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This paper addresses the effect of a local quasi-static indentation or a low-velocity impact on the residual
strength of foam core sandwich panels subjected to edgewise compression. The damage is characterized
by a local zone of crushed core accompanied by a residual dent in the face sheet. Experimental studies
show that such damage can significantly alter the compressive strength. Theoretical analysis of the face
sheet local bending is performed for two typical damage modes (with or without a face-core debonding).
The solutions allow estimation of the onset of (a) an unstable dent growth (local buckling) or (b) a com-
pressive failure in the face sheet. The theoretical results are in agreement with the test data for two con-
sidered sandwich configurations.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

With the appearance of sandwich structures, the problem of
their local bucking become entrenched in the design process, due
to a limited support provided by the core layer for the in-plane
compressed face sheets. The local buckling (wrinkling) of intact
sandwiches has been investigated in many studies, and a number
of solutions were proposed, e.g. Rammerstorfer and Vonach [1]
and Fagerberg [2]. The less trivial problem is the case of a local
damage in the face (delamination, fibre breaks, etc.) or in the core
(e.g. a face-core debond), when the residual compressive strength
can be much lower than that of an undamaged panel, Hayman [3].
This has also been investigated by many in the past. A detailed re-
view of earlier (until 1997) studies is presented by Olsson in [4],
along with a discussion of different failure modes. A number of
new studies appeared later, e.g. [5-19], but mainly dealing with
experimental and finite-element (FE) results; only [11,15] present
analytical failure models.

The present paper extends the previous work by the authors
[20-22] on the local buckling in sandwich panels containing a
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sub-interface damage in the foam core, which locally reduces sup-
port for faces. The focus is laid on the core crush damage accompa-
nied by a permanent residual dent in the face sheet, while the
laminate itself is considered undamaged. The approach yields sim-
ple theoretical solutions for the ultimate (local buckling or com-
pressive failure) stress in the face sheet, even when accounting
for the supporting effect of the crushed foam material. The theoret-
ical results are compared with the test data for sandwich panels in-
dented or impacted with a rigid hemisphere. The solutions give
satisfactory predictions for the residual compressive strength, with
an accuracy acceptable for engineering purposes.

2. Experimental

An experimental study is initially conducted to characterize the
local damage and failure features and thus to provide an essential
input for the theoretical modelling. Flat specimens (180 x 270 mm
in-plane dimensions) with thick rigid foam cores and relatively
thin faces are used. The specimens are (1) locally loaded causing
a local core crushing and residual dent in the face sheet and then
(2) subjected to an edgewise compression, as described below.

2.1. Sandwich configurations
Two sandwich configurations are fabricated using the vacuum-

assisted resin transfer moulding. The core materials are Rohacell
WF51 or Divinycell H130 rigid closed-cell foams; they can be
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treated as isotropic. The face sheets are quasi-isotropic laminates
comprised of Devold DBLT850-E10-1 (areal weight 835 g/m2)
quadriaxial E-glass non-crimp fabric and vinylester resin Norpol
Dion 9500. The total lay-up is [0, —45,90, +45, —45,90, +45, 0], or
[0,45,90, —45], for configurations # 1 and # 2, respectively. The
basic material data are listed in Table 1. The Poisson’s ratios are
either estimated by laminate theory or taken from the core manu-
facturers’ data sheets [23,24].

2.2. Indentation and impact tests

Indentation tests are conducted at a cross-head rate of 2 mm/min.
To limit the overall bending, the sandwich panel is rested on a rigid
plate. The load is applied at the specimen centre using a steel
hemisphere as shown in Figs. 1a and 2a. A 25 mm hemisphere is
used for configuration # 1, and a 50 mm one is used for configura-
tion # 2, since the smaller indentor provokes a premature perfora-
tion of the laminate in the latter case. The specimens are indented
per 2.4, 3.6, 4.8, and 5.8 mm (configuration # 1) or 1.75, 2, 2.5, 3, 4,
5, and 6 mm (configuration # 2). This maximal indentation

Table 1
Basic mechanical properties of the sandwich constituents.

V. Koissin et al./ Composites Science and Technology 69 (2009) 2231-2240

magnitude is further denoted as wy; four specimens are tested
for each wy.

