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Abstract. Electro Impulse De-Icing is an alternative de-icing concept which operates
based on electro-mechanical impulses. These impulses can be modeled by coupled tran-
sient electro-mechanical simulations using the finite element method, whereas the process
of ice shedding can be simulated with a simple interfacial shear stress criterion. In this
paper, the time-consuming coupled analysis is replaced by a structural simulation where
the magnetic forces are approximated by comparison with the coupled results. Although
the adhesive de-icing criterion serves to represent the de-icing process very well, it lacks
the modeling of a realistic dynamic response of the structure. Therefore, the simula-
tion is extended by a cohesive zone model in order to take into account multiple radially
propagating cracks that occur in combination with ice shedding. Numerical studies are
performed for an ice-covered aluminium plate and validated by experimental results. The
influence of cohesive crack growth and adhesive debonding on the structural response and
de-icing behavior is investigated.

1 INTRODUCTION

Electro Impulse De-Icing (EIDI) is an alternative de-icing concept which serves to
remove the accreted ice on a structure by electro-mechanical impulses. Induction coils
which are placed underneath the structure within a gap of a few millimeters are fed with
short and high impulse currents. The resulting time-dependent magnetic fields cause the
structure to oscillate, which can shed off the ice.
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During Electro Impulse De-Icing cracks inside the ice layer as well as debonding of the
ice layer from the structure can be observed. Figure 1 shows these two phenomena after
the first electro-mechanical impulse applied to a plate with an ice layer.

Figure 1: Ice cracking and shedding after Electro Impulse De-Icing of a plate [1]

A common method to predict fracture processes is the cohesive zone model (CZM)
which can be used in combination with the finite element method (FEM) [2, 3, 4]. The
cohesive crack path is restricted to finite element boundaries, but apart from that, loca-
tion and path are arbitrary. In addition, no initial crack is necessary in order to predict
the onset and propagation of a crack and multiple branching cracks are possible. The im-
plementation is relatively simple and requires only two model parameters [2, 5]. However,
it has to be mentioned that the CZM also has some limitations like its mesh dependency
[5].

The cohesive zone model has also been applied to ice mechanics, especially the in-
teraction of sea ice and structures is of great interest [5, 6, 7]. However, in the field of
aviation, to the authors’ knowledge, no approach has been made yet to model aircraft
de-icing with CZM. Apart from the fracture-mechanical approaches the de-icing behavior
can also be defined by an interfacial shear stress criterion as proposed by Labeas et al. [8].
They modeled the Electro Impulse De-Icing process of an aluminium plate and verified
the results by experimental tests. Möhle et al. [1, 9, 10, 11] developed a coupled transient
FE model based on a similar adhesive de-icing criterion to successfully predict the Electro
Impulse De-Icing process. Like Labeas et al. they also performed simulations with alu-
minium plates which they validated by experiments with ice-free plates. A similar failure
criterion has been used by Strobl et al. [12] who studied the thermal and mechanical
de-icing of a hybrid ice protection system.

In this paper, a numerical model is presented to study the Electro Impulse De-Icing
of aluminium plates. The cracks inside the ice layer are modeled with cohesive zones,
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whereas the debonding of ice from the structure is simulated based on an interfacial shear
stress criterion. Different ice debonding criteria are compared and the influence of the two
failure criteria, cohesive crack growth and adhesive debonding, on the structural response
and the de-icing behavior is studied. Moreover, the numerical results are compared to
experimental ones. Finally, the numerical de-icing progress is investigated in detail.

2 FUNDAMENTALS AND METHODS

In the following sections the cohesive zone model and the shear stress criterion used in
this paper are presented.

2.1 Cohesive zone model

The cohesive zone model (CZM) is described by a traction-separation law, also known
as cohesive law, which defines the bearable loading of a material as a function of its
separation. It can be used for both normal (mode I) and tangential (mode II) separation
behavior as well as mixed-mode loading cases. The basic idea of the CZM is illustrated
in Figure 2a for a mode I loading case. The process zone is replaced by a fictitious crack
on which a cohesive stress is acting. This stress prevents the crack from opening and is
defined by the cohesive law. Due to the fact that the stress is limited, any unrealistic
numerical stress singularity at the crack tip is avoided [2].

The relationship between the cohesive stress σ and the cohesive crack separation δ
can be described by different types of cohesive laws. A simple approach is the bilinear
law depicted in Figure 2b. At the beginning the crack tip is extended elastically up to
a critical cohesive stress, the cohesive strength σc, which is reached at a critical cohesive
separation δc. After this point, failure proceeds irreversibly and the crack separation
grows under decreasing cohesive stress until the maximum separation δmax is reached. If
the crack is unloaded during this failure process, the current damage state is preserved
and the cohesive stress descends linearly to zero as the crack closes. The corresponding

top node

(a) Model and discretization based on [3] (b) Bilinear cohesive law based
on [4]

Figure 2: Cohesive Zone Model (CZM)

3

537



H. Sommerwerk and P. Horst

area under the graph of the traction-separation law yields the energy release rate GI ,
whereas the complete area under the graph denotes to the critical energy release rate
GIc =

1
2
σcδmax for complete failure. The same law can be used for mode II behavior and

the parameters are the cohesive shear stress τc, the critical tangential cohesive separation
γc, the maximum tangential cohesive separation γmax, and the critical energy release rate
GIIc.

