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Introduction

A current report summarise efforts and lessons learned in order to develop and
validate the numerical simulation model by commercial finite element code ANSYS
[1]. The modelling include a finite element type, mesh as well as selected material
property sensitivity analysis. For element type studies both shell only and shell/solid
elements types has been investigated. In order to find best trade-off between model
prediction reliability and CPU timing a mesh sensitivity have been studied for both
element type models. A shell bounded by solid model have been identified as most
appropriate as both CPU time and robustness of the solution are in trade off with
physical experiment. It should be noted that actual honeycomb model has been
replaced with equivalent — volume representative elements which accounts for
models nonlinearities which is partly linked with plasticity of aluminium foil. The
validation.

Initially while only few specimens where build the verification phase included
numerical modal analysis only. This early verification step allowed to update
analysis strategy in early stage of development. From numerical simulation point of
view linear analyses are very robust and fast therefore simple in verification of
assumptions included in numerical analysis.

It has been followed by more sophisticated finite element model consisted of
shell/solid modelled honeycomb structure, covered by two CFRP shell face sheets.
Model incorporates tied face sheet to honeycomb connection by sheared nodes,
thus eliminating possible skin delamination damage propagation. Due to presence
of buckling of honeycomb cell walls minimum element size was determined to be
set as V2 of the cell size (1.5 mm), to allow the walls to form buckles. Adhesive layer
added to the skin lay-up as additional layer with corresponding material properties
and material plasticity model. Honeycomb structure model has been set to
incorporate multilinear isotropic hardening plasticity material model based on
experimental characterization. Moreover composite progressive damage model was
integrated, based on characterization of material properties of UD composite.
Composite progressive damage model realized through max stress criteria with
material stiffness degradation. Interaction between indenter and panel surface was
modelled as surface-to-surface contact.

Finally both numerical and analytical approach for identation of sandwich panel
have been validated with physical experiments and full range of results have been
uploaded on projects web page: http://bnm4eks.rtu.lv/tools _en.html. Several further
steps have been identified and will be incorporated in final deliveriable focusing on
numerical analysis best design practice.
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1 General consideration in development of numerical model

1.1  Numerical model development based on finite element method

Current report focusing on development of sandwich honeycomb structure to
be modelled by commercial finite element method (FEM) code. Assumptions to be
integrated in numerical model are graphically shown in Figure 1.1. Originally model
consist of two relatively thin skins, aluminium honeycomb sandwich core and
adhesive layers bounding them together. In numerical model all, geometrical,
material and element assumptions should be considered as parametrical input
variables. This allowing user to modify ply stacking sequence and thickness of all
layers, as well as panel length, width and height in line with honeycomb topology.
Material properties including orthotropic stiffness constants and plasticity for
aluminium thin wall core or adhesive bounding layer viscoelasticity should be
considered in numerical analysis.

Ittt iriiriiriiriirririt Skin-Carbon fiber
Adhesive

Core - Aluminium
Honeycomb
\

Figure 1.1. Schematic structure of sandwich panel.

While numerically modelling structure a particular attention should be devoted
to trade-off between FEM mesh size and CPU time. A uniform mesh fine is expected
to be most accurate, nevertheless considering local defects on full scale panels are
extremely time-costly thus balance should be found. An example of expected FEM
numerical model are shown in Figure 1.2. Initial model should be double checked
for numerous sources of errors including local orientation of elements (Figure 1.2
a/b) which assures correct assumptions of stacking sequence and material
properties.

Figure 1.2. Expected fine mesh detailed finite element model of sandwich panel; a)
disorderly orientated elements; b) aligned orientation of elements.
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Initial finite element mesh size correlation have to be revisited during
verification steps and validation stage. Such practice would guarantee efficiency and
robustness of developed model. Figure 1.3. outlines core layer height mesh size
correlation where drastic drop of self frequency are associated with refinement of
FE mesh to level of 3 and 2 mm. Therefore concluding that most robust and
performance driven solution is to stay with element length of 3 mm. These
considerations are implemented in current effort in development and validation of
numerical and analytical sandwich structure analysis practice.
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Figure 1.3. Correlation of FEM element mesh size.

1.2 Element type assumptions

Whether shell or solid element type assumption should be considered for
numerical analyses. Nevertheless both alternative approaches gives a lot of variety
how numerical model should be finally conducted. If sandwich structure is entirely
build from shells including topology of honeycomb the model consist of extremely
large number of elements (Figure 1.4). On contrary shell model allows on simple
geometry to integrate several layers including honeycomb core and adhesive layer
(Figure 1.5). Having such an approach restricts introduction and assessment of
residual indent, while for other applications with multi ply interference (Figure 1.6)
this approach is considered as most efficient. To simulate indent and to reduce
complexity of model a solid introduction as layer between plies (Figure 1.7) are more
ingenious approach compared to fully solid element (Figure 1.8) model. As in
particularly of thin walled structures solids are not suited to represent stacking
sequence of skin. Most advanced and currently widely used approach is to combine
both shell element structure in are of indent and “rest” of model are made of solid
element core (Figure 1.9).
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1.2.1 Shell element SHELL 281

Commercial FEM code ANSYS [1]. most advanced shell element SHELL 281 is
dedicated for analysing thin to moderately-thick shell structures. The element has
eight nodes with six degrees of freedom at each node: translations in the x, y, and
z axes, and rotations about the x, y, and z-axes. (When using the membrane option,
the element has translational degrees of freedom only). SHELL 281 is well-suited
for full range of applications: linear, large rotation, and/or large strain nonlinear
analyses. This include a change in shell thickness to be accounted in nonlinear
analyses. The element accounts of load stiffness caused redistribution of surface
pressure. SHELL 281 may be used for layered applications for modelling composite
shells or sandwich construction. The accuracy in modelling composite shells is
governed by the first-order shear-deformation theory (usually referred to as Mindlin-
Reissner shell theory).The element formulation is based on logarithmic strain and
true stress measures. The element kinematics allow for finite membrane strains
(stretching). However, the curvature changes within a time increment are assumed
to be small.