A typical load-displacement curve is shown in Fig. 3 (left). Path
A-B corresponds to a pure elastic response. Core crushing (cell
compaction) starts at point B, and the following path B-C exhibits
a progressive growth of the core crush zone. Upon unloading, path
C-D, a prominent residual dent is observed in the face sheet, point
D, mainly as the result of a pull-in action of the crushed core. The
maximum magnitude of this dent is measured during 10 min tak-
ing the displacement from the testing machine that corresponds to
zero load (path D-E). The dent magnitude decreases by up to 30%
during the first minute after the unloading, gradually leveling
off; this stable value (at point E) is further denoted as wj,. The tran-
sient instability should be attributed to specific properties of the
crushed foam, see Section 2.5.

Instead of the static indentation, a number of configuration # 1
specimens are impacted, using a drop-weight rig and the same
loading tip and support conditions. The hemispherical tip is at-
tached to a weighted body providing a total mass of 7.8 kg; the im-
pact energy (10, 20, 30, 40, 50, and 60]) is defined by the drop

Configuration Material Thickness (mm) Fibre content (%) Young’s modulus (MPa) Poisson’s ratio Yield strain Yield stress (MPa)
#1 WF51 50 - 85 0.42 0.012° 0.9%
GFRP 2.4 55 19,300° 0.25 0.002¢ 44.3¢
#2 H130 40 - 1352 0.32 0.014* 2.3
GFRP 1.6 41 15,800° 0.25 0.002¢ 42.8°
2 Qut-plane compression (ASTM D1623-78).
" In-plane tension (ASTM D638M).
¢ Conventional value, in-plane compression (ASTM D3410).
dial residual tab
gauge~__ dent zone
N
e L
>
=

(b)

Fig. 1. Schematic of a local indentation (a) and edgewise compression (b) tests.

Fig. 2. Configuration # 1 plate subjected to a

(b)

local indentation (a) or edgewise compression (b).
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Fig. 3. Applied load vs. face deflection response for configuration # 1 (left) and max. residual dent vs. mean damage diameter for indented specimens (right).

height, assuming the ideal free fall. After rebound, the impactor is
captured to avoid a secondary damage of the specimens. Series of
4-5 specimens are tested for each impact energy. Details can be
obtained in [20,25].

2.3. Damage characterization

Besides the residual dent, a visual inspection usually reveals a
delamination zone (seen as a whitened spot) in the face sheet con-
fined to the contact area with the loading tip. For example, this
zone is about 18 mm in diameter after a 60 ] impact. No delamina-
tion is observed after a 2.5 mm indentation or a 10 ] impact. Con-
figuration # 1 panels also contain a plastically deformed zone
having smoother surface and slightly different color. Configuration
# 2 panels have no such “Brinell-type” damage at the loading site,

O ‘_,‘-" gy
E 0o} e
£ 0.2“ /, \ .
o Phe ,\,
f- -0.4g T
GC) AER4
< -0.6f"/
© o, —w0=2.3 mm
S -08’ =36
.g o - --wO: .6 mm
P R w0—4.8 mm
—0—W0=5.8 mm

0 20 40 60
distance from the centre, r, mm

obviously due to the twice larger indentor tip and more flexible
face sheet.

A damage diameter is plotted against the residual dent magni-
tude in Fig. 3 (right). For configuration # 1 the dent is also quanti-
fied by moving a dial gauge along a line crossing the centre, with a
45¢° step; almost circular in-plane shape is detected. The averaged
results are presented in Fig. 4. A distinct drop of the dent profile is
attributed to the “Brinell-type” crater mentioned above. It is also
noted that the residual dent provides a conservative indication of
the sub-interface damage, since the residual dent diameter is
somewhat larger than the core crush diameter [4,20].

The core crush zone is hidden under the face sheet, Fig. 5. For
configuration # 1, when the face is manually detached in several
specimens after indentation, thin crushed foam traces, remained
on its inner surface, are good indicator of the damage boundary

0,
1S
E L
=" -05
-
3 q
E
% _11 ——impact 10 J|]
2 ! - - -impact 20 J
¢ = =‘impact 30 J
——impact 40 J
-1.5 ' ; ;
0 20 40 60

distance from the centre, r, mm

Fig. 4. Profile of the face sheet residual dent in indented (left) or impacted (right) panels of configuration # 1. Measured several days after the tests. Filled dots at (r = 0)

denote the estimated maximum residual dent wj, without the “Brinell’s” component.