In case of purely brittle materials no separation occurs until the critical cohesive
strength is reached (δc = 0) which requires the use of a contact algorithm. In order
to implement the CZM into a finite element code, the initial slope of the bilinear cohesive
law is mostly chosen very high but finite [2].

2.2 De-icing criterion

For modeling the debonding of ice from the structure a de-icing criterion is used which
is based on the shear stress in the ice-structure interface. The first criterion used in this
paper is the one employed by Möhle et al. [1, 10, 11], in the following called maximum
shear stress criterion:

(
τxz,mean

τcrit

)2

≥ 1 and

(
τyz,mean

τcrit

)2

≥ 1. (1)

In this equation τmean denotes the average shear stress in the corresponding element and
τcrit the critical shear stress in the interface.

Furthermore, a criterion will be used which combines the two failure cases, in the
following called quadratic shear stress criterion:

√
τ 2xz,mean + τ 2yz,mean

τcrit
≥ 1. (2)

3 MODEL DESCRIPTION

The model investigated in this paper consists of an aluminium plate with dimensions
of 500mm x 500mm and a thickness of 3mm. The plate is partly covered by a 300mm
x 300mm ice layer of 4mm thickness as depicted in Figure 3. All four edges of the plate
are clamped and a force distribution Fz(x,y,t) depending on location and time is applied
to the inner region of the plate in out-of-plane direction. The loading corresponds to
the magnetic force impulse which is induced inside the structure by the Electro Impulse
De-Icing system. The force function is approximated by comparison with coupled electro-
mechanical simulations conducted on the same model by Möhle et al. [9, 10, 11].

Due to symmetry, only a quarter of the plate is implemented in the finite element
(FE) model and the required symmetry conditions are applied to the symmetry planes,
cf. Figure 3a. Cohesive elements are inserted at all radial element boundaries inside the
ice layer, as can be seen in Figure 3b where half of the ice elements are suppressed in order
to visualize the cohesive zones. In order to assure that all of the duplicated nodes have a
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Figure 3: Electro Impulse De-Icing plate model

connectivity to corresponding nodes in the aluminium plate and that at the same time the
cohesive elements are able to open up, cohesive zones are also inserted in the aluminium
plate in radial direction. In the EIDI experiments additional circumferential cracks arise,
cf. Figure 1. However, in a first approach these are neglected in the analysis because
they cannot be observed in all experiments but only occur for larger ice thicknesses. In
addition, the main goal of this paper is the correct modeling of the structural response
of the plate under de-icing. As the results in the next section will show, it is sufficient to
model the radial crack paths in order to reproduce the stiffness reduction in the structure.

In order to model ice shedding the interfacial shear stress criteria presented in Section
2 are implemented in the model. For the critical shear stress at the interface a value of
0.45MPa is used which is determined by Möhle et al. [10, 11] by beam de-icing tests
according to Blackburn et al. [13]. In case of failure of an ice-structure interface the
material of the corresponding ice element is changed to air to simulate debonding.

Table 1 shows the parameters that are used in the analysis. Isotropic material behavior
is assumed for both materials. For mode II behavior the same parameter as for mode
I behavior are used (τc = σc, γc = δc, GIIc = GIc). Due to the fact that the plate
is clamped at a different temperature than the de-icing experiments are performed, an
additional thermal pre-stress due to a temperature change of 2 ◦C is applied on the initial
model. The model is investigated in full transient nonlinear analyses using the FE program
ANSYS.

Table 1: Material and cohesive parameters [8, 14, 15, 16, 17, 18]

Material
E ν GIc σc δc/δmax

in GPa in J/m2 in MPa
Aluminum 2024 73.1 0.33 12× 103 469 0.3
Glaze ice 9.1 0.30 1.0 0.8 0.1
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4 RESULTS

In this section the influence of different ice debonding criteria on the de-icing process
is studied. Thereafter, it is evaluated how the cohesive zones and the adhesive debonding
criterion affect the structural response of the system. Finally, the de-icing progress over
time is investigated in detail.

4.1 Influence of ice debonding criteria on de-icing

In order to quantify the de-icing progress the relative icing Irel is introduced. It can be
determined by dividing the remaining ice-covered area after the impulse by the initially
ice-covered area before the impulse.

Figure 4 shows the influence of different debonding criteria on the relative icing over
time for simulations without and with cohesive zones. In case of the maximum shear
stress criterion, approximately 80% of the ice is removed in the first few milliseconds,
irrespective of whether cohesive zones are used or not. When using CZM to model radial
cracking, after 7ms further de-icing can be achieved so that only a relative icing of 6%
remains on the plate. In case of the quadratic shear stress criterion, approximately 95%
is detached from the structure in the first few milliseconds. The influence of the cohesive
zones is marginal in this case.

