basically denote the restriction to the subspace of symmetric
second-order tensors. The major symmetry is the integrability condition to guarantee that the energy density yields following form.

| =
1
2
K:C: K (5)

For the potential relation subsequent expression holds.

Z =
m|

mK
(6)

Carrying out the inversion of C on the subspace of symmetric tensors due to the positive definiteness of the stiffness tetrad w.r.t.
this space, we obtain the inverse form of Hooke’s law.

K = S:Z (7)

Herein, the fourth-order compliance tetrad is used.

S = C−1 = (8 9:; e8 ⊗ e 9 ⊗ e: ⊗ e; , (8)

For S, the same symmetries hold as for C. The complementary energy density is defined as follows.

|∗ =
1
2
Z:S:Z, (9)

The potential relation then yields following expression.

K =
m|∗

mZ
. (10)

In linear elasticity we have | = |∗. In nonlinear elasticity this does not hold, and it is often not possible to obtain the explicit
expression of the corresponding dual energy, formally related to each other by the Legendre transform.
In absence of material symmetries, C has 21 independent components. If a material symmetry is present, it is usually formalized as
a subgroup of the special orthogonal group (Weyl, 1939; Zheng and Boehler, 1994). Then, the symmetry condition C = W8 ∗ C is
used to derive constraints on C for a set of generators W8 of the symmetry group, where the product ∗ is the rotation of the stiffness
with the material. Other approaches are possible, for example by using mirror planes. It is known that eight elastic symmetries
can be distinguished (Voigt, 1910; Nye, 1985; Cowin and Mehrabadi, 1987; Forte and Vianello, 1996)1. These can be found, for
example, in Weber et al. (2018) in terms of the tensorial notation and in Ting (1996, 2003) in the Voigt notation.

2.2 Two-Dimensional Hooke’s Law

As it is mentioned in Sect. 1 many problems allow the reduction of the system of PDEs (Eqs. (1)-(3)) by assuming a PT or PE.
However, these assumptions lead to changes of the components of the constitutive tensor C because under the PT a deformation in
the third direction is possible but it results no stress, vice versa, under the PE no deformation in the third direction results but it
remains a stress. However, the form of Eqs. (1)-(3) does not change under a PT or a PE, but we have one less independent equation.
Hence, we can write the plane system of PDEs.

∇
2D
·Z2D = 0 bal. of linear momentum (11)

Z2D = C2D: K2D constitutive law (12)

K2D =
1
2

[
∇
2D ⊗ u2D + (∇2D ⊗ u2D)>

]
strain-displacement-relation (13)

The inverse form of Hooke’s law is then given as follows.

K2D = S2D:Z2D (14)

The quantities with the superscript 2D are reduced by negligence of the third direction (we project in the e1−e2 plane with normal
vector n = e3), hence, the indices 8, 9 , :, ; are substituted by U, V, W, X and run through the values 1, 2 instead of 1, 2, 3. Here, we
present a general representation of the stiffness tetrad C2D which is fully derived from the common anisotropic stiffness tetrad C,
thus, it is possible to use Eqs. (11)-(13).

1Note that Gurtin (1972) gives 10 different symmetries, namely isotropy and 9 different anisotropic matrices on pages 87 to 89.
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3 Generalized Representation of Plane State Conditions

3.1 Plane Stress State

The first step is to rewrite Eq. (1) as follows.

)UV =2�UV13�13 + 2�UV23�23 + �UV33�33 + �UVWX�WX (15)
)13 =2�1313 �13 + 2�1323 �23 + �1333 �33 + �13UV �UV (16)
)23 =2�2313 �13 + 2�2323 �23 + �2333 �33 + �23UV �UV (17)
)33 =2�3313 �13 + 2�3323 �23 + �3333 �33 + �33UV �UV (18)

Hence, all quantities for the third direction (index 3) are separated. The PT claims that )13 = )23 = )33 = 0, hence, we solve
Eqs. (16)-(18) for �13, �23 and �33. Keep in mind that the stiffness tetrad has the major symmetry, thus, the subsequent components
are identically equal which leads to simplifications.

�3313 = �1333 �3323 = �2333 �1323 = �2313

Further on, we introduce following abbreviations 08 9:; for a more compact notation.

01313 = �
2
3323 −�2323�3333, 02313 = �1323�3333−�3313�3323, 03313 = �2323�3313−�1323�3323,

01323 = �1323�3333−�3313�3323, 02323 = �
2
3313 −�1313�3333, 03323 = �1313�3323−�1323�3313,

01333 = �2323�3313−�1323�3323, 02333 = �1313�3323−�1323�3313, 03333 = �
2
1323 −�1313�2323.

The third and fourth index of these abbreviations refer to the indices of the strain component while the first and second index are
used for summation. Next to that a normalisation of the correction term K is introduced.

K = �333303333 − 2�1323�3313�3323 + �2323�23313 + �1313�23323
This term is used due to differences between 3D and plane states which are resulting from constraints of the assumptions of PT and
PE. The following results upon solving Eqs. (16)-(18).

�13 = − 12K
(
01313�13UV + 02313�23UV + 03313�33UV

)
�UV (19)

�23 = − 12K
(
01323�13UV + 02323�23UV + 03323�33UV

)
�UV (20)

�33 = − 1
K

(
01333�13UV + 02333�23UV + 03333�33UV

)
�UV (21)

Inserting Eqs. (19)-(21) into Eq. (15) leads to three fourth-order tensors which are the corrections of the stiffness tetrad.

�13UVWX = �UV13
(
01313�13WX + 02313�23WX + 03313�33WX

)
�23UVWX = �UV23

(
01323�13WX + 02323�23WX + 03323�33WX

)
�33UVWX = �UV33

(
01333�13WX + 02333�23WX + 03333�33WX

)
The superscript index 83 here refers to the corresponding strain measures. These three tensors can be used to build a general
correction tensor.

A = A13 + A23 + A33 (22)

In index notation this tensor is represented as follows.

�UVWX = 083:3�UV:3�83WX

A direct notation is possible, also.

A = 083:3 (C: e: ⊗ e3) ⊗ (e8 ⊗ e3:C) (23)

Finally, it follows the representation of the stiffness tetrad for the PT.

C
PT = C − 1

K
A ⇐⇒ �PTUVWX = �UVWX −

1
K
083:3�UV:3�83WX (24)

With this corrected stiffness tetrad Hooke’s law under a PT takes subsequent form.
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ZPT = CPT: KPT =
[
C − 1

K
A

]
: KPT

m

)PTUV = �
PT
UVWX�

PT
WX =

[
�UVWX − 1

K
083:3�UV:3�83WX

]
�PTWX

(25)

3.2 Plane Strain State

For the PE we begin with Eq. (7). Up next, the third direction (index 3) is separated from this set of equations, like it was done
before. Subsequent relations result.

�UV =2(UV13)13 + 2(UV23)23 + (UV33)33 + (UVWX)WX (26)
�13 =2(1313 )13 + 2(1323 )23 + (1333 )33 + (13UV)UV (27)
�23 =2(2313 )13 + 2(2323 )23 + (2333 )33 + (23UV)UV (28)
�33 =2(3313 )13 + 2(3323 )23 + (3333 )33 + (33UV)UV (29)

The PE claims that �13 = �23 = �33 = 0, hence, we solve Eqs. (27)-(29) for )13, )23 and )33. Keep in mind that the compliance
tetrad has the major symmetry (like the stiffness tetrad), thus, following components are identically equal which leads to
simplifications.

(3313 = (1333 (3323 = (2333 (1323 = (2313

Further on, some abbreviations for a more compact notation are introduced.

11313 = (
2
3323 −(2323(3333 12313 = (1323(3333−(3313(3323 13313 = (2323(3313−(1323(3323

11323 = (1323(3333−(3313(3323 12323 = (
2
3313 −(1313(3333 13323 = (1313(3323−(1323(3313

11333 = (2323(3313−(1323(3323 12333 = (1313(3323−(1323(3313 13333 = (
2
1323 −(1313(2323

We furthermore introduce a normalisation of the correction term.

Q = (333313333 − 2(1323(3313(3323 + (2323(23313 + (1313(23323
It results the solution of Eqs. (27)-(29)

)13 = − 12Q
(
11313(13UV + 12313(23UV + 13313(33UV

)
)UV (30)

)23 = − 12Q
(
11323(13UV + 12323(23UV + 13323(33UV

)
)UV (31)

)33 = − 1
Q

(
11333(13UV + 12333(23UV + 13333(33UV

)
)UV (32)

Inserting Eqs. (30)-(32) into Eq. (26) leads to three fourth-order tensors which are the corrections of the compliance tetrad.

�13UVWX = (UV13
(
11313(13WX + 12313(23WX + 13313(33WX

)
�23UVWX = (UV23

(
11323(13WX + 12323(23WX + 13323(33WX

)
�33UVWX = (UV33

(
11333(13WX + 12333(23WX + 13333(33WX

)
The superscript index 83 here refer to the corresponding stress measures. These three tensors are used to build a correction tensor
for plane strain state.

B = B13 + B23 + B33 (33)

In index notation this tensor is represented as follows.

�UVWX = 183:3(UV:3(83WX

A direct notation is possible, also.

B = 183:3 (S: e: ⊗ e3) ⊗ (e8 ⊗ e3:S) (34)

Finally, it follows the representation of the compliance tetrad for the plane strain state as

S
PE = S − 1

Q
B ⇐⇒ (PEUVWX = (UVWX −

1
Q
183:3(UV:3(83WX (35)

With this corrected compliance tetrad, inverse Hooke’s law under a plane strain state takes subsequent form.
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KPE = SPE:ZPE =
[
S − 1

Q
B

]
:ZPE

m

�PEUV = (
PE
UVWX)

PE
WX =

[
(UVWX − 1

Q
183:3(UV:3(83WX

]
)PEWX

(36)

4 Matrix Representation

4.1 Normalized 6D Basis

We have seen that the plane stiffnesses and compliances can be obtained from solving three scalar equations, with successive
backward substitution. Another approach is to consider sub-matrices in the matrix-vector notation of Hooke’s law. But care must
be taken: For the usual rules of algebra to hold, the basis needs to be normalized. This leads to the so calledMandel-notation
(index �M), see for example Brannon (2018) Sects. 26.2 and 26.3, Helnwein (2001) or Cowin and Mehrabadi (1992). The
normalization was popularized by Mandel (1965), but has been used much earlier by Lord Kelvin, cf. Thomson (1856). Since all
involved second-order tensors are symmetric, we introduce a symmetrized basis HΓ ∀Γ ∈ {1, . . . , 6}.

H1 = e1 ⊗ e1 H4 = e3 ⊗ e3

H2 = e2 ⊗ e2 H5 =
1√
2
(e1 ⊗ e3 + e3 ⊗ e1) (37)

H3 =
1√
2
(e1 ⊗ e2 + e2 ⊗ e1) H6 =

1√
2
(e2 ⊗ e3 + e3 ⊗ e2)

Herein we have introduced capital greek indices having the values 1. . . 6. The indices of the tensor components 8 9 are substituted
with them (Γ) as follows.

{11↔ 1, 22↔ 2, 12↔ 3, 33↔ 4, 13↔ 5, 23↔ 6}

This basis is orthogonal due to the normalizing factor 1/√2.
HΓ: HΛ = XΓΛ ∀Γ,Λ ∈ {1, . . . , 6} (38)

Our ordering deviates from the Voigt ordering. It is such that the in- and out-of-plane components of the 1-2-plane have the
indices 1 . . . 3 and 4 . . . 6, respectively. Comparing coefficients with the e8 ⊗ e 9 -basis we can now write a compact form.

K = �8 9 e8 ⊗ e 9 ∀ 8, 9 ∈ {1, . . . , 3} (39)
= �MΛ HΛ ∀Λ ∈ {1, . . . , 6} (40)

In case of the strain tensor, the components appear as follows.

�M1 = �11 �M4 = �33 (41)

�M2 = �22 �M5 =
√
2 �13 (42)

�M3 =
√
2 �12 �M6 =

√
2 �23 (43)

The same factors apply when going from )8 9 to )MΓ . Regarding the stiffness and compliance tensors, we can also find a compact
expression.

C = �8 9:;e8 ⊗ e 9 ⊗ e: ⊗ e; ∀ 8, 9 , :, ; ∈ {1, . . . , 3} (44)
= �MΓΛHΓ ⊗ HΛ ∀Γ,Λ ∈ {1, . . . , 6} (45)

The components �M
ΓΛ

appear as follows, while �M
ΓΛ
= �M

ΛΓ
holds.

�M11=�1111 �M12=�1122 �M13=
√
2�1112 �M14= �1133 �M15=

√
2�1113 �M16=

√
2�1123

�M22=�2222 �M23=
√
2�2212 �M24= �2233 �M25=

√
2�2213 �M26=

√
2�2223

�M33= 2�1212 �M34=
√
2�1233 �M35= 2�1213 �M36= 2�1223

�M44= �3333 �M45=
√
2�3313 �M46=

√
2�3323

�M55= 2�1313 �M56= 2�1323
�M66= 2�2323

(46)

The same holds for S.
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4.2 Matrix-Representation of Hooke’s Law

Hooke’s law can now be written as follows.