=

Figure 1.4. Detailed shell only model.

Ny

Figure 1.5. Simple shell with layup model.
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Figure 1.6. Simple shell with layup model — stacking sequence examples:
a) Lay-up of ESA_007 panel, b) Lay-up by ESA 016 panel.

1.2.2 Solid element SOLID186

SOLID186 is a higher order 3-D 20-node solid element that exhibits quadratic
displacement behaviour. The element is defined by 20 nodes having three degrees
of freedom per node: translations in the nodal x, y, and z directions. The element
supports plasticity, hyperelasticity, creep, stress stiffening, large deflection, and
large strain capabilities. It also has mixed formulation capability for simulating
deformations of nearly incompressible elastoplastic materials, and fully
incompressible hyperelastic materials. It should be noted that compared with simple
shell with stacking sequence the degrees of freedom per model are by magnitude
lower than shell only model (Figure 1.4). Nevertheless refinement of solid element
in area of indent are quite complex and should be advanced with caution.
Substitution of the real honeycomb by the volume formed by structural solid
elements (SOLID 187), Figure 1.7, are integrated considering Hill plasticity
behaviour of core elements. The fact that honeycomb structure has considerably
higher stiffness and plasticity properties for transverse (through thickness) axis in
comparison to in-plane properties, this has been realized through use of Hill
plasticity rule. Reduced finite element model also considered as model which
incorporate possible face sheet delamination model, by incorporating cohesive zone
material de-bounding contact between face sheets and core volume. As well as,
incorporating plasticity model for assembling adhesive layer.
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Figure 1.7. Solid and shell model

Figure 1.8. Solid only model

Figure 1.9. Advanced solid and shell model
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1.2.1 Contact element

Indentation interaction between the impactor and the panel was modelled the
same way as for full model by the use of surface-to-surface contact elements. The
contact element size was estimated by mesh size correlation process and 1.5 mm
step chosen. For all models involving contact interaction between indenter rigid body
and panel surface was modelled as deformable surfaces-to-surface contact,
employing surface contact elements TARGE 170 and CONTA174 in ANSYS
commercial software.

Figure 1.9 Representing response of indentation simulation by surface-
to-surface contact elements.

1.3 Material models

Experimental characterization of mechanical properties of all materials
incorporated in sandwich panel modelling was extracted experimentally. This
include sandwich panel's skin a carbon fibre reinforced plastic (CFRP) orthotropic
material stiffness’s and limiting stress/strain values. Adhesive layer physical tests
was carried out with the purpose to include in numerical model the plasticity model
for bounding layer. A simple coupon tests on tension and compression was carried
out to characterize mechanical properties and plastic behaviour of the adhesive
material used for assembling CFRP face sheet to honeycomb core. Unipreg CFRP
material properties extracted experimentaly are detailed outlined in coupon testing
deliverable and average values integrated in FEM are summarised in Table 1.1.

Due to significant adhesive layer thickness, comparable or even exceeded
face sheet thickness it was decided to include adhesive layer plasticity into finite
element model as bi-linear isotropic hardening material model with experimentally
obtained E-modulus (1.97 GPa), yield stress (49 MPa) and tangential modulus (0.01
GPa), Figure 1.10. This assumption are robust enough in case of panel damage
propagation due to delamination. Possible damage propagation due
delamination/debounding was taken into account by cohesive zone material
modelling technique, which realized by the debounding contact algorithm employing
maximum debounding normal stress (1.5MPa) and crack propagation energy (575
J/m?), obtained from experimental drum peel-off tests in combination with bi-linear
material model. Cohesive zone material (CZM) model was implemented in shell-

10



RIGA TECHNICAL UNIVERSITY

S —
INSTITUTE OF MATERIALS AND STRUCTURES

Institute of Materials and Structures
Riga, Kipsalas iela 6A, LV-1048
Tel. +371 67089124

Web. http://www.ims.rtu.lv

solid (reduced) model by the use of contact element interface between honeycomb
core and face sheet.
Table 1.1. Unipreg CFRP material properties

Mean values
Property . 2 . 2 Unipreg 200 g/m?
Unipreg 100 g/m Unipreg 200 g/m (high stiffness)

E!, 0° [122.69 ] 115.91 | 7552 | 124.09 | 122.55 | 73.33 | 164.62 | 164.11 | 108.37
GPa | 90°| 839 | 7.79 | 891 | 643 | 6.63 7.86 -
Ee, 0° 103.91 102.77 117.60 121.1 -
GPa | 90° 7.70 7.00 7.60 7.84 -
E’, GPa 112.83 106.03 -
G('hurd

o 6.07 5.78 4.66 4.05 -
GPa
G12, GPa 3.00 3.71 -
G13, GPa 2.45 2.77 -
7 0° 0.33 0.37 0.38
R, 0° 1466 1539 2037
MPa | 90° 46 41 -
RC, 0° 481 752 ;
MPa | 90° 138 141 -
i, MPa 53 50
R’ MPa 1427 1217 -
v12, MPa 207 233 -
v13, MPa 654 2009 -

Due to two step analysis procedure — indentation first followed by

compression. There was no failure criteria implemented for adhesive material
model, in order to avoid excessive stiffness softening in region of indentation caused
by failure of material at the tension side of the face sheet, which later was loaded in
axial compression. In other words, if failure of adhesive was detected due to
indentation of impactor in the face skin. Corresponding elements finite element
stiffness was decreased to 0. Nevertheless if and only in case of following pure
compressive loading the cracked adhesive layer will sustain (lock down) the
compression despite the inhered crack. Thus though eliminated stiffness of
delamination affected elements and exclusion from further model analysis the local
stiffness at impact region will be decreased.