Figure 4: Relative icing over time for different ice debonding criteria without and with
CZM

The de-icing results of the different numerical cases are visualized in Figure 5. For
the simulation without CZM and use of the maximum shear stress criterion the largest
amount of ice remains on the structure, especially in the corner region of the ice layer,
cf. Figure 5a. As already concluded from Figure 4, in all other cases more ice can be
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(a) without CZM, maximum shear
stress criterion

(b) without CZM, quadratic shear
stress criterion

(c) with CZM, maximum shear
stress criterion

(d) with CZM, quadratic shear cri-
terion

Figure 5: Plate de-icing of the quarter model for different ice debonding criteria without
and with CZM after 20ms

removed. For the simulation without CZM and use of the quadratic shear stress criterion
the remaining ice segments are concentrated on the corner as well, cf. Figure 5b. When
using cohesive zones, the remaining ice forms a ring, which is in better agreement with
the experimental results. This ring shape is approximated best in case of the quadratic
debonding criterion, cf. Figure 5d.

The simulations show that the choice of the de-icing criterion strongly influences the
amount of ice which is removed from the structure, whereas the cohesive zones affect the
region where the ice detaches. It can be concluded that the quadratic shear stress criterion
achieves to model the de-icing process more realistically than the maximum shear stress
criterion.

4.2 Influence of cohesive zones and ice debonding on structural behavior

In order to compare the structural behavior of the simulations to each other as well as
to experimental results, the normal plate deflection at the center of the plate is plotted
over time for cases without and with ice. The study presented in this section includes
analyses with ice but no failure criterion, with the failure criterion of either modeling of
cracking or adhesive debonding of the ice as well as modeling of both failure criteria. In
this way the influence of the cohesive zones as well as of the de-icing criterion on the
structural response can be investigated separately. Due to the results from the previous
section all simulations are performed with the quadratic shear stress criterion.

Figure 6 shows the plate deflection over time of the corresponding experiments and
simulations. The curves without ice demonstrate a good agreement between numerical
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and experimental results. This confirms the assumption that the electro-magnetic impulse
forces can be approximated by an appropriate force distribution.

The curve of the case with ice but no failure criterion (case ’Sim. with ice, no CZM,
no de-icing’) exhibits a lower amplitude and a higher frequency compared to the case
without ice. This results from the fact that the attached ice layer certainly increases
the mass of the structure but the stiffness gain predominates. If only ice shedding is
included in the model (case ’Sim. with ice, no CZM, with de-icing’) a further decrease in
amplitude and increase in frequency is noticeable. In case of only crack modeling (case
’Sim. with ice, with CZM, no de-icing’), the amplitude and frequency are similar to the
ones with ice. This appears reasonable since the accreted ice increases the mass of the
model but due to the cracking barely leads to any stiffness gain. Combination of both
failure criteria (case ’Sim. with ice, with CZM, with de-icing’) has no impact on the
magnitude of amplitude and frequency but serves to reproduce the course of the plate
deflection better than without the de-icing criterion.

Figure 6: Influence of cohesive zone modeling (CZM) and de-icing on the plate deflection
over time at the center of the plate model

4.3 De-icing progress

Figure 7 visualizes the de-icing progress of the plate over the course of the simulation
with modeling of cohesive crack growth and adhesive debonding. Ice debonding initiates
in the center of the plate where the electro-mechanical impulse is applied. The circular
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de-iced region becomes larger and de-icing also occurs in the boundary regions of the
ice layer so that after 1.2ms only a small ring-shaped ice region is left. Most of the ice
elements have already detached until this point so that only little further de-icing can be
noticed in the following time steps of the simulation.

(a) t = 0.0ms (b) t = 0.4ms (c) t = 0.8ms

(d) t = 1.2ms (e) t = 5.0ms (f) t = 20.0ms

Figure 7: Plate de-icing of the quarter model at different time steps

5 CONCLUSIONS

In this paper the Electro Impulse De-Icing of an ice-covered aluminium plate is inves-
tigated by numerical simulations, which are validated by experimental results. Cohesive
elements are inserted at all radial element boundaries in order to study radial crack on-
set and propagation, whereas debonding of ice elements is considered by an interfacial
shear stress criterion. The influence of the cohesive zones and two different ice debonding
criteria on the structural behavior and the de-icing process is studied.

Comparison of the numerical and experimental results shows that the electro-magnetic
impulse forces can be approximated adequately. Thus, the model is reduced successfully
from a coupled electro-magnetic to a simple structural system. In order to scale the
magnetic forces applied to the structural model, only one coupled analysis of the plate
without ice is required. The complex simulations with ice, however, are performed based
on the presented structural model in order to reduce computing time.

Cohesive zones in the ice layer allow to model the onset and propagation of multiple
radial cracks which has great impact on the structural behavior of the system. Thus,
in comparison to a model that only takes into account the adhesive debonding of the
ice, the structural response of the structure can be improved significantly. However, a
combination of both failure criteria yields a plate deflection curve which matches the
experimental curves even better.
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With regard to aircraft de-icing, the results show that already a few cracks in the ice
layer of an ice-covered structure can have a great impact on the structural behavior of
the whole structure even though the ice is still attached to it. Thus, it is inevitable for
de-icing simulations to model the fracture process of the adhering ice layer.
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