)M1
)M2
)M3
)M4
)M5
)M6


=



�M11 �M12 �M13 �M14 �M15 �M16
�M22 �M23 �M24 �M25 �M26

�M33 �M34 �M35 �M36

�M44 �M45 �M46
�M55 �M56

sym �M66





�M1
�M2
�M3
�M4
�M5
�6


=

[
C
M
*! C

M
*'

C
M
!! C

M
!'

] [
KMip
KMop

]
C
M
*' =

[
C
M
!!

]) (47)

For the compact form of Eq. (47) we have introduced the subscripts*! for upper left,*' for upper right, !! for lower left, !'
for lower right, ip for in-plane, and op for out-of-plane. We can also write this law in terms of components.

)MΓ = �MΓΛ�
M
Λ (48)

�MΓ = (MΓΛ)
M
Λ with (MΓΛ =

[
�MΓΛ

]−1 (49)

Note that (M
ΓΛ

is the usual matrix inverse. In case of a PE or a PT we have either �M4 = 0, �M5 = 0, �M6 = 0 (PE) or
)M4 = 0, )M5 = 0, )M6 = 0 (PT). Therefore, the in-plane components of Z (PE) or K (PT) are obtained by restricting C in Hooke’s
law to the components of the upper left 3×3 block matrix CM*! or by restricting S in the inverse Hooke’s law to the components of
the upper left 3×3 block matrix SM*! , respectively. We denote this restriction by P, where ”P” stands for orthogonal projection
onto a subspace.

P(C) =

�M11 �M12 �M13

�M22 �M23
sym �M33

 HΓ ⊗ HΛ = �
M
ΓΛHΓ ⊗ HΛ ∀Γ,Λ ∈ {1, . . . , 3} (50)

If we pad the kernel or Null space, P is an 8th order tensor.

P =
1
2
(XΘΓXΛΔ + XΘΔXΛΓ)HΘ ⊗ HΛ ⊗ HΓ ⊗ HΔ ∀Θ,Λ, Γ,Δ ∈ {1, . . . , 3} (51)

The projection is obtained as a scalar contraction P :: C. We can then restrict attention to the in-plane components, which can
easily be inverted.

PE :


)M1
)M2
)M3

 =

�M11 �M12 �M13

�M22 �M23
sym �M33



�M1
�M2
�M3

 ↔

�M1
�M2
�M3

 =

�M11 �M12 �M13

�M22 �M23
sym �M33


−1 

)M1
)M2
)M3

 (52)

PT :


�M1
�M2
�M3

 =

(M11 (M12 (M13

(M22 (M23
sym (M33



)M1
)M2
)M3

 ↔

)M1
)M2
)M3

 =

(M11 (M12 (M13

(M22 (M23
sym (M33


−1 

�M1
�M2
�M3

 (53)

Thus, in terms of the 3D stiffness �M
8 9
, the 3D compliance (M

8 9
=

[
�M
8 9

]−1
and the projection P we have the following realtions.

PE:
�2DM
8 9 =

(
�M8 9

)
= �MUL8 9

(2D
M

8 9 =

[
P

( [
(M8 9

]−1)]−1
=

[
�MUL8 9

]−1 ∀ 8, 9 ∈ {1, 2, 3} (54)

PT:
(2D

M

8 9 =P
(
(M8 9

)
= (MUL8 9

�2DM
8 9 =

[
P

( [
�M8 9

]−1)]−1
=

[
(MUL8 9

]−1 ∀ 8, 9 ∈ {1, 2, 3} (55)
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It is no surprise that the plane stress stiffness is not equal to the plane strain stiffness, which is due to subsequent disparity.

S
M
*! ≠

[
C
M
*!

]−1 (56)

The latter is a consequence of the entries in the upper right (resp. lower left block) matrices. Due to the particular ordering
for the plane states, these are not zero, even if the material is isotropic. Therefore, the projection P and the inversion are not
commutative. Note that P is more than a projector with zero eigenvalues. We actually imply that we go from a six-dimensional to
a three-dimensional space, in the sense of Gurtin and Murdoch (1975). Otherwise, the inverse is not defined, or one would need
the pseudoinverse. Also, the plane states allow to restrict only to three non-zero components either for K or Z, which would make
Hooke’s law a mapping between spaces of different dimensions. The latter is not invertible, which is why we restrict to the plane
components. Since the out-of-plane components depend linearly on the in-plane-components, they can be obtained as secondary or
derived quantities.

PE: ZMop =


)M4
)M5
)M6

 =
[
C
M
!!

] 
�M1
�M2
�M3

 =
[
C
M
!!

] [
C
M
*!

]−1 
)M1
)M2
)M3

 (57)

PT: KMop =


�M4
�M5
�M6

 =
[
S
M
!!

] 
)M1
)M2
)M3

 =
[
S
M
!!

] [
S
M
*!

]−1 
�M1
�M2
�M3

 (58)

Such an approach has been used for in the context of homogenization by Eidel et al. (2019) for an anisotropic material, but with the
Voigt ordering {11,22,33,23,13,12}, such that the indices 2,3,4 form the 3× 3 block-matrix for plane states in the e2-e3-plane, and
without normalizing the basis. They consider a PT state, hence they map all values outside this block matrix in the compliance
matrix to zero (see Eq. 4 in Eidel et al. (2019)).

4.3 Properties of the 2D Stiffnesses and Compliances

The matrix-vector-notation may be useful for numeric calculations. For symbolic calculations, it is slightly more convenient to
solve the three equations as presented in Sect. 3.
We have seen that in PEs the form Z = C: K and in the PTs the form K = S:Z of Hooke’s law is advantageous when going from
3D to 2D, since then one can simply restrict attention to the components of the upper left block matrix of CM or SM, presuming the
Mandel notation with the appropriate index assignment. The simplicity of the matrix-vector notation allows to identify some
properties:

• the plane stiffness is positive homogeneous of degree 1 in terms of the 3D stiffness
• as a consequence of Cauchy’s interlacing theorem (see, e.g., Hwang (2004)), for a plane stress state the eigenvalues of the
plane stiffness tensor are smaller than the eigenvalues of the 3D stiffness tensor:

(
_PT 6 _3D

)
=⇒ stiffness is reduced

• for a plane strain state the eigenvalues of the plane compliance tensor are smaller than the eigenvalues of the 3D compliance
tensor:

(
[PE 6 [3D

)
=⇒ stiffness is increased

5 Simplifications induced by Material Symmetries

This section is dedicated to the application of Eqs. (12) and (14). Therefore, an isotropic material is analyzed under PT and PE
first and then a material with trigonal symmetry is analyzed. The application to other symmetry classes (e.g. cubic, orthotropic,
monoclinic) is straight-forward.

5.1 Isotropy

In this section we want to show that Eq. (24) and Eq. (35) are the correct representations of the elasticity and compliance tetrad for
the PT and the PE, respectively. Therefore, we assume an isotropic and homogeneous material under small deformations at first.
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The stiffness tetrad has then two independent components �1111 and �1122. The components of the stiffness tetrad C are as follows.

�1111 = �1111 �1122 = �1122 �1133 = �1122

�2211 = �1122 �2222 = �1111 �2233 = �1122

�3311 = �1122 �3322 = �1122 �3333 = �1111

�2323 =
1
2
(�1111 − �1122) �1313 =

1
2
(�1111 − �1122) �1212 =

1
2
(�1111 − �1122)

�3232 =
1
2
(�1111 − �1122) �3131 =

1
2
(�1111 − �1122) �2121 =

1
2
(�1111 − �1122)

�3223 =
1
2
(�1111 − �1122) �3113 =

1
2
(�1111 − �1122) �2112 =

1
2
(�1111 − �1122)

�2332 =
1
2
(�1111 − �1122) �1331 =

1
2
(�1111 − �1122) �1221 =

1
2
(�1111 − �1122)

All other components are zero. With this definition of C we can calculate C2D for a PT after Eq. (24) and insert this tetrad into
Eq. (12) to determine the expressions for the stresses under a PT. This results in subsequent constitutive relations.

)PT11 =

[
�1111 −

�21122
�1111

]
�PT11 +

[
�1122 −

�21122
�1111

]
�PT22

)PT12 =
1
2
[�1111 − �1122] �PT12

)PT21 =
1
2
[�1111 − �1122] �PT12

)PT22 =

[
�1122 −

�21122
�1111

]
�PT11 +

[
�1111 −

�21122
�1111

]
�PT22

(59)

The term −�
2
1122

�1111
is the correction term of the components in the normal directions for a PT to guarantee that the stresses in the

third direction are zero. For this example the tetrad CPT has the following components.

�PT1111 = �1111 −
�21122
�1111

�PT1122 = �1122 −
�21122
�1111

�PT2211 = �1122 −
�21122
�1111

�PT2222 = �1111 −
�21122
�1111

�PT1212 =
1
2
(�1111 − �1122) �PT2112 =

1
2
(�1111 − �1122)

�PT1221 =
1
2
(�1111 − �1122) �PT2121 =

1
2
(�1111 − �1122)

These components are not zero and afterwards, with Eqs. (19)-(21) someone can calculate the strains resulting in the third direction.
These are:

�13 = 0 �23 = 0 �33 = −�1122
�1111

(
�PT11 + �PT22

)
Up next, the same procedure is performed for the PE. Eq. (14) will be followed by subsequent expressions.

�PE11 =
�1111

�21111 − �21122
)PE11 −

�1122

�21111 − �21122
)PE22

�PE12 =
1

�1111 − �1122 )
PE
12

�PE21 =
1

�1111 − �1122 )
PE
12

�PE22 =
�1111

�21111 − �21122
)PE22 −

�1122

�21111 − �21122
)PE11

(60)

Through the inversion of the compliance tetrad by applying theMandel sheme Brannon (2018) the corresponding stiffness tetrad
C
PE is derived without a correction term for the stiffness tetrad (This result is expected, cf. Sect. 4.2.). The components of the

168



J. Nordmann, M. Aßmus, R. Glüge, and H. Altenbach Tech. Mech., Vol. 40, Is. 2, (2020), 160–174

stiffness tetrad for the PE are:

�PE1111 = �1111 �PE1122 = �1122

�PE2211 = �1122 �PE2222 = �1111

�PE1212 =
1
2
(�1111 − �1122) �PE2112 =

1
2
(�1111 − �1122)

�PE1221 =
1
2
(�1111 − �1122) �PE2121 =

1
2
(�1111 − �1122)

The other components are zero. And from Eqs. (30)-(32) the stresses resulting in the third directions for a PE are determined.

)13 = 0 )23 = 0 )33 =
�1122

�1111 + �1122
(
)PE11 + )PE22

)
The results of this section are in accordance with the specific literature, e.g. Altenbach et al. (2018); Chaboche and Lemaitre
(1990); Bertram and Glüge (2015), and serve as verification for derived equations, consequently.

5.2 Trigonal

In this section a trigonal material is analyzed under a PT and a PE. The stiffness tetrad of a trigonal material contains six independent
components �1111, �1122, �1133, �3333, �1123 and �2323 which are arranged as follows.

�1111 = �1111 �1122 = �1122 �1133 = �1133

�2211 = �1122 �2222 = �1111 �2233 = �1133

�3311 = �1133 �3322 = �1133 �3333 = �3333

�2323 = �2323 �1313 = �2323 �1212 =
1
2
(�1111 − �1122)

�3232 = �2323 �3131 = �2323 �2121 =
1
2
(�1111 − �1122)

�3223 = �2323 �3113 = �2323 �2112 =
1
2
(�1111 − �1122)

�2332 = �2323 �1331 = �2323 �1221 =
1
2
(�1111 − �1122)

�1123 = �1123 �2223 = −�1123 �1312 = �1123

�1132 = �1123 �2232 = −�1123 �1321 = �1123

�2311 = �1123 �2322 = −�1123 �1213 = �1123

�3211 = �1123 �3222 = −�1123 �2113 = �1123

The components of the tetrad which are not mentioned are zero. For the PT the following expressions for the stresses results from
Eq. (12).

)PT11 =

[
�1111 −

�21133
�3333

]
�PT11 +

[
�1122 −

�21133
�3333

]
�PT22

)PT12 = [�1111 − �1122] �PT12
)PT21 = [�1111 − �1122] �PT12

)PT22 =

[
�1122 −

�21133
�3333

]
�PT11 +

[
�1111 −

�21133
�3333

]
�PT22

(61)

The normal stresses are corrected with the term −�
2
1133

�3333
and the shear stress is doubled. After this Eq. (24) can be used to determine

the PT stiffness tetrad. This leads to a stiffness tetrad with following nonzero components.

�PT1111 = �1111 −
�21133
�3333

�PT1122 = �1122 −
�21133
�3333

�PT2211 = �1122 −
�21133
�3333

�PT2222 = �1111 −
�21133
�3333

�PT1212 = �1111 − �1122 �PT2112 = �1111 − �1122
�PT1221 = �1111 − �1122 �PT2121 = �1111 − �1122
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Finally, the strains in the third direction can be calculated. Following values for the strains result.

�13 = − �1123
�2323

�PT12

�23 = − �1123
2�2323

(
�PT11 − �PT22

)
�33 = − �1133

�3333

(
�PT11 + �PT22

)
Due to the anisotropic material, shear strains in the third direction result next to the normal strain. As well, this analyses is done for
the PE. Eq. (14) results in subsequent expressions.