Stress-Strain chart

Strain

Figure 1.10. Experimental adhesive material characterization.
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The characterization of material properties of AL honeycomb core was
performed experimentally to determine structural properties used for
implementation in reduced finite element model as Hill plasticity rule in combination
with bi-linear isotropic hardening plasticity model. Due to significant difference in
stiffness of the honeycomb structure for in-plane and out-of-plane axis, Hill plasticity
rule with rate of 0.05 for in-plane axis and 1.0 for out-of-plane axis. This was
considered in combination with bi-linear isotropic hardening material model. Out-of-
plane compressive properties was experimentally characterized by flatwise
compression of stabilized honeycomb structure, Figure 1.11. Stress values of
honeycomb buckling (3.2 MPa) instead of crushing stress (1.6 MPa), was used in
finite element model because of the better indentation depth representation in
comparison with experimentally measured indentation depth values.

IS

@
"

Stress, MPa
o — o
O R, N W

-0.01 001 0.03 0.05 0.07 0.09 0.11 0.13 0.15
Strain, m/m

Figure 1.11. Flatwise compression of stabilized honeycomb structure.

1.4 Validation of lamina failure criteria

UD lamina properties obtained during characterization of mechanical
properties of UD composite was used as material properties and failure criteria for
both finite element models. UD Coupon test simulations with FEM models to validate
experimentally obtained failure criteria was carried out for tension and compression
of UD specimens with actual cross-section. Comparison was rated in terms of
stiffness slope and failure load. Figure 1.12 represents axial tension of UD
specimen, and Figure 1.13 represents axial compression of UD specimen. Failure
criteria based on Max stress initiation and material stiffness reduction damage
evolution law was used for this study [1]. It is obvious that the most satisfied results
were obtained for axially loaded specimens, while transversally loaded and shear
(+45°) specimens, which are more sensible to damage introduced during specimen
manufacturing, was less successive. For axially loaded specimens, especially for
tension loaded, there are good correlation was observed in terms of stiffness and
breaking load, between experiment and simulation.

12
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Figure 1.12. Simulation of failure of UD specimen in tension.
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Figure 1.13. Simulation of failure of UD specimen in compression.

1.5 Boundary conditions

Three separate boundary conditions corresponding to certain type of
numerical model are addressed. For modal analysis there is no restrains what so
ever incorporated in numerical model. On contrary indentation and compression
after impact both finite element models share the same boundary conditions.
Depending on the loading stage boundary conditions were introduced as simply
supportive around perimeter in case of indentation, simulating support of the of
indentation frame (restricting translation of the bottom face sheet in direction of
indentation (UZ) in combination with fixed individual nodes in the middle of the panel
edges to restrict panel of free motion in in-plane direction (UY), which can cause
numerical instability and restricting all of the nodes on one of the panel edges (UX).
In case of edgewise compressive loading both longitudinal panel edges in depth of
20 mm was clamped, excluding the loading edge where coupled load on node
elements where applied.

13
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1.6 Mesh sensitivity analyses

Mesh sensitivity analyses was performed with the focus on the most accurate
representation of indentation shape and size. Since full 3D finite element model
mesh size was dictated by the mesh ability to produce buckling of the honeycomb
wall under indenter pressure, at least 2 elements per honeycomb cell side (1.5 mm
for 3.2 mm cell) was considered as a minimum desired mesh. Finer mesh was not
considered as an option due to high computational costs. As the basis of the finite
element mesh for the reduced model was considered the same size as for full 3D
model (1.5 mm). Additionally, mesh sensitivity analyses for coarser mesh were
performed. Figure 1.14. shows indentation geometry and depth for four different
mesh size. It was obvious that the most accurate shape and depth representation
was observed for mesh size of 1.5 mm, in terms of shape curvature and indentation
depth compared to experimental measurements, carried out by laser sensor. It was
observed that for small size indenter (20 mm diameter), indentation depth and area
diameter for load of indentation of 500 N, ranges with in: 0.41 - 0.48 mm indentation
depth and 16.1 — 18.4 mm indentation area diameter. In other words, 8 mm per
indentation wall. That's mean that minimum number of elements needed for
accurate indentation shape representation with 8-node shell elements (SHELL281),
must be 4, to avoid formation of sharp angle between elements at the tip of the
indentation and transition to the flat surface of the panel. Coarse mesh will likely
produce diamond shaped indentation with sharp tip or flat shaped indentation with
flat tip, thus considerably reducing actual indentation size. Finer mesh densities
(less than 1.5 mm) was not considered due to high computational cost.

ANSYS

R17.2 N

Figur } 14. Ienta resentation r diffnt mh dety.
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Figure 1.15., shows dependency of the calculated load carrying capacities
depending on selected mesh density. It was seen that despite much lower
indentation depth calculated for coarser mesh densities, there was not observed
considerable increase in load carrying capacities compared to basic model (1.5
mm). That’s mean that despite about 36% lower indentation depth (5 mm mesh
density), load carrying capacity increased only by about 4 %, see Table 1.2. Where
considerable decrease of depth of indentation observed for coarse mesh, will not
produce considerable increase in load carrying capacity, compared to experimental
values which are taken as first sign of failure values, which are equivalent to final
model failure due to composite damage. It indicates that indentation depth for the
current panel configuration was not the key factor for considerable load carrying
capacity decreasing.

Table 1.2. Indentation depth and load carrying capacity.