virgin core T crushed core

crushed core

2a
2b

(a)

(b)

Fig. 5. Schematic of a local damage without (a) or with (b) partial face-crushed core debond.
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[20]. This was not the case for configuration # 2; then the core
crush boundary was estimated using an FE model reported in
[20]. It should be pointed out that a similar damage in configura-
tion # 2 sandwich beams (indented more than for 4 mm) is accom-
panied by the second crush zone close to the core midplane [25]. In
the present study, a 5 mm thick slice is cut across the damage cen-
tre of a 6 mm indented panel and projected with X-rays. No second
crush zone is detected; its absence can be explained by a milder
strain field during the indentation, if compared with the beam
specimens.

The impact-induced damage in configuration # 1 specimens dif-
fers from the “static” one and consists of two regions, Fig. 5b. In the
central part, the face sheet and the crushed core are debonded,
while they keep contact in the peripheral region. This cavity ap-
pears probably due to a rapid deformation of the foam material
during the impact and rebound. The cavity is located some small
distance below the face, since the foam cells are strengthened with
the resin at the face-core interface. The in-plane cavity diameter,
2b, is approximately 1/2 of the core crush zone diameter, 2a. More
detailed geometrical characterization of the impact damage is pre-
sented in [20,25].

2.4. Edgewise compression

The edgewise compression is performed according to ASTM
C364-94, as shown in Figs. 1b and 2b. The shorter edges of the
specimens are reinforced with tabs and milled to ensure uniform
load transfer and to avoid local yielding of the faces. The specimens
are compressed between two steel plates at a displacement rate of
1 mm/min. The compression direction corresponds to the fibre
direction in the outermost layers of the face laminate. A dial gauge
is used to measure the out-of-plane displacement at the damage
centre. One specimen from each series of configuration # 1 is also

V. Koissin et al./ Composites Science and Technology 69 (2009) 2231-2240

instrumented with uniaxial strain gauges; details are reported in
[20].

Since the laminate stiffness is much larger than that of the core
layer, the compressive stress in the faces is calculated using the
simplest formula

o =P/2hb, (1)

where P is the load sampled from the press, h; is the face thickness,
and b is the panel width.
The following failure modes are observed, see also Figs. 6 and 7:

Abrupt bifurcation of the face sheet (wrinkling) leading to a com-
plete disintegration of the specimen. This is common for config-
uration # 1 specimens having a relatively small damage (e.g.
the 10 ] panels). The wrinkling wave is manifested by the foam
core fragments remained on the detached faces.

Failure in the core initiated by the local buckling in the residual
dent zone. Configuration # 1 specimens (having a large dam-
age) exhibit a progressive dent growth. Typical dial gauge his-
tory sampled for such a specimen is shown in Fig. 8 (left). At
a certain moment, the dent growth rate increases that is attrib-
uted to the local buckling onset. The final abrupt failure can be
caused by the tensile fracture in the core on either side of the
dent zone, since a visual observation of the separated face sheet
reveals traces of the foam material just at the outer boundary of
the core crush zone, Fig. 7b. In this photo the traces are situated
across width of panel but often they occur at the damage zone
sides oriented along panel.

Typical load curve for this case is shown in Fig. 8 (right). The
response is almost linear up to the failure; i.e. the dent growth
and non-linear deformation in the face cause a marginal
decrease in the panel stiffness. This disagrees with observations
for sandwich beams of the same configurations [22]. This is

bulge —, delamination ~.
tensile core crush tensile : : 2
fracture zone fracture .
onset onset virgin core

(a)

(b)

(©)

Fig. 6. Failure modes: (a) wrinkling (b) local buckling (c) delamination + kink band formation.

(b)

Fig. 7. Typical failure observed for configuration # 1 (a and b) or # 2 (c) panels.

(c)
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Fig. 8. Residual dent growth (left) and load-displacement response (right, the stiffness is fitted with a polynomial, since the original data show a large scatter) registered

under edgewise compression. Configuration # 1, 60 ] impact.

obvious because for the panels the progressive dent growth
does not occur at the whole specimen width and is not accom-
panied by the overall bending, that occurs in this case in the
beam specimens.