�PE11 =

[
�3333

(
�21123 − �1111�2323

) + �2323�21133
�1

− �
2
1133

�2

]
)PE11

+
[
�3333

(
�21123 + �1122�2323

) − �2323�21133
�1

− �
2
1133

�2

]
)PE22

�PE12 = −
2�2323

�21123 − 2�1111�2323 + 2�1122�2323
)PE12

�PE21 = −
2�2323

�21123 − 2�1111�2323 + 2�1122�2323
)PE12

�PE22 =

[
�3333

(
�21123 + �1122�2323

) − �2323�21133
�1

− �
2
1133

�2

]
)PE11

+
[
�3333

(
�21123 − �1111�2323

) − �2323�21133
�1

− �
2
1133

�2

]
)PE22

(62)

Herein we have used subsequent abbreviations.

�1 = 2�1111
(
�3333�

2
1123 + �2323�21133

)
+ �3333

[
�2323

(
�21122 − �21111

)
+ 2�1122�21123

]
− 2�21133

(
�2323�1122 + 2�21123

)
�2 = (�1111 + �1122)

(
�1111�3333 + �1122�3333 − 2�21133

)
To derive the stiffness tetrad for the PE the Voigt sheme is applied again to the compliance tetrad and then this tetrad is inverted.
The components of the stiffness tetrad for the PE which are not zero are as follows.

�PE1111 =
�1111�2323 − �21123

�2323
�PE1122 =

�1122�2323 + �21123
�2323

�PE2211 =
�1122�2323 + �21123

�2323
�PE2222 =

�1111�2323 − �21123
�2323

�PE1212 =
2�2323 (�1111 − �1122) − �21123

8�2323
�PE2112 =

2�2323 (�1111 − �1122) − �21123
8�2323

�PE1221 =
2�2323 (�1111 − �1122) − �21123

8�2323
�PE2121 =

2�2323 (�1111 − �1122) − �21123
8�2323

In the last step, the shear and normal stresses in the third direction are calculated after Eqs. (30)-(32).

)13 =
�1123

�1111 − �1122)
PE
12

)23 =
�1123

�1111 − �1122
(
)PE11 − )PE22

)
)33 =

�1133
�1111 + �1122

(
)PE11 + )PE22

)
Again, it can be seen that through the anisotropic material, shear stresses in the third direction result.
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6 Neglection of reaction stresses in the plane strain case

By a simplified calculation of the plane strain stiffness by projecting the 3D stiffness, i.e. by simply dropping the out-of-plane
columns and rows, one neglects the out-of-plane reaction stresses. These can become very large when the material is nearly
incompressible. Therefore, the simplified plane stress stiffness can lead to nonconservative estimates, underestimating the actual
stresses. This effect can be observed in the homogenization of polymeric materials with a spherulitic microstructure. Inside the
spherulites, a crystalline phase with a ≈ 0.3 and an amorphous phase with a ≈ 0.499 are layered. The common in plane strain
enforces a considerable out of plane stress in the amourphous phase, which manifests as an apparent stiffness. The increased
stiffness is also referred to as the reinforcement or contiguity factor (originally introduced by Tsai and Pagano (1968)), as the
oedometric effect or as the confinement effect (Glüge et al. (2019)). If it is not taken into account, the effective stiffness of polymers
is usually underestimated.
To quantify the effect of the simplified plane strain stiffness we examined the eigenvalues of an apparent isotropic stiffness in both
plane stress and plane strain situations. In isotropic 3D elasticity, it is well known that _1 = 3 and _2 = 2� hold true. Here
 is the compression modulus and � is the shear modulus of the material. This means that _1 corresponds to the resistance to
dilatations and _2 to the resistance to distortions. The eigenvalues of the stiffness tetrads are given in Tab. 1. Obviously the second
eigenvalue is the same for all three states while the first eigenvalue of plane states differs in the following way.

_PT1 = _3D1 − �1122 − 2
�21122
�1111

(63)

_PE1 = _3D1 − �1122 (64)

Due to the claim of positive definiteness of all stiffness tetrads it is necessary that �1111 > 0 holds true. With this restriction and
the definition of the eigenvalues (cf. Tab. 1) for all three states we can formulate the following restrictions for the component �1122.
Whereby, we perform a normalization with �1111 for a better evaluation and introduce the abbreviation Ψ = �1122/�1111.

3D: − 1
2
< Ψ < 1 (65)

PT: − 1
2
< Ψ < 1 (66)

PE: − 1 < Ψ < 1 (67)

Considering these restrictions we plot the first eigenvalue presented in Tab. 1 on the normalized stiffness coefficient Ψ, while
normalizing the eigenvalues by �1111 as well. All three cases are visualized in Fig. 2, next to the normalized values of steel (stiff
material) and a nearly incompressible material. The values are taken from Bertram and Glüge (2015). We can clearly identify a
linear dependence in the 3D case and for a plane strain case, while the first eigenvalue is strongly non-linear in �1122 in the plane
strain case.
We can identify two points of intersection between the 3D- and the PT case, which are at Ψ = −0.5 and Ψ = 0. Comparing the 3D-
and the plane strain case, we find one intersection at Ψ = 0. Only in these intersections the plane state stiffness is obtained by
dropping rows and columns of the 3D stiffness. Fig. 2 contains exemplary values of steel and a nearly incompressible material for
these three states. One can see that the simplified calculation of the plane stiffnesses can only be used for stiff materials but not for
a nearly incompressible materials due to the large error.
This is most clearly understood in terms of Poisson’s ratio a. For a nearly incompressible material with a → 0.5 (equal to Ψ→ 1)
the error is largest because the true apparent compressive modulus tends to infinity, which is not accounted for by simply dropping
rows and columns from the 3D stiffness. The intersection at Ψ = 0 corresponds to a = 0, i.e. the case that  = 2�/3, and the
interval −1 < Ψ < 0 represents auxetic materials with negative Poisson’s ratios, i.e. 0 <  < 2�/3. The second eigenvalue is not
changing under the assumptions of plane states. Similar results are obtained by plotting the first eigenvalue and the eigenvalue ratio
versus Poisson’s ratio, cf. Figure 3. Especially, the right diagram in Fig. 3 shows the growing error when a simplified plane
stiffness is obtained in case of a plane strain state. Again, for a → 0.5 the error becomes infinite.

7 Summary

In the forgoing chapters the reduced plane stiffnesses for plane stress and plane strain states are derived, once with tensor algebra
and apart from that in vector-matrix notation. Both possibilities have their eligibility:
• In the tensorial notation, the primitive geometric quantities like the normal vector of the plane stress or plane state plane, the

directions and planes of material symmetry and the rotations of the symmetry group appear directly in the equations. These

Tab. 1: Isotropic eigenvalues _U ∀U ∈ {1, 2} of C, CPT, and CPE

C C
PT

C
PE

_1 �1111 + 2�1122 �1111 + �1122 − 2�
2
1122

�1111
�1111 + �1122

_2 �1111 − �1122 �1111 − �1122 �1111 − �1122
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Fig. 2: Normalized first eigenvalue versus Ψ (left) and normalized first versus normalized second eigenvalue (right) for an isotropic
material.

are rather obfuscated in the 6 × 6 matrix notation. For example, if the plane of symmetry does not coincide with the plane
stress or plane state plane, it is very hard to give the reduced stiffness directly in matrix form.
• On the other hand, many theorems of linear algebra require a vector-matrix notation with underlying orthonormal bases.
For example, the fact that the plane stress stiffness is smaller than the plane strain stiffness in terms of eigenvalues follows
directly from Cauchy’s interlacing theorem, which requires a matrix representation. Also, the eigenvalues (or Kelvin-moduli)
are readily calculated from a matrix representation.

Therefore one should have both representations available, be able to switch between them, and employ them accordingly. From
these investigations (eigenvalue analysis) we know that the assumption of the plane stress state leads always to a smaller reduced
plane stiffness and the plane strain leads always to an increased plane stiffness for all symmetry classes. This is a consequence of
the reaction stresses due to the additional kinematic constraint in the plane strain case.
We limited our explanations to the field of linear elasticity with small deformations. Often, when the plane stress- or plane
strain state is used, the material is assumed to be isotropic. However, in many cases the materials may be anisotropic due to the
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Fig. 3: Normalized first eigenvalue (left) and eigenvalue ratio (right) for an isotropic material, depending on Poisson’s ratio a
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manufacturing process. Nevertheless, it appears that it is not well known how the plane stiffnesses are derived in the anisotropic
case. We hope to convince the community that works on reduced-dimensional problems to use the reduced plane stiffnesses
also in the anisotropic case, instead of using 3D models. The presented formulations offer the possibility to derive expressions
of plane stress and plane strain elements for commercial FE codes like ABAQUS or ANSYS, or derive plate or shell equations
for anisotropic materials like rolled steel sheets. However, the present elaboration does not envisage the case of time-variant
problematics, i.e. when considering rheonomous material behavior, advanced constitutive relations have to be considered. These
may be reduced to a plane formulation by subjecting them to an analogous treatment as presented here. Moreover, we examine the
apparent increase of stiffness in case of plane strains due to the plane strain kinematic constraint, and discuss the how the error of
simplified plane stiffness depends on the material’s compressive behaviour. We conclude that the simplified plane stiffness that is
obtained by dropping rows and columns from the 3D stiffness should not be used in the plane strain case when the compression
modulus is greater than the bulk modulus. That is, when a > 0.125.
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Abstract: Dual-phase steel shows a pronounced structure-property correlation, caused by its internal structure consisting of a
soft ferrite matrix and embedded hard martensite regions. Due to its high strength combined with high ductility, dual-phase
steel is particularly suitable for energy-absorbing and strength-relevant sheet metal applications, but its use as heavy plate is
also desirable. Due to the complex microstructure, microstructure-based simulation is essential for a realistic simulation of the
mechanical properties of dual-phase steel. This paper describes two important points for the microstructure-based simulation of
dual-phase steel. First a method for the straightforward experimental estimation of the RVE size based on hardness measurements
prior to tomography preparation is presented and evaluated. Secondly, a method for the efficient meshing of these microstructures,
based on material definition at the integration points of a finite element model, is developed.

Keywords: dual-phase steel, RVE size, FEM, 3D tomography, MatIP

1 Introduction

Steel is one of the most widely used structural materials; for example, in 2017 its production amount exceeded the production
amount of all plastics by a factor of more than five (PlasticsEurope (2017)). According to this large production amount, there
is also a large variety of different steel classes, which differ in their exact internal structure and their properties. One of these
classes is dual-phase steel, characterized by a two-phase microstructure of hard martensite regions embedded in a soft ferrite
matrix. Due to its microstructure, the mechanical properties of dual-phase steel are defined by high strength and high ductility at
the same time (Tasan et al. (2015)). Due to this performance profile, it is classically used in energy-absorbing, strength-relevant
sheet metal components (Brands et al. (2016); Tarigopula et al. (2008)). At the same time, however, efforts to use dual-phase
steel also in heavy plate products, for example in pipelines, are increasing (Ishikawa et al. (2015); Ji et al. (2014); Li et al. (2011)).
The strong structure-property correlation of dual-phase steel makes microstructure-based simulations an important method for
improving its mechanical properties and for adapting them to a specific application. The most important microstructural pa-
rameters influencing the properties of dual-phase steel are the quantity, shape and distribution of the martensite regions in the
ferrite (Das and Chattopadhyay (2009); Davies (1978); Kang et al. (2007); Kim and Lee (2000); Tasan et al. (2015)). For this
reason, simulations are used within the framework of the finite element method (FEM, (Zienkiewicz and Taylor (1977))) that
explicitly include both phases of the dual-phase steel in the analysis. Simulations based on the real structure of the dual-phase
steel have the advantage that they include the entire phase structure in the analysis. Therefore, no structural properties relevant
for the macroscopic material properties are unintentionally neglected. By modelling the ferrite and martensite as discrete areas
of the mesh, all microstructural details can be taken into account. Therefore simulations based on the real structure usually show
a good agreement with the corresponding experiments (Dong et al. (2010); Katani et al. (2013); Marvi-Mashhadi et al. (2012);
Paul (2013); Ramazani et al. (2014, 2013)).