(@]
SE £<

Q he]
23 gg

0.41-0.48

Exp. (0.44 aver.) 9.854*
1.5 mm 0.418 9.149
2.5 mm 0.448 9.350
3.5mm 0.315 9.527
5.0 mm 0.267 9.532

* - taking into account first sign of damage

Mesh sensitivity
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Figure 1.15. Mesh sensitivity analyses.
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1.7 Plasticity model sensitivity analyses

Parametric adjustment of four plastic material properties obtained from

different sources was performed in the course of development of the reduced finite
element model. Plasticity model of the honeycomb core was developed based on
early flatwise compression tests, updated flatwise compression test and finally
adjustment of plastic properties to match experimentally measured indentation
depth. The same way was studied dependency of the plastic properties of the
adhesive, used to connect honeycomb core to composite face sheets. Starting with
the first values taken from available material data sheets and finalizing with
experimentally obtained material properties by coupon tests of adhesive, Table 1.3.
Figure 1.16. summarizes different plasticity properties used in calculation. Ecore
values varies from 0.457 to 2.35 GPa, with the latest measured value of 0.578 GPa,
with the corresponding yield stress of 3.2 MPa, which was adjusted from
experimentally obtained plasticity/buckling curve of flatwise honeycomb
compression test at which honeycomb buckles at 3.6 MPa and has crushing stress
of 1.6 MPa. Final value used for yield stress of honeycomb was 3.2 MPa which
produces stiffer response in terms indentation depth at maximum indentation load,
but correct residual indentation depth. Crushing stress value recommended in
literature [2] for use produces correct indentation depth at maximum indentation
load, but overestimates residual indentation depth. Bilinear isotropic hardening rule
in combination with Hill plasticity rule was used as a final consideration, to take into
account for anisotropy of honeycomb structure.
Adhesive plastic properties were selected as Each = 2.5 MPa based on available
datasheet for this material with linear (non-plastic) behaviour, later was replaced by
experimentally obtained tension properties of Each = 2.67 GPa with corresponding
yield stress 28 MPa, but finally substituted by compressive properties Each = 1.97
GPa with corresponding yield stress 49 MPa. Bilinear isotropic hardening rule was
used for all cases. The major criteria for parametric adjustment of plastic properties
of honeycomb core and assembling adhesive was stiffness slope which match with
the experimental test slope.

Table 1.3. Parametric adjustment of plastic properties.
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Figure 1.16. Parametric plasticity model adjustment.
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2 \Verification and validation of numerical approach

2.1 Model verification by modal analysis and self-frequency tests in
accordance with ASTM E1876 methodology

A four step procedure have been elaborated based on ASTM E1876
methodology the detailed description was given already in Deliverable 2.1.
Summarised verification results are only partial effort, however highlights the
principle and main challenges. This methodology provides an equivalent material
property identification from physical self-frequency tests and simple weight
measurements identifying the mechanical stiffness of tested specimen. It should be
noted that methodology is primary developed for beams nevertheless it may be
extended and updated for identification of plate stiffness as well. Therefore a
dedicated tool for analysis was developed. A flow chart of test procedure is depicted

in Figure 2.1.
=D [ —_—
Beam Sandwich Coupon Specimen

beam sandwich plate sandwich plate
Figure 2.1. Flow chart of verification procedure.

Initially, while mechanical property characterization was expected from WP-4
and only first steps in prototyping was done. Therefore a swift method for identifying
realized mechanical properties were required. According to ASTM E 1876 [6]
standard the methodology requires — input parameters as m - mass; b — width; | -
free span and t — thickness. Furthermore first few natural frequencies f1 and f2,
which determine Ex, G and Poisson ratio v. The natural frequencies and vibration
modes were scanned using Polytec laser vibrometer (shown in Figure 2.2). For
structural excitation a loudspeaker placed 180° opposite the measured area.
Measurement conducted in range from 0 to 600 Hz for skin plate and for sandwich
beam/panel with “Free Free” boundary conditions (the specimens were hanged to
tiny ropes). As there was non-contact measurement and excitation, the additional
mass is not considered to influence the physical experiment.

It should be noted that originally method considers isotropic material properties
with embedded symmetry thus a special attention identified ortotropic properties
should be given to corresponding mode shape — half wave’s longitudinal and
transverse direction. Both Ex and Ey could be identified along with Gxy. It should be
noted that Poison ratio showed no sensitivity and was neglected. Initial procedure
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include verification of different scale specimens, however finally actual size
prototype panels where modelled produced according to required technical

excellence.

Initial four sandwich panels was manufactured and delivered for identification
purposes Table 2.1. They been labelled ESA 001, ESA 002, ESA_003, and

ESA_004.

Table 2.1. Dimension of in initial four panel series

Geometry

SP name Length,
mm
ESA 001
ESA 002
ESA 003 460
ESA 004

mm

210

Width, Thickness

mm
11.28
11.27
11.14
11.11

" Mass, g

2371
240.2
225.7
221.0

Density,
kg/m?3
217.6
220.7
209.7
205.9

The special attention was given for verification of proper scale panel FEM mesh
size correlation. The convergence of the element mesh size is presented in

Table 2.2. Comparison of real and calculated values is shown in Table 2.3.

Table 2.2. Convergence of finite element mesh size

Frequency, Hz

Elements size,

Elements size,

Elements size,

(m; n) 2 mm 3 mm 4 mm
1(0; 2) 320.13 320.15 320.98
2(1;1) 405.97 406.01 406.98
3(1;2) 868.99 869.02 871.62
4 (0; 3) 870.23 870.30 872.66
5(2;0) 1439.8 1439.9 1443.5
6 (1; 3) 1455.0 1455.5 1460.3
7(2;1) 1634.0 1634.5 1639.6
8 (0; 4) 1693.3 1693.5 1698.2

Table 2.3. Comparison of experimental frequencies and waveforms with
frequencies from ANSYS

A frequency response among initial four panels are summarized in Figure
2.2. A mesh sensitivity of shell only solid only and reduced — shell solid FEM models
are outlined in Figure 2.3. Basically shell only and shell solid models are robust and

mesh size are relatively not affecting modal response.
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Figure 2.2. Eigen frequency response of initial panel samples.
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Figure 2.3. Verification of material properties.