For a microstructure based simulation, a 3D reconstruction of the material is required that is large enough to be representative
for the material in terms of shape, distribution and connectivity. In the field of materials science, 3D reconstructions based
on real structure of various, usually multi-phase materials are used to investigate the 3D microstructure. Tomography enables
the microstructural characterization of a defined sample volume in contrast to two-dimensional surface characterization. Thus,
important information about the formation and evolution of the phases can be obtained, which allows conclusions to be drawn
about the properties of the material (Ohser and Mücklich (2000)). There are different methods that allow 3D reconstruction of
a metallic material. Established methods that can be used to image large volumes include X-ray microcomputed tomography
(μCT) (Desplentere et al. (2005); Yan et al. (2014); Zhou et al. (2018)) or serial sectioning tomography (Alkemper and Voorhees
(2001); Keehan et al. (2008); Lasagni et al. (2007); Li et al. (1998); Mücklich et al. (2018); Roland et al. (2015)). At μCT the
sample is irradiated with X-rays from many different directions and thus a three-dimensional image of the inner microstructure
of the sample is computed (Buzug (2008)). In serial sectioning tomography a large number of two-dimensional microscopic
images of the sample is recorded by removing a thin layer of the sample between the individual images. The two-dimensional
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images are then digitally combined to reconstruct the three-dimensional structure of the examined sample volume. A light optical
serial sectioning tomography uses a light optical microscope to capture the image and the material is removed by mechanical
polishing (Alkemper and Voorhees (2001); Li et al. (1998); Mücklich et al. (2018)). In case small cutting distances are required,
a serial sectioning tomography can be performed using a focused ion beam (FIB) in a scanning electron microscope (SEM)
(Burnett et al. (2016); Keehan et al. (2008); Lasagni et al. (2007); Li et al. (1998); Zhong et al. (2019)). However, not all 3D
reconstruction methods are suitable for all metals, especially low alloyed, low carbon steels as investigated here. In case of steel,
most transformation products are mostly iron, therefore showing a low atomic density contrast. A methodology that uses the
material density contrast for the image acquisition, as the CT, can not be used. In addition, the resolution of CT depends on the
observed volume. Very high resolutions can be achieved with small volumes. However, the resolution decreases with increasing
volume of the sample (Fischer et al. (2011); Bauza et al. (2018)). Common FIB/SEM devices produce tomographies with a volume
too small for the steels under consideration here (Brands et al. (2016); Mücklich et al. (2018)), but this issue can be overcome
in specialized devices by adding a laser (Echlin and Pollock (2008)) or using other ion sources such as xenon (Burnett et al.
(2016)) instead of gallium to increase the volume. In addition to the classical SEM images also other signals (e.g. EDS or EBSD)
can be used for tomographies (Brands et al. (2016)). Another approach combines the advantages of classical serial sectioning
tomography with images in SEM or EBSD (Uchic et al. (2016)). In comparison, the method of serial sectioning in combination
with light microscopic images is widely used for steels. By contrasting the microstructures by etching, the different structure
components can be separated (Britz et al. (2016)). For this reason, light optical serial sectioning tomography is still one of the most
widely used methods for the production of large size steel tomography. Tomographies of two-phase steels with an edge length
of 100-150 Âţm have already shown that the phases separated on 2D images have a high connectivity in 3D (Mücklich et al. (2015)).

The estimation of the size of the representative volume element (RVE) poses a particular challenge for simulations based on
microstructures. The RVE describes the area of the microstructure that is just large enough to contain all relevant information
about the microstructure (Hill (1963); Kanit et al. (2003); Tasan et al. (2014b)). A section of the microstructure with the size
of the RVE thus shows the same microstructural properties at any point of the material. These properties additionally do not
change for larger structural sections. Simulations on microstructure sections smaller than the RVE cannot reproduce the real
macroscopic properties due to the scattering of the microstructure geometry depending on the location of the sampling. On one
hand, simulations on microstructure sections larger than the RVE, on the other hand, require significantly more computing time
and higher memory loads than necessary for simulation on a RVE due to the unnecessarily large geometry. The estimation of
the RVE size is therefore a crucial point in the process of microstructure-based simulation. Nevertheless, the estimation of the
RVE size is often carried out not at all (Katani et al. (2013); Paul (2013)) or only by time-consuming methods (Brands et al.
(2016)). For these methods, a 3D tomography is carried out and it is compared to other tomographies of the same material or
to the geometric parameters of a bigger micrograph of the sample. In this way, it can be determined, if the section is as big as
or bigger than the RVE. If this is not the case, a new, bigger tomography has to be prepared. Therefore, methods to estimate the
RVE’s size before tomography preparation are desirable to save cost and time.

Tomographies with the size of a RVE often consist of tens of millions of voxels. This enormous size, coupled with the complex
shape of the microstructure, poses difficulties for the simulation (Brands et al. (2016); Calcagnotto et al. (2010)). Due to the
large number of elements, the computing time and the required amount of main memory considerably increases. In addition,
unstructured geometry conforming meshing to reduce the number of elements of the FE mesh compared to the voxels of the
tomography is very complex and only to a limited extent effective. In order to avoid these problems, simulations are often carried
out only on the basis of two-dimensional structures in order to reduce the number of elements of the FE mesh and, in addition,
the effort required to obtain the microstructure (Kadkhodapour et al. (2011); Paul (2013); Tasan et al. (2014b,a)). However, it
has been shown that such two-dimensional simulations are not capable of correctly mapping the real material behavior (Diehl
et al. (2016); Ramazani et al. (2013); Tasan et al. (2014a); Zeghadi et al. (2007)). As a result, three-dimensional simulations are
indispensable despite the problems described. For this reason, straightforward methods of data reduction are needed to reduce
the required computing time and memory load while preserving the microstructure information.

In the article two essential things for the correct microstructure-based simulation of dual-phase steel are presented. Due to the
importance of the RVE, a straightforward experimental method for estimating the size of the RVE before the preparation of a
tomography is described. It is based on the evaluation of different hardness indentations of the material. For an estimation of
the RVE size based on the 3D microstructure, the first guess of the RVE size determines the size of the required tomography.
Especially for an unexperienced experimentalist this procedure is trial-and-error and may require to take several time-consuming
tomographies. Choosing the region of interest to large or to small will lead to additional time and costs with this method. This
gives the main advantage of the proposed method based on hardness measurements, as it is easy and cheap to investigate even
larger numbers of different hardness imprints for the estimation of the size of the RVE. The numerical simulation on the one
hand and the determination of the relevant geometric parameters of the three-dimensional structure on the other hand serve as
validation. The second topic of the work is the efficient numerical modeling based on the microstructure and its 3D tomographic
representation. A data reduction approach based on material definition at the integration points of the finite element model is
presented. The paper is structured as follows: In Sect. 2, the dual-phase steel under consideration in the study is presented and
the experimental basics of the work, the tomography preparation and the process of performing the hardness measurements, are
explained. Sect. 3 deals with the numerical implementation. In addition to the general FE implementation of the simulation, the
developed data reduction method is described here. In Sect. 4 and Sect. 5, the results of the RVE size estimation and the data
reduction are subsequently presented and evaluated. Sect. 6 summarizes the presented work and classifies it into the context of
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modern microstructure-based simulations.

2 Material and experimental Methods

2.1 Dual-Phase steel

In this study a sample of a thermo-mechanically rolled dual-phase steel plate with a carbon content of approximately 0.06wt%
and a carbon equivalent of approximately 0.38wt% was used. The microstructure consists of a ferritic matrix and a martensitic
second phase. In Fig. 1 a light optical image using 500× resolution after modified Beraha etching according to (Britz et al. (2016))
and an electron microscopic image of one second phase object after electrolytic etching are shown. The second phase exhibits
in an equiaxed shape, slightly stretched in rolling direction. The second phase objects in the electron microscopic image show a
martensitic structure.

Figure 1: Light optical image of the Beraha etched sample with an electron microscopy image in the top right corner. In the
light optical image, only the second phase is clearly contrasted (dark). In the SEM the substructure of the second phase
becomes clear and also the grain boundaries of the ferrite are recognizable.

2.2 3D-Tomography

The setup presented by MÃĳcklich et al. was used to produce a light microscopy serial sectioning tomography of the two-phase
steel (Mücklich et al. (2015)). The tomography was performed on a modified setup based on a Leica TXP target preparation ma-
chine for the material removal and a digital light optical microscope (LOM) VHX 2000 for imaging. This allows a semi-automatic
execution of the working steps in one setup. For the production of the tomography data the sample was first fixed to the sample
holder of the TXP machine with the embedding material DEMOTec15+. Then the following steps polishing, etching and image
acquisition were repeated several hundred times in order to obtain a representative volume. The material removal was performed
using a neoprene cloth and the polish suspension MasterPrep with diamond particles in an average diameter of 0.05 μm was used
within the TXP machine. The material removal per cut was adjusted by the contact pressure of 30 N, the rotation speed of the
polishing disk of 400 RPM and the polishing time of 3 min using 2 ml polishing suspension. A modified Beraha etching according
to Britz et al. was used to contrast the microstructure (Britz et al. (2016)). With this etching it is possible to contrast the second
phase regions stronger than the grain boundaries of the ferritic matrix, so that an optical separation of the second phase regions
from the matrix was achieved (Britz et al. (2016)).

Thus, the different phases in microscope images can be segmented by threshold and the images can be converted into binary
images by means of image processing programs, Fig. 2. A 3D tomographic reconstruction of the microstructure is obtained by
reconstructing the z-position of the binarized images. For the reconstruction of the volume there were 426 images with 424× 928
pixels and a pixel size of 409 nm × 409 nm available after the pictures were taken. These pictures were first z-positioned with the
program Thermo Scientific Amira ® and then aligned. The alignment of the images was done using fixed markings on the sample,
which were placed on the sample before the tomography process. These markings were also used to determine the original
z-position after the material removal per cut. The binary images were generated by threshold segmentation in Amira. For this
standard filters like shading correction and denoising were used. Artifacts and errors as well as all objects that were only visible
in one image were deleted using binary operations. To provide isotropic voxels for the reconstruction, the binary image stack was
interpolated to a z distance of 409 nm. Fig. 3 shows the 3D reconstruction of the sample.
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Figure 2: Exemplary representation of light optical images with selected second phase areas (left) and binary image after threshold
segmentation (right) that is used for the reconstruction of the microstructure.

Figure 3: Visualization of the 3D reconstruction of the image stack.

2.3 3D parameter-based RVE size estimation

As an assumption, the 3D microstructure contains all necessary information about different structural components. Many parts
of this 3D structure can be identified by determining parameters from 2D sections using stereological relationships (Ohser and
Mücklich (2000)). However, parameters such as the connectivity of the phases can only be determined in 3D and a 2D analysis
is not adequate, especially for such fissured phases. For this reason an evaluation of the RVE of the tomography was additionally
determined by its 3D parameters. In order to find the RVE size cubic volume elements in different sizes were cropped and their
characteristic 3D geometric parameters were measured using the program Mavi. For that purpose the parameters volume density,
surface density, Euler density and particle density were examined for their spreading of the mean value. The quantities and
their explanation are shown in Tab. 1. The first three quantities are implemented in Mavi and can be calculated from the fully
reconstructed tomographies. For the particle density each individual second phase object in the set was counted and the number
was divided by the whole volume. The Euler number from the Euler density is a measure of the connectivity of an object of a
phase in a multi-phase material that consists of different objects. The calculation examines whether an object has a concave or
convex curved surface or whether the surface is a saddle surface (Russ and Dehoff (2000)).
For the RVE estimation cubes with ten different edge lengths between 15 μm and 150 μm were selected. For each size four cubes
are cropped from one large experimental data set and their 3D parameters were measured. The center point of the cubes remains
at the same position for all sizes. For the estimation of the RVE, the mean value and the standard deviation of all 3D parameters
were determined for the four cubes.

2.4 Indent-based RVE size estimation

In general, hardness describes the resistance of a material to the penetration by another object (Bargel et al. (2009)). In the
present paper the hardness test according to Vickers (Bargel et al. (2009); Deutsches Institut für Normung (2006)) was used to
estimate the RVE size. In the Vickers hardness measurement, an equilateral square diamond pyramid with an opening angle of
136◦ is pressed into the sample with a defined force F. After the unloading the diagonals d1 and d2 of the remaining imprint are
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Table 1: Name and meaning of the volume-based parameters used for evaluation.

parameter explanation

volume density Ratio of the total volume of all second phase objects to the total
volume of the tomography.

surface density Ratio of the total surface of all second phase objects to the total
surface of the tomography.

Euler density
Ratio of Euler number of the objects observed (difference between
object number N and connectivity (object connections C)) to the
total volume of the tomography

particle density Ratio of the number of second phase objects to the total volume of
the tomography.

measured and the hardness HV is determined to

HV = 2F sin

(
136◦

2

) (
2

d1 + d2

)2

, (1)

where F is given in kilopond, d1 and d2 in millimeters. When specifying the hardness value, the test force is given by default,
e. g. 160 HV0.5 for a hardness value of 160, which was determined with a force of 0.5 kp. In theory, with varying test load used
the imprint diameter changes while the hardness value remains constant (Strnad and Jakab-Farkas (2014)). Therefore, in the case
of a completely homogeneous material, both very small and very large hardness imprints should result in the same hardness value
with varying test loads.

Based on this assumption, a method for estimating the RVE size was developed in this study in order to overcome the disadvantages
of the time-consuming methods described in Sect. 1. The functional principle is shown in Fig. 4. Each hardness imprint has a
certain zone of influence, which is deformed by the imprint. A very small hardness imprint has correspondingly a very small zone
of influence. Thus it is possible that the zone of influence lies entirely in a purely ferritic area or in a predominantly martensitic
area of the microstructure. Due to this, very small hardness imprints show a high scattering in an inhomogeneous material. Above
a certain indentation size, the zone of influence is just large enough to cover the size of an RVE. Starting from this indentation
size, the spread of the hardness values decreases considerably, as a representative volume of the structure is examined at any
time. In particular, the scattering for even larger imprints no longer decreases further, since a larger zone of influence contains no
new microstructure information. Based on this hypothesis, a total of 121 hardness measurements were performed on the cross
section1 of the steel with loads ranging from 0.05 kp to 30 kp, see Tab. 2.

Table 2: Number of indents per load level

load [ kp ] 0.05 0.1 0.2 0.5 1 3 5 10 20 30
number [ − ] 36 25 16 9 16 9 4 4 1 1

The distance between two hardness imprints is chosen as at least three times the imprint diameter according to the norm for
Vickers hardness measurements (Deutsches Institut für Normung (2006)).

D2

D1

D3

Figure 4: Schematic representation of three hardness imprints and their zones of influence. The size of the influence zone D is
well below the RVE size on the left, in the middle in the area of the RVE size and well above it on the right.

3 Numerical Methods

Before the results of the methods for the estimation of the RVE size are discussed, an overview over the numerical methods used
in the presented work are given in the following section. At first, the general implementation of the material behaviour in the
context of FEM is explained. Then, the method developed for data reduction,i.e. material definition at the integration point, is
presented.

1Section spanned by the transverse direction and the normal direction.
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3.1 General numerical implementation

The material is described by an elastoplastic material model. In addition, the examination is focused on the small strain range.
Hooke’s law is used for the elastic part of the model. Consequently, the relation between the engineering stress σ and the
engineering strain ε reads

σ = 2μ (ε − εp) + λtr
(
ε − εp

)
I , (2)

with the plastic part of the engineering strain εp and the Lamé parameters μ and λ. The plastic part model is described by a
standard J2 von Mises plasticity model (Mises (1913)) and isotropic, linear hardening. This results in a yield condition

g = ‖σD‖ −

√
2
3
(σy − K α) , (3)

with the deviatoric part σD of the engineering stress tensor, the initial yield strength σy , the hardening modulus K and the flow
parameter α. As small strains are considered, an additive decomposition of the strain tensor into its elastic and plastic part

ε = εe + εp (4)

is applied. The evolution of the plastic strain follows an associated flow rule

Ûεp = γ
∂g

∂σ
, (5)

with the plastic multiplier γ.

The abovementioned material behaviour is implemented as an FEM model with the help of the open source C++ program library
deal.II (Arndt et al. (2016); Bangerth et al. (2007)). Starting point is the balance of momentum for a body Ω with boundary Γ in
its weak form in the stationary case

∫

Ω

grad (δu) : σ(u) V. =

∫

Γ

δu ∙ t a. , (6)

with the gradient operator grad (∙), the test function δu and the Neumann boundary condition t. The solution is then iteratively
calculated with Newton’s method. In this context, a high variability of the implemented code with respect to possible extension is
achieved by calculating the required derivation of the balance of momentum not analytically, but by means of a numerical tangent
(Goldschmidt (2015); Scherff (2019); Scherff et al. (2016)). Plasticity is treated by the Radial Return Method (Bednarcyk et al.
(2008); Simo and Taylor (1985); Simo and Hughes (2000); Wilkins (1963)). Finite differences are applied for the calculation of
the derivative of the yield condition with respect to the plastic increment for the sake of variability.

Although the analysis is limited to small macroscopic strains, large strains can theoretically occur within the microstructure.
Therefore, in a previous study (Scherff (2019)), a Neo-Hooke model for finite deformation was used to investigate whether this
has an impact. As expected, within the microscopic stress field relative deviations between the small strain model and the large
strain model of up to 10% were observed. Nevertheless it could be shown that the small strain model leads to negligibly small
deviations well below 1% for the macroscopic stress-strain relationship under uniaxial tension. Therefore, the small strain model
is applicable in the use case under consideration.

The parameters used for the single ferrite and martensite phase were determined with the help of nanoindentation tests, see Scherff
(2019). They are given in Tab. 3. As shown in Scherff (2019), the simulation model described above is capable to reproduce the
real behavior of the investigated dual-phase steel under uniaxial load with high accuracy.

Table 3: Material parameters used in this study for the ferrite and martensite phase.

ferrite martensite

μ [GPa] 89.5 91.7
λ [GPa] 173.7 141.0
K [GPa] 1.70 2.96
σy [MPa] 401 1081

3.2 Data reduction

As the microstructures under consideration in tomography consist of a very large number of voxels, many millions of degrees
of freedom are generated in classical hexahedral meshing by assigning a single voxel to a single hexahedral element. As a
result, the computing time required to solve the system and the memory required for storage increases immensely. Since such
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voxel structure FEM FCM MatIp

Figure 5: Meshing of a two-component voxel structure by classical FEM, FCM and MatIp (q2fe1). Element nodes are represented
by violet dots, integration points by red crosses, element edges by black lines and sub-element edges of the FCM by
dashed black lines.

calculations can usually no longer be carried out in an acceptable time on usual workstations, in addition to estimating the RVE
size, data reduction is of great importance in the presented work. The aim is to reduce the required number of elements for
meshing the microstructure, and thus computing time and working memory load, as far as possible, while maintaining all relevant
structural information at the same time. Material definition at the integration point (MatIp) was used for this purpose. The idea
of MatIp is based on Gauss Point Oversampling (Zohdi and Wriggers (2004)) and especially on the Finite Cell Method (FCM,
(Düster et al. (2008); Parvizian et al. (2007))). The basic idea of FCM is to mesh the geometry under consideration in a strongly
coarser way, so that several voxels are assigned to one element. The mesh then includes the geometry under consideration as
well as parts of its surrounding. In order to integrate the system equation over these elements, sub-elements are introduced,
which make it possible to carry out the integration over elements with homogeneous material. Inspired by this procedure, MatIp
was implemented within the framework of this paper. Also in this case several voxels of the structure are combined to one
element, whereby one voxel is assigned to exactly one integration point. Instead of standard Gaussian integration points, a grid
of equidistant integration points, corresponding to the homogenous voxel size of the tomography, is applied. Accordingly, when
calculating stress and treating plasticity, separate material parameters are used at each integration point, depending on whether it
is a ferrite or martensite integration point. In contrast to FCM, it is not necessary to use sub-elements to integrate elements with
mixed material. While complex geometries with homogeneous material are coarsened in the FCM including their surrounding,
leading to a tensile strength of zero in parts of the mesh, good results are achieved with MatIp even with classical integration
in comparison to the calculation in full resolution due to the relatively small differences in tensile strength between ferrite and
martensite. Here, the order of the integration polynomials and the order of the shape functions can vary depending on the chosen
method. For identification purposes, the number of integration points and the order of the shape functions are specified. For
example q2fe1-MatIp means material definition at the integration point with linear shape function and two integration points per
spatial direction in the element. In this case, one element corresponds to eight voxels of tomography. In order not to influence
the volume fraction of martensite by unequal integration weights, equidistant integration points with constant weights were
implemented. In Fig. 5 the difference between normal meshing, FCM and MatIp is schematically shown for a two-dimensional
geometry. The shown MatIp meshing represents the entire microstructure in the FE mesh, while at the same time achieving a
straightforward reduction in the number of elements and degrees of freedom. Further details of MatIp are discussed in Scherff
(2019).
It is import to mention, that generally the FCM shows considerably good results with respect to convergence of the solution and
accuracy of the results on the microscopic level (Düster et al. (2008); Parvizian et al. (2007)), even for complicated geometries and
use cases. These advantages are, however, at the expense of complex and elaborate implementation. At this point the presented
method shows its efficiency, with a straightforward and time saving implementation, for the investigated class of applications.

4 Results and Discussion - RVE Size

4.1 Experimental Results

The hardness measurements carried out result in the distribution shown in Fig. 6. As expected, the low hardness classes HV0.05
and HV0.1 with correspondingly small hardness imprints show a very high spread of the hardness values. From HV0.2 on,
the spread drops significantly. For higher hardness classes, the spread remains at the same level. More precisely, the standard
deviation of the hardness values of initially 20% decreases to under 3% starting with the HV0.2 imprint and the spread between
maximum and minimum hardness decreases from 70% to under 9% of the mean value. Both values are within the range of
measurement accuracy. Consequently, the RVE size is within the range of a HV0.2 imprint’s zone of influence. The further
reduction of the spread from HV5 upwards is mainly due to a reduced number of imprints due to the high size of the imprints,
also see Tab. 2. A HV0.2 indentation corresponds to an imprint diameter of about dimprint = 50 μm at the present mean hardness.
However, the size of the zone of influence is not clearly defined, which prevents a clear statement on RVE size at this point.
However, the minimum distance between two hardness imprints according to the norm (Deutsches Institut für Normung (2006))
offers a clue. To ensure that the influence zones of two indentations do not overlap, this distance is three times the indentation
diameter, dnorm = 3 dimprint. The size of the influence zone therefore lies between a minimum edge length of one single imprint
diameter and a maximum edge length of three times the imprint diameter, i.e. between 50 μm and 150 μm. This assumption is
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Figure 6: Maximum, minimum and mean value with standard deviation of the hardness values for different test loads.

evaluated below and the exact value is determined.

4.2 Evaluation of the RVE size estimation

To numerically evaluate the experimental RVE estimation, a tomography was prepared of a dual-phase steel, as shown in Sect. 2.2.
Its size in each spatial direction is above the specified maximum RVE size of 150 μm edge length. The tomography is divided into
smaller blocks of the same size and tensile tests are simulated on the individual blocks. The procedure is carried out for blocks
with an edge length approximately in the range of the single, double and triple imprint diameter. The size classes thus cover the
previously estimated RVE size range. Their extent is shown in Fig. 7 in relation to a two-dimensional section of the tomography.
The edge lengths are 52 μm, 105 μm and 157 μm instead of 50 μm, 100 μm and 150 μm for reasons of efficient meshing2. Based
on the simulations, the average stress value at 5% total strain Rt5.0 is determined for each block. The spread of Rt5.0 within a size
class is then considered as a function of the block size. Fig. 8 shows a similar trend for Rt5.0 as Fig. 6 shows for the hardness.
The spread of the hardness decreases much faster at the beginning, but the overall hardness also scatters more strongly than Rt5.0.
The spread decreases from about 50 MPa for 52 μm edge length to less than 10 MPa for 157 μm edge length, which is in the range
of real macroscopic tensile tests. Fig. 8 thus proves the assumption that the RVE size corresponds approximately to three times

2Due to the underlying data structure, meshes with edge lengths of (x 2y ) elements, with x as low as possible, can be better parallelized

Figure 7: Two-dimensional representation of the three considered block sizes in comparison to the tomography.
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Figure 8: Maximum (blue), minimum (red) and mean value with standard deviation (green) of Rt5.0 for the different block sizes.
The standard deviation of macroscopic tensile tests on the investigated steel is given in black.

the diameter of the hardness imprint for which the spread becomes sufficiently low. The investigated steel therefore has an RVE
edge length of about 150 μm.

Fig. 8 shows another characteristic of the microstructure besides the validation of the RVE size estimation. The ensemble mean
of the three size classes remains at approximately the same level. As a result, the structure studied is ergodic. In the context
considered here, ergodicity means the equality of the ensemble mean of a property over a sufficiently large number of unrepre-
sentatively small sections with the mean over a representative large volume (Ostoja-Starzewski (2007)). This leads to relevant
advantages for the simulation and also for future tomographies. On the one hand, the required memory decreases significantly
with sequential simulation of several small structures instead of one large structure, on the other hand, the experimental effort
also decreases. Due to the ergodicity, it is not necessarily required to tomograph a coherent block in RVE size. A volume that
contains a sufficient number of smaller blocks may be sufficient. However, this statement cannot easily be generalized to other
microstructures. In particular for strongly heterogeneous microstructures or microstructures with very high connectivity of the
second phase, it can be assumed that this statement does not apply or does only apply to a limited extent.

The RVE was additionally estimated using the 3D structural parameters as described in Sect. 2.3. The results are presented in
Fig. 9. For small edge lengths a large spread of the 3D parameters can be seen. From approx. 80 μm edge length the spread
remains at the same level for all four 3D parameters. This implies that the size of the RVE, with respect to the geometry, is in
the range of 80 μm. The Euler density, which is a parameter for characterizing the connectivity, shows a constant profile from a
slightly lower edge length of 60 μm on. However, to be sure that the volume is representative, all parameters should be considered
at the same time. Thus the found result of the RVE-size based on 3D parameters corresponds to the RVE-size based on mechanical
properties determined above, especially considering the generally higher relative spread of the geometry parameters.

5 Results and Discussion - Data Reduction

5.1 Impact of data reduction

In this section, the results of the implemented data reduction method are presented, both in terms of the reduction of computing
time and memory usage as well as its accuracy. The load case here is always uniaxial tension in the transverse direction of the
steel. The uniaxial tension test is considered here, as it is the universal standard test used in industry in this context, in contrast
to other tests like shear, torsion or compression tests. To compare the variants of MatIp, finite elements with two, four, eight
and sixteen integration points or voxels per spatial direction are considered. The number of integration points or voxels per
spatial direction per element is referred to in the following as the reduction order. All simulations are performed with linear
shape functions. The reduction orders 4 and 8 are additionally calculated with quadratic and cubic shape functions. To evaluate
the reduction effect, a tensile test is simulated on one exemplary structural section. The section has an edge length of 52 μm or
128 vx and contains a total of 2, 097, 152 vx. During the simulation, the computing time and the memory utilization are recorded
to compare the values. The goal in each case is to reduce the computing time and the memory utilization as much as possible
without changing the result through the reduction. A full-resolution simulation with classical conforming hexahedral meshing
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Figure 9: Maximum, minimum and mean value with standard deviation of the volume density (top left), surface density (top
right), particle density (bottom left) and Euler density (bottom right) for different block sizes.

and linear shape functions serves as a reference.