2.2 \Verification of considered damage types

In order to assess the damage sensitivity three types of indentation were
considered for evaluation: artificial HC depression and artificial debounding, as well
as, mechanical indentation of the assembled panel. Artificial debounding of the face
sheet was considered as one of the possible hidden hardly detectable defects,
caused by improper manufacturing/curing process. In the current study artificial
debounding was realized by two different approaches. The first was mechanical
indentation (depression) of the honeycomb structure with four different diameter
circular flat indenters (12, 20, 30, 50 mm) to the depth of about 1 mm to guarantee
debounding of the face sheet in this region, Figure 2.4. The only drawback of this
type of imperfection was the fact that honeycomb in the region of indentation was
stiffened by plastically deformed cell part, i.e. additional stiffness and space for face
sheet to buckle was created.

The second type of artificial indentations was absence of adhesive layer
between honeycomb and face sheet for three different diameter spots (20, 35, 48
mm), Figure 2.5.
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Figure 2.5. Artificial debounding (absence of adhesive layer).

In both cases it should be noted that only largest deboundings can be
classified as barely visible damage, otherwise they are not visible at all and hidden
beneath the outer surface. Experimental compression tests for those panels showed
that only comparatively large debounding will affects compressive load carrying
capacity, compared to unaffected panel of the same composition, Figure 2.6.
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Figure 2.6. CAl load carrying capacity depending on debounding size.
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While the first two debounding damage scenarios can be addressed to panel
manufacturing faults, the third indentation type can be addressed to improper
already assembled panel handling. The third indentation type considered was
indentation by stiff (spherical) object. Indentation was introduced by steel spherical
indenter by quasi-static loading with careful load control and instrumented
indentation depth measurement. Indentation was performed on standard
indentation frame for 150 x 100 mm panels, with 12.5 mm support width on all the
edges.

2.3 \Verification of indentation numerical model

Identification FEM model validation in terms of indentation depth and shape was
compared to experimentally tested - laser scanned residual dent shape of the panel
surface after indentation. Finite element model simulation of indentation confirmed
good agreement with scanned panels. More than dozen results have been analysed
and already uploaded on projects homepage (Bnm4eks.rtu.lv) under section of
design tools. A screen shot taken from project web page preliminary tool are shown
in Figure 2.7. shows as well as, results were compared to analytically calculated
indentation depth values based on ASTM D7766 and D7139 [5-6].

composite plate is loaded with concentrated quasi-static farce

by slowly pressing & hemispherical indenter into panel's cuter

surface
Low velocity impact setup

Quasi-static indentation satup

Select specimen: ESA_002_1
== Depth Average diameter | Area Volume
Panel = lzyup [60/0/-60], heneycomb 2.2/10 mm (mm} {mm) (mm? | {mm)

Indentation type = Quasi-static indentation Experiment [ 0.26 16.8 23
Indenter diameter = 20 mm 7
Load =300 Model = h

ESA_003_1 experiment indentation ESA_003_1 model

Figure 2.7. A screen shot from preliminary design tool available at bnm4eks.rtu.lv.
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Figure 2.8. A validation between numerical and experimental indentation depth
estimation a whole test data set is available on bnm4eks.rtu.lv.

It should be noted that numerical models are based on averaged parameters
(such as: ply thickness, adhesive thickness, CFRP material props, etc.), which with
the certain degree differs to those found in individual panels. This can lead to
deference of indentation depth for individual panels, in terms of direct comparison
to FEM model results. Comparison of the depth of indentation calculated for both
numerical model showed good correlation in terms of depth, despite much higher
numerical effort needed for full model to obtain solution. This was the reason of
creation of simplified reduced model. Additionally, direct extraction of desired
material properties for core structure by experimental tests has more benefits than
calculation of full model with material properties of unknown source.

2.3.1 Validation of FEM model based on CAIl experiments

Validation of CAl experiments with finite element model (reduced model only)
showed good agreement of results in terms of stiffness, Figure 2.9. Obtained peak
in load carrying capacity of numerical models shows lower values than
experimental, however in many cases experimental specimens showed gradual
damage propagation in form of non-significant load drops caused by face sheet
delamination’s or permanent damage accumulation, which probably not leading to
permanent stiffness reduction, like it was identified by finite element model.
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Figure 2.9. ESA 003 series compression experimental curves.

It should be noted that for the present experimental study panels having
significant honeycomb stiffness in transverse direction are not sensitive to side
impact imperfections and as it was seen on Figure 2.10., for experimental tests of
ESA_009 and ESA_010 series (ESA_010 without impact), barely visible damage
for the current set of materials was not significant for the load carrying capacity.
Scatter of maximum load carrying capacities indicates that there are different key
factors that affect load values for individual specimens within series. For the broad
majority of tested specimens damage initiation was not related with indentation, but
rather edge effects (damage propagation initiated at the free edges), Figure 2.11.
Honeycomb height was not the factor affecting load carrying capacity, rather face

sheet lay-up, Figure 2.12.
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Figure 2.10. ESA 009 & ESA 010 series CAl experimental curves.

Figure 2.11. Composite fibre failure mode according to Max stress criteria.
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Figure 2.12. Load carrying capacity depending on lay-up and honeycomb height.

2.4 Numerical model validation with tested panels

Experimental compression after impact (CAl) tests on panels with different
lay-ups were carried out. Four different lay-up configurations was considered with
the aim of to find relationship between load carrying capacity and lay-up ply count,
lay-up ply orientation order and honeycomb height.

All performed experimental tests (about 50), were performed after quasi-
static indentation of 20 mm diameter indenter with the indentation force of 500 N.
Figure 2.13., shows that additional face sheet lay-up layer will produce considerable
increase in load carrying capacity (about 50% for 0/60/-60/0 vs. -60/60/0). The same
can be addressed to dropping off one layer (-60/60/0 vs. 90/0). Positioning of outside
layer with O orientation (loading direction) compared to -60/0/60, will slightly increase
the load carrying capacity (about 30%). There is no evidence of any dependency of
the honeycomb height if we compare specimens with the same lay-up (-60/0/60),
but different height of honeycomb. The height of the honeycomb structure has less
significant or even no impact on depth of indentation, in contrast to face sheet ply
count.
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Figure 2.13. Tested panels with different lay-ups.