Tab. 4 shows the computing time tsim, the maximum memory usage lm, the total number of degrees of freedom ndof and the
number of voxels per element nve of the different simulations. In the following, the term element order is used as an abbreviation
for the order of the element’s shape function. If the element order remains the same, the number of elements of the mesh
and the number of degrees of freedom decrease with increasing order of reduction, resulting in a reduction of the computing
time. At element order 1, the computing time decreases by a factor of 9 for the reduction order 2, for the reduction order 4
even by a factor of 34. For the reduction order 8 the computing time decreases only insignificantly, for the order 16 not at all
anymore. The reason for this is that the quality of the approximation of the displacement field by the integration function drops
considerably due to the high number of different integration points for higher reduction orders. This increases the computing
time by a higher effort of time for the solution of the equation system. Memory usage shows a similar trend. Here, the memory
load for the reduction orders 2 and 4 decreases by a factor of 7 and 12, respectively. For higher orders, the memory load even
begins to increase slightly again. There are two reasons for this. On the one hand, the amount of data stored at the integration
point remains constant, because the total number of integration points is not influenced by MatIp. Therefore, a plateau in the
memory load is to be expected with increasing reduction order. On the other hand, the type of the underlying parallelization of
the model in deal.II results in an increased memory load with high reduction orders. Each processor stores not only the data of
the elements belonging to its domain, but also the data of all elements directly adjacent to it. With the large number of elements
in full resolution or lower reduction orders, this doubling does not have much impact. In high reduction orders, however, there
are only a few elements with a high number of integration points. Thus this element doubling has a strong influence and the
memory load rises again starting from reduction order 8. A further trend that is evident, as expected, is that memory utilization
and computing time increase with increasing element order at constant reduction order. Fig. 10 shows the stress strain diagrams
for the simulations with different reduction orders compared to the simulation in full resolution. For a better comparison, Fig. 11
additionally shows the corresponding Rt5.0 values. MatIp leads, especially with a high reduction order of 8 or 16, to a certain
virtual hardening of the material. The martensite integration points influence the element stiffness more strongly than desired.
This effect is partly compensated by the additional degrees of freedom with higher order of approach, as can be seen from the
course of Rt5.0 for the different variants of MatIp with reduction order 4 and 8. A preferred variant of MatIp can be determined
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Figure 10: Stress strain diagrams for simulation in full resolution and various MatIp reduction orders.
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Table 4: Comparison of computing time, memory load, number of degrees of freedom and number of voxels per element for
MatIp with the simulation in full resolution. In the term qXfeY, X gives the reduction order and Y the order of the
element’s shape function.

tsim [min] lm [GB] ndof [−] nve [−]

full resolution 286.7 34.3 6,440,067 1

q2fe1 32.3 4.9 823,875 8

q4fe1 8.4 2.8 107,811 64
q4fe2 74.4 6.9 823,875 64
q4fe3 648.8 28.2 2,738,019 64

q8fe1 5.9 3.4 14,739 512
q8fe2 27.6 3.9 107,811 512
q8fe3 127.0 6.6 352,947 512

q16fe1 5.9 5.5 2,187 4, 096
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Figure 12: Stress strain diagram for a simulation with linear and quadratic shape functions (left) and the relative difference
between the 3D von Mises equivalent stress fields at the end of the simulation (right). For the sake of visualization,
the relative difference is limited to a range of ±5%.

by combined consideration of the mechanical behavior and the computing time. When considering the difference in the stress
level, only the reduction orders 2 and 4 show a sufficiently small deviation. When on the other hand the calculation time is
considered, the variants with a higher element order show themselves to be insufficient. This reduces the analysis to q2fe1 and
q4fe1 as reduction methods. The variant q2fe1 has a stress value closer to the simulation in full resolution, but requires about
four times the computing time of q4fe1. Since q4fe1 also generates only a small deviation of about 3%, this variant is considered
the most reasonable solution for most use-cases, as this stress difference is in the range of the spread of normal uniaxial tension
tests. However, depending on the application and the desired level of accuracy, q2fe1 can also be used effectively.

The present investigation is limited to the macroscopic level. Even if the deviations due to MatIp are small on the macroscopic
level as shown here, local deviations may occur. These can be of importance in the initiation of cracks, for example if the model
is extended to damage. For an analysis of the local deviations, see Scherff (2019) for details.

5.2 Verification

In the following, the developed data reduction method will be verified. This happens in two steps. Firstly, a simulation in full
resolution with quadratic shape functions shows that the used reference is valid. Secondly, MatIp is compared with a simulation
with a geometry conforming mesh.

In the discussions in Sect. 5.1 the result of the simulation in full resolution served as reference value. Each voxel was thus
assigned to a linear hexahedral element of the mesh. However, since linear elements tend to locking effects, a further simulation
was carried out. In this simulation, the structure was meshed with hexahedral finite elements with quadratic shape functions in
the sense of p-refinement. The aim of this is the verification of the originally used reference simulation3. The results of this
simulation are presented in Fig. 12 in comparison to the simulation with linear shape functions. When considering the stress strain
diagrams, the two simulations show no relevant difference, for example the difference in Rt5.0 is 0.7%. Only at higher elongations

3As the simulation with quadratic shape functions produces a memory load of more than 300 GB, a high performance computing server was utilized instead
of the workstation used in the rest of the work.
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Figure 13: Stress strain diagram for a simulation with MatIp-deal.II and with Abaqus.

the curves begin to drift very slightly apart. If, however, the field of stress is considered in detail instead, this statement must
be limited. Here, too, the difference between linear and quadratic shape functions is negligibly small for the majority of the
structure. Around 95% of the structure shows a difference below 5%, more than 70% even a difference below 1%. However, a
small area, especially the boundary layer between ferrite and martensite, shows relevant differences. These differences range for
a few elements up to almost 55%. Overall, these outliers have no influence on the final result in the macroscopic stress strain
diagram. In the context considered in this paper, with the stress strain diagram as target and with an elastic-plastic material model,
the simulation with linear shape functions is therefore a valid reference. Limitations must, however, be placed on that conclusion
to the extent that the differences observed in the microstructure may be of significance in future investigations. Especially when
considering damage effects, they can serve as crack initiators. But since the principal distribution of the stress maxima in linear
and quadratic calculations is still identical and only their height differs, the influence cannot yet be estimated.

As mentioned in Sect. 1, the geometry conforming meshing of microstructures is also an option. For this purpose, a section
with 96 vx edge length of the considered microstructure was meshed with tetrahedral elements using the program Simpleware
ScanIP ®, a software package for three-dimensional image processing and segmentation of tomographies. In the sense of
an efficient simulation, the 884, 736 vx of the tomography could be meshed with about 320, 000 tetrahedral elements through
structure smoothing. Since the simulation program based on deal.II used in this paper is only designed for hexahedral elements,
the geometry conforming mesh was investigated in a simulation with Simulia Abaqus FEA ®. The result is then compared
with a simulation with MatIp. Thus, in addition to comparing the types of meshing, this study also compares the developed
FE code with an established commercial FE program. The other parameters of the simulation, like material model, material
parameters and boundary conditions, were chosen in Abaqus analogous to the self-developed code implemented in deal.II. The
resulting stress-strain diagrams of the two simulations are shown in Fig. 13. The two stress strain diagrams show a very large
accordance. The only difference is a small deviation at the start of yield, otherwise both curves are approximately identically. In
addition, both simulations required approximately the same computing time per CPU core. This shows a significant secondary
advantage of the implemented FE code with MatIp compared to the commercial program Abaqus. The parallelized open source
implementation allows the use of any number of processor cores4. The license model of Abaqus also allows an arbitrarily high
level of parallelization, but in real-world use it is generally limited due to the number of licenses owned. Overall, the result of the
implemented simulation routine and meshing method can thus be verified and its advantage over commercial FEM software can
be shown.

6 Conclusion

Two important points for the efficient and realistic microstructure-based simulation of dual-phase steel were implemented in the
paper. On the one hand, a straightforward experimental method for estimating the size of the RVE was established, and, on the
other hand, MatIp was developed as a method for efficient meshing of microstructures.

A large number of hardness measurements with different test loads and thus different imprint diameters were carried out. With

4For the utilized program library deal.II linear scaling of parallelization is shown for calculations with more than 16, 000 CPU cores (Bangerth et al. (2012))
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the hypothesis that the spread of these hardness values strongly decreases for indentation diameters whose influence zone lies
in the range of the RVE size, the RVE size of the dual-phase steel under consideration with regard to the mechanical properties
could be estimated to about 150 μm for the investigated dual-phase steel. Based on this, a 3D tomography was prepared and
sections of different sizes were examined. Numerical simulations on these sections were able to prove the estimated RVE
size. Similarly, the investigation of the geometric parameters of the microstructure revealed an RVE size with respect to the
geometric parameters in the same size range. Hence, by comparing the proposed method with two other established methods
for determining the RVE size, we could confirm our assumptions, at least for the class of material under consideration in this study.

Since microstructures usually consist of millions of voxels, a method for data reduction in hexahedral meshing was developed.
By defining the material at the integration point instead of for each element as a whole, the simulation time could be reduced
by a factor of 30 and the memory load by a factor of 12 compared to the full resolution simulation. To verify the simulation,
a comparison simulation with p-refinement and a simulation of a geometry conforming mesh of the structure were performed.
Both showed a high agreement to the simulation with MatIp.

The RVE size estimation now makes it possible to determine the appropriate size of a tomography before it is produced, thus
simplifying the manufacturing process. A microstructure determined in this way can then be meshed by MatIp and used for the
realistic and very efficient simulation of dual-phase steel on the basis of its microstructure. Further investigations on the suitability
of the implemented simulation process and MatIp in consideration of damage effects will have to be carried out in the future.
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Abstract: In this paper, an eigenvalue problem is considered, i.e., the free vibration of photovoltaic (PV) modules. This structure
was selected for its peculiar layer contrast, which forms an anti-sandwich. The aim was to present an analytical procedure
for obtaining the natural frequencies of the PV modules over a range of temperatures. To this end, the layered structure was
homogenised into an equivalent single layer for which a closed-form solution is presented using the shear-rigid plate theory.
Moreover, the finite element method was applied to simulate the behaviour of the discrete layers in terms of mesh sensitivity.
By examining the findings and some benchmark values, it was found that the analytical procedure could provide a range for the
results. More specifically, the Reuss-Voigt range covers the possible values for the natural frequencies in the examined temperature
range. Moreover, the analytical method can predict the natural frequencies with a good accurracy in the temperature range of
−40 to 15◦C. In contrast, the computational analysis seemed to provide very good results in return for a modest computational
effort. In conclusion, the provided analytical procedure could quickly determine the natural frequecies with a good accuracy in
the mentioned range.

Keywords: composite structure, homogenisation, plate theory, finite element method

1 Introduction

Overview. Composite structures, due to their high specific properties, are used in various applications in which the vibration
of components is inevitable. Of our interest is the so-called anti-sandwich panels, which can be categorised under laminated
composites. An anti-sandwich consists of two stiff skin layers and a soft core layer (Aßmus, 2019; Javanbakht et al., 2019). This
typical structure is used in manufacturing photovoltaic (PV) modules (Aßmus et al., 2016).

Dynamic analysis. The dynamic performance of structures is measured by studying their vibrational behaviour. The inherent
dynamic property of a structure reveals itself under initial excitation (free vibration). The behaviour of the system in this
state depends on the natural frequencies of the system, which is obtained from a modal analysis. This information is used to
investigate more complex responses, e.g., forced excitation (cyclic/harmonic loads) or transient analysis (damped system under
impact) (Meirovitch, 2001).

Damage control/detection. The results of the dynamic analyses can be used in either damage control or damage detection in
PV modules. In the former case, the information is used for fine-tuning the geometric and material parameters during the design
process in order to restrict the dynamic response. In the latter context, studying the dynamic behaviour could reveal the extent of
damage in the PV modules. For instance, the resonance ultrasonic vibrations method is used as a non-destructive test to detect
microcracks (Dallas et al., 2007). In terms of damage control, both structural and functional failure modes are possible, and thus
are required to be covered in the investigations.

Structural failure. Structural damage could happen under either static or dynamic loading. Photovoltaic modules experience
most of the static loads during operation; a general solution for arbitrary loading condition is presented in (Aßmus et al., 2017a).
More broadly, the dynamic response of the PV modules becomes significant under both pre-operating conditions (transportation-
induced vibrations during shipping (Reil et al., 2010) or during installation) and under service (vortex shedding from wind
impact (Aßmus and Köhl, 2012)); experimental studies have shown that resonance could occur in such conditions (Aßmus et al.,
2011) and cause failure in the module.

Functional failure. Dynamic loads could damage the functionality of the electrical components in PV modules, e.g., broken
interconnect ribbons, solar cell fracture or solder bond failure are possible, see (Ferrara and Philipp, 2012; Köntges et al., 2014;
Wohlgemuth, 2020) for various failure modes of this type. It seems that dynamic loads cause more functional damage than
? E-mail address: zia.javanbakht@gmail.com doi: 10.24352/UB.OVGU-2020-025 2020 | All rights reserved.
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structural. For instance, a higher failure rate of the electrical circuits was reported under dynamic loads due to the loss of solder
contact (Koch et al., 2010).

Design requirements. The dynamic response of PV modules should be improved to alleviate any harmful stimuli. This is
done by some design alterations, which could provide some additional protection against vibration. For example, it was shown
that using silicone encapsulants, instead of ethylene vinyl acetate (EVA) copolymer, could better protect the solar cells under
dynamic loads (Mickiewicz et al., 2011). Therefore, standardised approaches are emerging in the literature to address the design
requirements.