Figure 2.13., shows dependency of the ply count on the load carrying capacity,
regardless lay-up, as well as, range of experimental data for each group. 4-ply load
carrying capacity range within two series of similar specimens (cut from two equal
panels), showed very low sensitivity to introduced imperfections, i.e. there are no
difference between damaged and non-damaged specimens. 3-ply series has
broader discrepancy due to different lay-ups, but have similar tendency to be less
sensible to introduced imperfections. 2-ply series showed the same load carrying
capacity values as lower end 3-ply series Figure 2.14., indicating that panels
regardless different lay-ups can reach plato of composite damage regardless of
original lay-up. It should be noted that increase in face sheet lay-up thickness will
more likely lead to composite crush / failure, while softer 2-ply face sheets will
encourage face sheet delamination propagation damage mechanism.
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Figure 2.14. Face lay-up ply count.

3 Analytical model of residual indentation upon low-velocity
impact of a sandwich panel

A characteristic mode of BVID in aluminium honeycomb core/CFRP face sheet
sandwich structure is a dent left by the impactor, which is formed due to crushing
and/or plastic deformation of the core. Such a residual indentation of a face sheet
affects adversely the CAIl strength of the sandwich by serving as a geometrical
imperfection initiating inwards buckling of the face sheet and as a stress
concentrator initiating face sheet fracture, see e.g. [7-10]. In either case, the
reduction in CAl strength is directly related to the size and shape of the dent. Hence,
an analytical tool for prediction of the residual dent geometry based on mechanical
and geometrical characteristics of the sandwich and the impactor parameters would
apparently be useful in, e.g., early design stages of a sandwich structure.

The existing analytical models of low-velocity impact or quasi-static indentation
applicable to Al honeycomb core/CFRP face sheet sandwich panels are focused
primarily on the active loading, seeking to estimate maximum force and energy
dissipated during impact [10-17], but largely disregarding the residual indentation
and its geometry. In the present work, an analytical model for quasi-static
indentation of a sandwich panel by a hemispherical indenter [12] is refined,
extended to prediction of the geometry of residual dent, and validated against
experimental data of Al honeycomb/CFRP sandwich panels.
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3.1 Load-indentation response

Consider quasi-static indentation of a rigidly supported composite sandwich by
a rigid indenter, perpendicular to the facesheet surface, with a hemispherical tip of
radius R. The geometrical model of face sheet displacement and the contact
surface shown in Figure 3.1. is based on that proposed in [12]: the surface Si
corresponds to frictionless contact zone between the indenter and the face sheet,
extending radially 0<r < p, where ris the radial coordinate of the polar coordinate
system with origin at the axis of the intender. S> designates free surface of the face
sheet experiencing deflection due to indentation and extending within p<r<a,
where a is the radius of indentation zone.
Neglecting the possible effect of the face sheet lay-up on geometry of the
indentation, we assume that the dent is axially symmetric and deflection of the face
sheet is function o the radial co-ordinate only, w=w(r). The respective analytical

expression for deflection is given by Eq. (3.1). Within the contact zone S1, w(r)

follows the geometry of the tip of the rigid indenter as in [12]; displacement of the tip
of indenter with respect to the unperturbed surface of the face sheet is denoted by
S5 . The shape of deflection within zone S: is assumed such that w(r) and w'(r) are

continuous at r = p and deflection vanishes at = p smoothly, i.e. both w(a)=0
and w'(a)=o. Thus, refining the geometrical model of [12], we have hereby
assumed a strictly axially symmetric deflection with w=w(r) also in zone S..

<
)

a
R
p
_‘<-

s, [TS:

N

»
>
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O

Figure 3.1. Schematic of indentation geometry.

R*—r*+5-R 0<r<p
w(r)= ) . (3.1)
) (Rz—p2+5—RIl—r pJ p<r<a
a-p

Continuity of the first derivative of w(r), given by Eq. (3.1), at r=p yields a
constraint
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The total potential energy I1 of the system schematically presented in Fig.
3.1is

M=U+D-W (3.3)

where U stands for the elastic energy of the system, D denotes dissipated energy,
and W is the work of external forces. The latter, for a given indentation force P and
indenter displacement ¢, is

W =Ps (3.4)

Appearance of the BVID implies that maximum displacement of the sandwich face
sheet should exceed considerably its thickness. Then U can be approximated by
the elastic energy of the face sheet treated as a membrane, and D — by the work
dissipated by plastic crushing of the core.

Areal strain energy density u of the face sheet in its axes of orthotropy is

1
u= 5(14115121 +2 458,189 + A3, + A66g626) (3.5)

where Aj are components of the stiffness matrix of the face sheet and ¢; are the

respective membrane strains. They are expressed via the face sheet deflection w(r)
as follows (see e.g. [177])

& —l(a—wcos Jz
=51 4

1({ow . 2
=—| —sing 3.6
= Z(Grs J (3.6)

& —l(a—szsinZ
6= 5| 5 4

where ¢ is the angular coordinate in the polar coordinate system. Substituting Egs.
(3.1), (3.6) in Eq. (3.5) and integrating the latter in polar coordinates over zone Sy,
strain energy U, of the face sheet below the indenter is obtained as follows

p2x 2 2 2
7#L| R°p 2 2 o

U =\ |urdpdr=—- +p” +2R log(l——j (3.7)
: H 64 Lez—,o2 R’

where L =34, +2A4,, +34,, +4A4, . In the same way, strain energy U, of the face
sheet beyond the contact surface, within zone Sy, is evaluated
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ur dodr _ﬁL(a+5p)(\/R2—p2 +5—R)4_ (3.8)

(a-p)

Deformation behaviour of the honeycomb core in flatwise compression is
assumed to be rigid-perfectly plastic with the yield limit equal to the crushing stress
q of the core, as demonstrated to be sufficiently accurate by the previous research
[10-16]. Then the energy dissipated by core crushing below the indenter, D,, and

beyond it, D,, is estimated, respectively, as

=i,

O'—.§

pP2r /2
D, =.[ qgwrdodr = 3 [ZR3 3(R 5 ( -p )3 } (3.9)
00
and
alr
D, = J Iqwrd(pdr =%(a —p)(a +3p)(\/R2 —p? +§—R). (3.10)
p 0
It follows from the derivations above that the potential energy Eq. (3.3) takes the
form
[N=U,+U,+D,+D,-W. (3.11)

Due to the geometrical constraint Eq. (3.2), only two of the quantities p, 6, a are
independent. Expressing a from Eq. (3.2)

a=p+£(R2—p2—(R—5MR2—p2) (3.12)
P

and substituting Eq. (3.12) into Egs. (3.7)-(3.10), we finally obtain the potential
energy Eq. (3.11) as I1=TI1(5, p):

2 2

2
H(5,p): —P5+é7{L{R2 —p2 + p? +2R? log(l—%j

: ﬁLpz(\/rloz—R+5)4(R2+2p2_(R_g)\/rpz)Jr
240 (Rz o (R —5)\/rp2)? .
%727[2]33—3(]3 8)p -2(R? p)S/)

(R ) ey

P’

—
3q
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The indenter displacement 6 and contact zone size p at a given applied force
are obtained as the values minimizing the total potential energy, Eq. (3.13). This can
be done by seeking the stationary point of I1(5, p)

ori(s, p)

06
an(s, p)

op

(3.14)

0

Although the first of the relations in Eq. (3.14) leads to an explicit expression for
indentation force P in terms of indenter displacement dand contact zone size p, the
second relation still needs to be solved numerically. Alternatively, appropriate direct
numerical minimization procedures can be applied to Eq. (3.13). Upon evaluation of
oand p, indentation radius a is obtained from Eq. (3.12).

3.2 Residual indentation

Consider a quasi-static unloading of the indented panel. During it, the indented face
sheet partially rebounds. We make a simplifying assumption that the extent of BVID
zone, characterized by its radius a, and overall shape Eq. (3.1) do not change during
unloading as shown schematically in Figure 3.2, and the geometrical constraint Eq.
(3.2) also holds.

Figure 3.2. Schematic of indentation profiles at the end of active loading (1) and
upon unloading (2).

The elastic energy of the face sheet at the end of active loading, U, is

partially dissipated as the work of plastic deformation, D, of the core during
unloading and partially retained as residual deformation energy of the face sheet
U.:

U,=U,+D. (3.15)

Assuming that the tensile yield stress of the core is equal to the crush stress
q and denoting the indentation profile at the end of active loading by w, and the

residual indentation profile by w,, the dissipated energy is expressed as
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D=qj..|.(w0—wr)rd(pdr. (3.16)
00

Both indentation profiles in Eq. (3.16) comply with Eq. (3.1), but for w, indentation
depth ¢, and contact zone radius p, reached at the end of active loading have to

be used in Eq. (3.1), while for w, - the residual values J,., p, of the respective dent

characteristics. Upon integration and substitution of indenter displacement by an
expression following from Eq. (3.2)

52 2R\R® - p° —2R* +aR +a’

; (3.17)
2\/R2 —p2
we finally obtain
D :iﬁq—8R4 +4R2p§ +8R*R? —pg +p0(a+p0)(a2 +p§)_
12 \/Rz _p?
‘ (3.18)
1 —8R4+4R2pf+8R331R2—pr2 +pr(a+p,)(a2+p,2)
—
12 JR? - p?

Similarly, the expressions of strain energy are obtained from Egs. (3.7), (3.8) upon
substitution of Eq. (3.17) and of the respective contact zone radius value, leading to

1 Rzpz pz
Uy=—7d 0+ pd+2R*log| 1-£% ||+
0 64 [Rz_pg pO g( R2

, (3.19)
1 20 (a—poNa+5p)

960 (Rz _ pg)z

2 2 2
U, ZLEL[RIE Pr 5 + p? +2R? log(l—%nvt
—P

7

(3.20)

1 7l pj(a_pr)(a—i_spr)
960 (Rz _prz)z

Inserting the expressions Egs. (3.18)-(3.20) into Eq. (3.15), an equation for p, is

obtained. Upon solving it numerically, depth of the residual dent can be evaluated
from Eq. (3.17) as
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2RYR*—p > —2R* +aR+a
5, = o . (3.21)
2\/R ~— P

3.3 Validation of analytical approach

The analytical model described above was validated against test results of
aluminium honeycomb core/CFRP face sheet sandwich specimens subjected to
quasi-static indentation to P = 500 N load by an indenter with a hemispherical tip of
radius R = 10 mm. Two different face sheet lay-ups, [60/0/-60] and [0/60/-60/0], and
sandwich support conditions, plate and frame, were considered as indicated in
Table 3.1.

The designation “plate” in Table 3.1 denotes rigidly supported sandwich
specimen during indentation, which was achieved by placing the specimen on a
steel plate. Designation “frame” implies that the sandwich was supported only along
its perimeter during indentation test by placing it on a steel frame. In the latter case,
apart from the local deformation at the indenter, the sandwich also underwent global
deformation by bending and shear. It has been demonstrated in, e.g., [10, 11, 12,
166], that the indenter tip displacement (equal to the top face sheet displacement
under indenter) ¢ ,, in such a case can be represented as a sum of indentation depth

and the global deflection of the sandwich (equal to the bottom face sheet
displacement under indenter)d,. Since both top and bottom face sheet
displacements along the line of indentation were recording during the tests with
frame support of sandwich specimens, indentation depth at the maximum load was
evaluated as

AS=5,-5,

and the respective values reported in Table 3.1. The experimentally determined
residual indentation depth and diameter are also reported in the table.