Current standardised approach. The International Electrotechnical Commission (IEC) imposes the minimum design require-
ments on the PV modules that are manufactured in Europe—the UK implementation of these are published in British Standards.
The British code for terrestrial PV modules—BS EN 61215-1-2:2017 (equivalent to IEC 61215) (British Standards, 2017a)
and BS EN 61215-2-2017 (British Standards, 2017b) for crystalline silicon modules, and BS-EN-61646:2008 (equivalent to
IEC 61646) (British Standards, 2008) for thin-film modules—only demand a static load testing (uniform load) and a hail test
(spherical ice ball impact) as minimum design qualifications. Nevertheless, more attention was directed towards the dynamic
properties of the PV modules and their regularisation in the recent years. For example, the transportation testing procedure of
IEC 62759:2015 (British Standards, 2015) demands a dynamic loading test according to IEC 62782:2016 (British Standards,
2016) along with humidity freeze and thermal cycling. As the first step, the regulated design requirements are indispensable.
However, the behaviour of PV modules should be further understood—especially under unconventional circumstances. To this
end, a combination of analytical, numerical, and experimental methods are used.

Experimental efforts. In terms of physical experiments, natural frequencies are obtained under various conditions. An outdoor
setup was used in (Weiss et al., 2009) where the deflection of a panel was monitored under wind excitation. Fundamental frequency
of 9 and 12 Hz was obtained by means of Fourier Transformation. Moreover, an indoor acoustic test resulted in the range of
14.6–24.6 Hz for the natural frequencies of various PV modules including the outdoor test sample. It seemed that the acoustic
test provided more consistent results. A similar attempt was made in (Aßmus et al., 2011) where by combining experiments
and finite element (FE) simulations, a range of 14.7–27.2 was reported for the fundamental frequency of various PV modules.
In (Pingel et al., 2009), the shaking table test was used to simulate the vibrations during transportation (5–500 Hz); it resulted in
a resonance frequency in the range of 1–15 Hz. It was also shown that reducing the wafer thickness would increase the failure
rate of the PV modules under dynamic loads. In (Kilikeviciene et al., 2019), it was experimentally shown that the impact of hail
could cause microcracking in PV modules and render them ineffective in terms of power generation. An experimental setup for
harsh weather conditions was introduced in (Visniakov et al., 2015), which considered induced frequencies up to 40 Hz; it was
found that the low frequency loads, which represent windy conditions, could cause damage to the crystalline structure of the PV
cells and reduce the performance of the modules. Therein, a fundamental frequency of 7.2 Hz was obtained experimentally while
the FE simulation resulted in 6.69 Hz. In (Kilikevicius et al., 2016), a similar setup was use to carry out an operational modal
analysis, which resulted in a fundamental frequency of about 16 Hz. In this study, it was again affirmed that low-frequency studies
could be used to simulate the excitations due to various wind speeds. Moreover, the damping characteristics of the PV modules
were considered in the experiments. It is worth mentioning that the variation in the geometry and material property of the PV
modules as well as the environmental parameters has resulted in a rather wide range of reported frequencies in the literature.

Computational efforts. The experimental efforts are valuable and necessary but they cannot cover all the possible cases;
moreover, they are expensive and time-consuming. Computational methods could, at least partially, reduce such costs—especially
when combined with analytical methods. For instance, FE analyses were carried out to obtain the mechanical/thermo-mechanical
response (Dietrich et al., 2010; Aßmus et al., 2011; Sander et al., 2013; Beinert et al., 2019) of PV modules. The free vibration
of PV modules was simulated using the FE method in (Dallas et al., 2007; Visniakov et al., 2015; Kilikevicius et al., 2016).
A multi-scale FE analysis was carried out to study the distribution and orientation of microcracking in PV modules. In this
study, both of the functional and structural damage of PV modules were considered in coupled elastic-electric analyses. More
specialised approaches, such as the extended Layer-Wise Theory (XLWT) (Naumenko and Eremeyev, 2014), are used as the basis
of more computationally effective analyses, see (Aßmus et al., 2017b,c).

Aim. All the aforementioned efforts were ideally seeking a balanced approach between complexity and computational cost.
Most of the studies were focused on the static loading conditions and the majority of dynamic studies were limited to experimental
setups. Herein, the aim is to provide a simple approximation method for the fundamental natural frequency of the PV modules.
To this end, an analytical formulation of the homogenised structure is set up and solved. It is hypothesised that the high contrast of
material properties might affect the accuracy of the results. Moreover, a computational prototype was developed to complement
the study. The current work is restricted to glass-encapsulant-glass structures with structural symmetry in the thickness direction.
However, it can be extended to other anti-sandwich structures.

Outline In the following sections, the homogenisation procedure of the PV modules is elaborated. Then, the shear-rigid plate
theory is revisited to obtain the closed-form solution for the eigenvalue problem of PV modules. Finally, a computational prototype
is analysed in terms of sensitivity of the results to mesh density and temperature change. Then, the results are benchmarked
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Fig. 1: Abstraction of the geometry and the resulting dimensions for a PV module

against some reported values from the literature and discussed. The final section concludes the findings and suggests some
research pathways.

2 Homogenisation of Photovoltaic Modules

2.1 Simplifying the Physical Structure

Geometry. The physical structure of a silicon PV module is illustrated in Fig. 1. Solar cells are embedded in a polymeric
core layer, which is covered by front and back skin layers. The contribution of the embedded metallic solar cells to the overall
bending and membrane stiffnesses of the laminate can be neglected (Naumenko and Eremeyev, 2014). Thus, a symmetrical
anti-sandwich laminate can adequately represent the mechanical behaviour of a PV module. The dimensions of the PV module
is L1 × L2 × h where the overall thickness h is the sum of the thickness of the front (hf), back (hb), and core (hc) layers. In this
study, a symmetrical structure is assumed for the PV module whose dimensions are listed in Tab. 1. The front or back layer in a
symmetrical photovoltaic module is addressed as a skin layer, e.g., the hs represents the thickness of the skin (hs = hf = hb).

Boundary Conditions. In Fig. 2, the cross-section of a PV module is illustrated. The embedding (often aluminium) frame
holds the laminate by a soft sealant. This fixture allows for small rotations, and thus a moment-free constraint can represent this
arrangement. Mathematically, this is equivalent to a plate that is simply-supported along the edges:

∀X1 ∈ [0, L1] :

{
w(X1, 0) = w(X1, L2) = 0

M2(X1, 0) = M2(X1, L2) = 0
, (1a)

∀X2 ∈ [0, L2] :

{
w(0, X2) = w(L1, X2) = 0

M1(0, X2) = M1(L1, X2) = 0
, (1b)

where w is the deflection (displacement along X3-axis) of the plate midplane; M1 and M2 are the bending moments acting on the
planes with normals X1 and X2, respectively.

Tab. 1: Geometric parameters

Layer(s) L1 [mm] L2 [mm] hk [mm]

Skin 1620 810 3.2
Core 1620 810 1.0
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Fig. 2: Cross section view of typical bedding of a PV laminate in a frame and mechanical analogue

2.2 Material Properties

The skin layers of PV modules (front/back layers) are made of glass while the core layer is the EVA polymer, see Tab. 2. The
outer layers are denser than the core layer ρs/ρc ≈ 2.69 but more importantly, a high contrast of order about Es/Ec ≈ 104 is observed
for their elastic moduli. The Poisson’s ratios νs/νc ≈ 0.73 denotes similar values for the skin and core layers.
BS standards for both crystalline and thin-film modules (British Standards, 2017b, 2008) require thermal cycling from −40 to
85◦C for no more than 6 hours. The module temperatures can vary in natural weathering between −20◦C (alpine) and +60◦C
(desert), which is well covered the mentioned range. While the material properties of the skin layers (glass) and the solar cells
(polycrystalline silicon) can be deemed temperature-independent, the thermal sensitivity of the polymeric encapsulant cannot be
ignored, see (Aßmus et al., 2016).
In the current study, the Poisson’s ratio and mass density of the EVA were assumed to be temperature-independent and the
respective room temperature properties were used, see Tab. 2. In contrast, the elastic modulus of the EVA is specified as a
function of temperature. Using the discrete data that is provided in Tab. 3, the following piecewise linear interpolations were
obtained for the elastic modulus of the core layer:

Ec(θ) =

{
−16.05θ + 377.046 for −40 ≤ θ ≤ 23
−0.12974θ + 10.8778 for 23 ≤ θ ≤ 80

, (2)

where θ is the ambient temperature and Ec(θ) returns the elastic modulus of the core in N/mm2, see Fig. 3. It is worth mentioning
that increasing the temperature from −40 to +80◦C reduces the elastic modulus to 0.05% of its initial value. This reduction
happens in a very high rate up to +23◦C but after this point, continues with less intensity. Moreover by increasing the temperature,
the Ec/Es ratio approaches zero, and thus the elastic modulus contrast is magnified. For instance, at the highest temperature, the
elastic modulus of the skin becomes about 1.4 ∙ 105 times that of the core layer.

2.3 Voigt and Reuss Bounds

The Voigt (Voigt, 1910) and Reuss (Reuss, 1929) bounds are the results of iso-strain and iso-stress assumptions, respectively. It
is assumed that various phases of the material undergo the same strain in the former case whereas in the latter case, every phase
experiences the same stress, see Fig. 4. In order to simplify the problem, working with a homogeneous medium is preferred.
The properties of such smeared continuum is based on its constituents, which are the layers of the PV modules in the current
context. The so-called rule of mixture and the inverse rule of mixture (Javanbakht et al., 2020a,b) could be used to obtain various
homogenised properties:

�V =

n∑

i=1

ζ (i)�(i), (3a)

�R =

[
n∑

i=1

ζ (i)

�(i)

]−1

, (3b)

Tab. 2: Room-temperature material properties

Layer(s) Material Ek [N/mm2] νk [−] ρk [kg/m3]

Skin Glass 73 ∙ 103 0.30 2500

Core EVA 7.90 0.41 930
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Tab. 3: Temperature-dependent material parameters of the EVA encapsulant; adapted from (Eitner, 2011)

θ [◦C] −40 +23 +80

Ec [N/mm2] 1019.04 7.90 0.52
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Fig. 3: Temperature-dependent properties: (a) elastic modulus of the core, and (b) core to skin relative elastic modulus

with � ∈ {E, ν, ρ} denotes the material property of interest, and the (�V) and (�R) subscripts denote the pertaining Voigt and
Reuss bounds, respectively; n is the number of phases in the material, ζ (i) is the volume fraction of the phase, and �(i) is the
material property of the i-th phase.
The Voigt and Reuss bounds respectively represent the upper and lower bounds for the homogenised material properties. In
terms of PV modules, these bounds correspond to the direction along the layers (Voigt bound) and the direction perpendicular
to the layers (Reuss bound), see Fig. 4. Thus, the homogenisation process replaces the layered structure of the PV modules by
an anisotropic homogenised medium. In the following section, the homogenised material properties (elastic modulus, Poisson’s
ratio, and mass density) are expressed in terms of the layer thicknesses of the PV module.

front/back layer
core layer

Voigt model
(Y = const)

Reuss model
(f = const)

Fig. 4: Underlying assumptions of bounds used for homogenization of photovoltaic composite structure

3 Eigenfrequency Analysis

3.1 Shear-rigid Plate Theory for a Homogenised Medium

Assumptions. In the foregoing section, the effective mechanical properties of a layered structure is obtained as a single
equivalent layer. Thereby, instead of any advanced layer-wise theories (Aßmus et al., 2017c; Aßmus, 2019), any single-layer
plate theory could be used for determining the natural frequencies. The selection of an appropriate plate theory poses two main
considerations:

1. Slenderness hypothesis (with regards to shear rigidity), which decides between a shear-rigid or shear-deformable theories.
The thinness of a structural element can be quantitatively measured by defining the slenderness (s) of a body (see Fig. 8):

s :=
h

Lmin
with Lmin := min{L1, L2} and h :=

∑
hk, (4)
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which for a shear-rigid theory, is limited to s < 0.1 (Altenbach, 2008) or more restrictive values such as s < 0.05 (Ugural,
2010). Taking into account the geometric data from Tab. 1, s ≈ 9.25 ∙ 10−3 results, which underlines the assumption.

2. Geometrical linearity or nonlinearity of the problem; in the former case, the nonlinear geometrical terms are neglected, and
thus a zero strain is imposed at the mid-surface (Ugural, 2010). In engineering practice, geometrical linearity is ensured by
imposing a limit on the maximum deflection, e.g., deflections smaller than the empirical values of wmax < 0.5H (Birman,
2011) or wmax < 0.2H (Altenbach, 2008). However, a limitation (much smaller than 10◦) must be applied to the rotations
too (Reddy, 2006), i.e., for a complete linear geometry, small strain and small rotations must be guaranteed.

Considering the thinness of the PV modules and restricting the study to first order deformations, the Kirchhoff-Love plate theory
is deemed reasonable. By adopting the engineering approach (as opposed to the direct approach) towards the formulation of such
thin walled structures, all considerations are reduced to a reference surface, i.e., the mid-surface. Namely, the assumption of
plane stress state degenerates the 3D continuum to a 2D counterpart. In this regard, Kirchhoff-Love hypotheses (Kirchhoff, 1850;
Reddy, 2006) are adopted, which assume that the transverse normals

• remain straight after deformation,

• are rigid, and

• remain perpendicular to the mid-surface after deformation.