Table 3.1. Experimentally determined and predicted maximum indentation depth,
residual depth, and diameter of indentation for sandwich panels subjected to 500

N load.
Facesheet | Maximum Residual Diameter 2a
Designation Iay-up Ljn:peiﬂtatlon Ljnecjpemtatlon of indentation
Adexp., 5y S S Exp., Theor.
mm a’ r r mm mm
mm exp., theor.
mm mm
ESA 003, |[60/0/-60] |1.02 [1.04 [0.44 [048 [17.5 |23.1
frame (0.04) (0.03) (1.4)
ESA_003, 1.13 0.44 16.3
plate (0.10) (0.04) (1.7)
ESA_016, [0/60/-60/0] | 0.93 |0.95 |0.40 |0.41 16.8 | 23.1
plate (0.05) (0.3) (1.1)
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Using the previously determined UD composite properties and the measured
face sheet thickness, components of the in-plane stiffness matrix of the face sheets
were evaluated by an elementary theory of laminates according to their lay-up and
the parameter L =34, +24,, +34,, +44,, was estimated. L amounted to 108.7

MPa-m for face sheets of [60/0/-60] lay-up and 151.0 MPa-m for [0/60/-60/0] lay-up.
The crushing stress of Al honeycombs was determined by flatwise compression
tests at g = 1.6 MPa. The theoretical maximum indentation depth at the end of active
loading, residual indentation depth and diameter were evaluated by the model
described above and the values obtained presented in Table 3.1. The agreement of
predicted and measured maximum indentation depth is reasonable, while the
average residual indentation depth is slightly overestimated.

ESA_003_1 01 ESA_003_2 01
20 157 0 s <20
predicted predicted
—d1 —d1
—d2 —d2
—d3 —d3
—da ——da
ESA_003_3 01 ESA_003_4 0.1

N

PR

i predicted
)
’/ ——d1

—d2

—d3
——d4

predicted
——d1
—d2
——d3
——da

ESA_003_5

ESA_003_6

predicted
— ——d1
P —d2
PR ——d3

——da

—da

predicted

Figure 3.3. Comparison of experimentally determined and predicted residual

indentation profiles for ESA_003 series sandwiches.
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Although the predicted diameter of the dent appears to overestimate
considerably the actual damage zone size as seen in Table 3.1, direct comparison
of dent profiles in Figure 3.3. and Figure 3.4. demonstrates a rather good
agreement. This suggests that the disagreement in the predicted and measured
diameters is likely to be an artifact stemming from the measurement technique used
in experimental determination of diameters.

ESA_016_2

predicted
d1
——d2
—d3
d4

ESA_016_3

0.05

pre

—d
—d2
——d3
——da

edicted

ESA_016_4

ESA_016_5

a1
—d2
—d3
——d4

predicted

—d1
—d2
—d3
——d4

predicted

Figure 3.4. Comparison of experimentally determined and predicted residual

indentation profiles for ESA_016 series sandwiches.

Figure 3.3. and Figure 3.4. present a more detailed view of the scatter in size
and shape of residual indentation profiles along four planes intersecting at the
lowest point of the residual dent of the same specimen, as well as scatter between
specimens. The predicted indentation profiles appear to capture the overall shape
of the dent reasonably well. For ESA 003 series ([60/0/-60] face sheet lay-up), the
predicted dent is somewhat deeper than that observed for most of the specimens,
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see Figure 3.3. suggesting that the damage is overestimated, which would be likely
to lead to a conservative CAl strength estimate based on the theoretical dent profile.
However, for ESA 016 series ([0/60/-60/0] face sheet), predicted o, agrees within

scatter with the average experimental dent depth, seeTable 3.1. hence
overestimates the dent depth for some of the specimens and underestimates for the
rest, as seen in Figure 3.4. The apparent overall agreement of the predicted residual
dent profile with experimental data from two series of sandwiches, differing in face
sheet lay-up, leads credence to the analytical modelling approach pursued.
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4 Conclusions

Current report outline a broad variety of numerical approaches which could be
employed for numerical modelling of damaged sandwich panel uder compression
force. A correlation of element mesh size as well as sensitivity analysis of assumed
properties have been outlined. A dozen of validation cases have been drawn and
alrady  available on project ~web page under tool section:
http://bnm4eks.rtu.lv/tools _en.html

5 Further work

Although BVID by definition does not imply massive damage to the sandwich
structure, localized fracture of the face sheet plies and/or their delamination cannot
be excluded even for BVID. Therefore, it is envisaged that strength of materials
and/or fracture mechanics criteria for cracking onset and growth will be considered
in the context of quasi-static and low-velocity impact loading of the composite face
sheet of a sandwich. Appropriate means will be sought to allow for face sheet
fracture in the analytical model of indentation so that the model does not become
overcomplicated simultaneously providing reasonable accuracy of prediction. Also,
the predictive capacity of the model in the case of low-velocity impact needs to be
ascertained.

The next step in the analytical modelling will be estimation of CAl strength of
impacted and indented sandwich panels with BVID. Developing models allowing for
both, face sheet fracture and dent propagation modes will be aimed at.

Concerning progressive inwards buckling of the face sheet within and around
the BVID region, the current modelling approach, although called analytical, relies
heavily on numerical analysis methods including discretisation of the region to be
modelled [18, 199] which renders their advantages over standard non-linear FEM
modelling dubious. Therefore simpler analytical approaches will be sought and their
accuracy evaluated against FEM results. Applicability of the localized wrinkling
model [20] to sandwich panels with characteristics typical in ESA applications will
also be considered.

Concerning evaluation of face sheet fracture loads in CAl as affected by
BVID, analytical methods of estimation of stress concentration in the face sheet at
the damage site based on the different assumptions and respective fracture criteria
[21-24] will be analysed for their suitability with regard to specific Al
honeycomb/CFRP sandwiches considered, with the aim of selecting the most
appropriate analytical model for CAl strength.
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