Herein, the following additional assumptions are made:

• geometrical linearity:

◦ infinitesimal cross section rotations, and
◦ infinitesimal strains;

• physical linearity: material behaviour is linear elastic;
• material homogeneity: all material points have the same physical properties; and
• material isotropy: there is no preferred direction for physical properties.

Formulation. Considering the aforementioned simplifications, the eigenvalue problem of an isotropic plate is restated for a
homogenised medium. In the course of this procedure, an overbar (�) denotes the respective effective material property, i.e., it
can be either Voigt (�V) or Reuss (�R) homogenised values. The governing partial differential equation of thin plates in canonical
form is

KΔΔw(X1, X2, t) + ρh Üw(X1, X2, t) = 0 with K =
Eh3

12
(
1 − ν2

) , (5)

where K is the flexural rigidity of the homogenised plate, w is the deflection of the plate midplane, t is time, and (Δ := ∇ ∙∇) is the
Laplace operator. First, the Bernoulli approach is used to multiplicatively separate the temporal (T) and spatial (W) components:

w(X1, X2, t) = W(X1, X2)T(t), (6)

which must satisfy Eq. (5), and thus

ΔΔW(X1, X2) − λ
4W(X1, X2) = 0, with λ4 :=

ρhω2

K
, (7a)

ÜT(t) + ω2T(t) = 0, (7b)

where ω is the angular frequency of the vibration. Consequently, the oscillation equation takes the following form:

KΔΔW(X1, X2)
ρhW(X1, X2)

= −
ÜT(t)
T(t)

= ω2. (8)

The time dependency can be represented by the harmonic ansatz T = Asin(ωt +α) where α is a constant denoting the phase shift.
Consequently, the temporal component of Eq. (6) is obtained:

w(X1, X2, t) = W(X1, X2) sin(ωt + α). (9)

The spatial component is the solution of the classic Navier problem (a simply supported plate at all edges under a distributed
load), i.e, a double Fourier series:

W(X1, X2) =
M∑

m=1

N∑

n=1

Wmn sin

(
mπ
L1

)

X1 sin

(
nπ
L2

)

X2, (10)

where Wmn is the amplitude of the eigenmode shape mnwhose magnitude can be scaled arbitrarily; moreover, m and n are the
number of mode shape half-waves along the X1 and X2 axes, respectively. Finally, substituting this solution into Eq. (7a) results
in

fmn =
π

2

(
m2

L2
1

+
n2

L2
2

) √
K
ρh
, ∀ m, n = {1, 2, 3, . . . }, (11)
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Fig. 5: Convergence study of linear and quadratic elements for two temperature extremes: (a) in-plane mesh sensitivity, and (b)
through-thickness mesh sensitivity.

where fmn is the natural frequency of the mode with m× n half-waves. Note that the angular frequency is related to its linear
counterpart ( f ) via ω = 2π f .

In order to compare the results of the closed-form ( fmn, ∀m, n ∈ {1, 2, 3}) and the computational solution ( fi, ∀ i ∈ {1, . . . , 9}),
the pseudo index r is defined as

r :=






m∙n
m + (m− 1) if m= 1
m∙n
m + (m+ 1) if m= 2
m∙n
m + (m+ 3) if m= 3

, ∀ n ∈ {1, 2, 3}. (12)

The transformation into a sorted sequence fi follows the fi : fr < f(r+1) convention.

3.2 Computational Model

A 3D FE model was prototyped using the MSC MARC/MENTAT commercial FE package (Javanbakht and Öchsner, 2017, 2018).
A python script was used to populate the models for the convergence and parametric studies. The former provides a nominated
model that is used to obtain the natural frequencies in the Results section. Note that the same geometrical parameters and material
properties in Tables 1–3 were used. Moreover, the real geometry of the boundary, i.e., the frame, and the solar cells were not
considered in the computational models, see Figs. 1 and 2. However, solid elements were used to represent each layer discretely.

Convergence study. In order to remove the sensitivity of the results to the size of elements, the convergence of the fundamental
frequency was studies. Since 3D elements were used in the FE prototype, discretisation of the elements in the X1-X2 plane
(planar), and then along the X3 axis (through-thickness) was considered. To this end, the planar element mesh density (γ) is
defined as (Javanbakht et al., 2017a,b)

γ :=
1
`
, (13)

where ` is the length of the square element in the x-y plane. Linear (8-node isoparametric) and quadratic (20-node isoparametric)
elements were nominated for the analyses. The planar refinement of mesh was carried out uniformly over several mesh densities
(γ = 1 − 58.82) while no element subdivisions were carried out in the thickness direction. As depicted in Fig. 5a, the quadratic
elements outperformed their linear counterparts and realised a quick convergence for mesh densities above 10. It was found
that the linear elements required a higher mesh density to obtain an adequate h-type convergence. In this particular application,
quadratic elements seemed to obtain a p-type convergence (Hellen and Becker, 2013) by moderate mesh densities. Moreover, the
convergence rate seemed to be almost insensitive to the material contrast at different temperature extremes. In this step, the mesh
density of 52.63 1/m was selected to study the sensitivity of the quadratic elements in the thickness direction.
In the thickness direction, mesh densities (γ = 200−2500) were considered over which no considerable sensitivity was observed,
see Fig. 5b. Finally, the planar mesh density of 52.63 1/m and the through-thickness mesh density of 1250 1/m was selected to
carry out the parametric study.
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Fig. 6: Bounds of the elastic modulus of the composite behaviour at various temperatures: (a) Voigt bound, (b) Reuss bound, and
(c) Voigt-Reuss difference.

4 Results and Discussion

4.1 Homogenisation

The bounds for a layered PV module are obtained using the Eqs. (3a) and (3b). Namely for a unit area of a PV module, the
volumes of various layers are taken to calculate the volume fractions of skin and core layers. Consequently, the elastic moduli are
obtained as follows:

EV(θ) = 1/h [2hsEs + hcEc(θ)] , (14a)

ER(θ) =
hEc(θ)Es

2hsEc(θ) + hcEs
. (14b)

The graphical representation of these equations is presented in Fig. 6. It can be seen that as a result of the homogenisation process,
the material properties along the principal directions are quite different. The degree of anisotropy for the elastic modulus could be
simply represented by the ΔE = EV − ER difference (Aßmus et al., 2020). By increasing the temperature from −40 to +23◦C, the
bandwidth increases from 5.635 ∙ 104 to 6.307 ∙ 104 N/mm2 and remains about the same value by further increasing the temperature,
see Fig. 6c. Namely, at lower temperatures, the smaller bandwidth for elastic modulus indicates a better approximation for its
range of possible values. However, from about the room temperature upwards there is only a slight increase in the bandwidth.
In terms of temperature-independent properties, the Voigt and Reuss bounds for Poisson’s ratio are

νV = 1/h [2hsνs + hcνc] = 0.3149, (15a)

νR =
hνcνs

2hsνc + hcνs
= 0.3113, (15b)

for which the parameters of Tab. 2 were used. The bandwidth of the Poisson’s ratio estimates is 3.6 ∙ 10−3, which indicates a very
good approximation. Similarly, the Voigt and Reuss bounds for effective mass density are obtained:

ρV = 1/h [2hsρs + hcρc] = 2287.83 kg/m3, (16a)

ρR =
hρcρs

2hsρc + hcρs
= 2035.61 kg/m3. (16b)

The bandwidth of the mass density is 252.22 kg/m3, which indicates a reasonable approximation.

4.2 Natural Frequencies and Mode Shapes

Mode shapes. The first nine mode shapes of the smeared composite is illustrated in Fig. 7a and the respective room-temperature
computational results are depicted in Fig. 7b. It is evident that the proposed analytical procedure results in the same mode
shapes as the computational model. In the FE model, the layers of PV module were modelled discretely and compared to
the analytical procedure, the numerical effort does not seem to have any apparent advantages in detecting the mode shapes.
Additionally, the Lanczos algorithm was used for the numerical solution of the eigenvalue problem, which is prone to produce
spurious eigenvalues (Cullum and Willoughby, 2002). Thus, the analytical solution seems to be a better alternative in this sense.
Nevertheless, the visual comparison of the mode shapes serves as a preliminary validation for both methods.

Natural frequencies. The Kirchhoff-Love plate theory for the homogenised medium was used to obtain the natural frequencies
of the PV modules, see Tab. 4. Moreover, following a discrete modelling of the layers, the computational results are also presented
in the same table. The obtained natural frequencies from both methods are related to their counterpart by Eq. (12). In order to
develop a better understanding, two temperature extremes of −40◦C and 80◦C were considered along with the conventional room
temperature of 23◦C. All the values of the Voigt homogenisation demonstrated a negligible change at various temperatures. On
the contrary, the Reuss bound showed a decrease by almost two orders of magnitude at all temperatures. This behaviour can be
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Fig. 7: Nine mode shapes of the photovoltaic module: (a) results of analytical solution, and (b) results of the computational
solution at room temperature

attributed to the high contrast of mechanical properties, see Fig. 6c. Meanwhile, the computational results showed a decrease in
the natural frequencies as the temperature increased up to +23◦C where higher modes seemed to suffer a sharper decrease. Further
increase in temperature resulted in additional decrease in the natural frequency, which became milder at higher frequencies. It
can be concluded that while the Voigt bound seems to be insensitive to the material properties, the Reuss bound strongly reacts
to the change of properties. The FE results followed the Voigt bound up to +15◦C after which declined towards the Reuss bound.
This behaviour can be attributed to the increase of the material contrast at higher temperatures.

Fundamental frequency. In Fig. 8, the results of the analytical solution and the computational model are illustrated for the
fundamental frequency. As stated earlier, the Voigt bound seems to be insensitive to material contrast whereas the Reuss bound is
more sensitive in that sense. The Voigt and Reuss bounds mark a wide range for the possible results. Namely, the computational
results of the current study are in good agreement within the Reuss-Voigt range. More specifically, for the temperatures below
23◦C, the Voigt bound matches the numerical results. By increasing the temperature, the computational results deviate from the
Voigt bound. Nevertheless, the analytical bounds confirm that the results are within the acceptable range.
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Fig. 8: Fundamental frequency results and the analytical bounds.

5 Final Remarks

Conclusion. The aim of the current study was to obtain a fast solution for the natural frequencies of PV modules. Although the
analytical solution was not able to pinpoint the exact values of the fundamental frequencies over the whole temperature range,
it provided a very good solution for the temperature range of −40 to 15◦C. More specifically, the Voigt-Reuss range seemed to
contain both experimental and computational results. In contrast, the provided computational model was able to provide more
accurate results while demanding a sensible computational cost. The FE models were also able to mildly capture the effect of
material contrast as a result of temperature change. The fundamental frequency of the examined PV module ranged between
17.66–37.41 Hz by decreasing the temperature. The value of 28.77 Hz was obtained for the room temperature fundamental
frequency.
As many experimental efforts provide ranges for the natural frequencies rather than exact points, the introduced analytical method
could be used to obtain a valid range for the results. On the other hand, if the computational procedure is preferred, the mesh
sensitivity study recommends the use of quadratic elements and discrete modelling of the layers in order to alleviate the issue of
high material property contrast.

Contributions. The major contributions of the current work can be listed as follows:

1. A new analytical procedure was suggested to obtain a range for the fundamental natural frequencies of PV modules or

Tab. 4: Obtained natural frequencies from the analytical solution combined with the Voigt ( f V), and Reuss ( f R) homogenisation
schemes versus the results of the computational modelling ( f C)

Homogenisation
scheme

Mode (mn)

11 21 31 12 22 32 13 23 33

Analytical results

f V
mn(−40◦C) [Hz] 37.55 60.08 97.64 127.68 150.21 187.76 277.89 300.42 337.97

f V
mn(+23◦C) [Hz] 37.46 59.94 97.41 127.38 149.86 187.32 277.24 299.72 337.18

f V
mn(+80◦C) [Hz] 37.46 59.94 97.41 127.38 149.86 187.32 277.24 299.72 337.18

f R
mn(−40◦C) [Hz] 12.41 19.85 32.25 42.18 49.62 62.028 91.80 99.25 111.65

f R
mn(+23◦C) [Hz] 1.14 1.82 2.96 3.88 4.56 5.69 8.43 9.11 10.26

f R
mn(+80◦C) [Hz] 0.29 0.47 0.76 0.99 1.17 1.46 2.16 2.34 2.63

Computational results

f C
mn(−40◦C) [Hz] 37.41 59.49 96.58 126.97 148.38 184.34 273.67 294.45 329.34

f C
mn(+23◦C) [Hz] 28.77 42.12 62.77 78.46 88.81 106.07 146.88 156.37 172.37

f C
mn(+80◦C) [Hz] 17.66 26.93 42.26 54.52 63.65 78.87 115.60 124.70 139.89
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possibly other anti-sandwich panels.

2. A clear computational procedure was described that can handle the high material contrast issue and produce more accurate
results.

3. An analytical approximation was provided for the fundamental frequency of the PV modules in the temperature range of
−40 to 15◦C.

Outlook. The current study can be extended by conducting a parametric study to cover various sizes of commercial PV modules;
considering the damping characteristics of the structure by considering the enclosing frame in the computational procedure or
introducing a damping coefficient in the analytical procedure. Temperature-controlled experiments would also be beneficial for
the validation of the extreme behaviours.
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