Face delamination resulted in its abrupt failure. This is observed
for all configuration # 2 specimens. The failure occurs in a nar-
row through-the-width zone usually crossing the indented part
of the face sheet and could thus be attributed to a stress concen-
tration due to the residual dent. Small delamination at the for-
mer load site could also trigger the failure. Fig. 9 (left) shows a
dependence dent magnitude (initial, after some growth at the
moment of buckling, and ultimate) on the damage diameter.
A prominent face dent growth is observed prior to the failure
only in the specimens indented more than for 4 mm (having ini-
tial dent magnitude of 0.5 mm or higher).

For comparison, virgin specimens are tested also; configuration
# 1 fails by wrinkling, and configuration # 2—by delamination.
Thus, the failure mechanism of the tested panels remains un-
changed if the damage covers a relatively small area (e.g. if the
damage diameter is less than the wrinkle wavelength). Larger
damage changes the failure mode for configuration # 1, while it re-
mains the same for configuration # 2 (apparently, the dent growth
only changes the bending stresses in the face sheet).

Fig. 9 (right) shows a reduction in the ultimate (at failure)
stress, oy, normalized to that of the virgin specimens, 0 irgin. AS €X-
pected, strength in the wrinkling failure mode is not much depen-
dent on the damage size. This is not the case when the final failure
is provoked by the face delamination or dent growth. In this case,
the dent magnitude as well as amount of the crushed core can sig-
nificantly reduce the residual strength.

25 : :
—o—initial
- e -at buckling
= 2| - & - at failure ’,F ]
1S >
E 1.5, r’ /' 4
[} ;{ ¢
©
1
2 lye”
&1 K 1
1S I
0.5 y 1

0 10 20 30 40 50 60 70
damage diameter 2a, mm

It is also seen that some normalized results are superior to 1.0.
Probably this is just a statistical error caused by a small number of
specimens. However when the same series (4-5) were used for
sandwich beams [22], a similar effect was observed only once,
and not for several points as in Fig. 9 (right). Another idea can be
that the residual dent forms a small 3D geometrical ‘stiffener’. If
we then assume that the virgin and damaged specimens have
the same ultimate edge displacement, then the latter may indeed
have a higher ultimate strength. In the plane problem (beam spec-
imens) the residual dent is 2D-shaped and thus does not stiffer the
response.

The local buckling onset load is determined as the intercept be-
tween an extension of the region with stationary dent magnitude
(almost no dent growth) and a tangent to the region of a progres-
sive dent growth, measured by a dial gauge as shown in Fig. 8
(left). The results are presented in Fig. 10. For large damage sizes,
the tests reveal a reduction factor in the buckling stress up to
2.3; the scatter is within 10%. If compare Fig. 10 (left) with Fig. 9
(right), it is seen that the ultimate failure load can noticeably be
higher than the local buckling onset load. For example, the
strength reduction factor after a 60] impact is about 0.75; i.e.,
the strength is about 110 MPa, while the local buckling occurs at
65 MPa. For configuration # 2 this effect is milder, Fig. 10 (right),
but it is anyway seen that the panels can undergo an increasing
post-buckling load. It could be interesting to investigate is the
post-buckling state is stable or not (due to creep and possibly other
effects in the foam) under a constant overall load but this is be-
yond this paper.

As mentioned above, configuration # 1 panels most likely fail by
the out-of-plane tensile fracture in the core somewhere at the
boundary of the damage zone. This is prompted by the strain
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Fig. 9. Residual dent growth (left, configuration # 2) and ratio of the ultimate stress of damaged, o, and virgin, i, panels (right) under edgewise compression, vs. the

damage size.
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Fig. 10. Edgewise compression tests and theoretical results for configuration # 1 (left, test data for local buckling stress) or # 2 (right, the first four points give the ultimate

stress only due to absent of buckling in these specimens).

gauges, which register a distinct strain decrease attributed to the
local bending of the face sheet outwards the panel, while the inner
area (the residual dent zone) bends inwards [20]. To clarify this
phenomenon, the strain mapping is performed. Fig. 11 (left) shows
the out-of-plane displacement field captured right before the final
failure. The corresponding dent profiles are shown in Fig. 11
(right). Zones with positive (outward) displacements of the face
sheet can be seen. “Bulges” in these zones increase simultaneously
with the residual dent growth inwards. Prior the final failure, max-
imal outward displacement is about 0.64 mm.

Unfortunately, it is impossible to clarify if the failure initiates in
the crushed or virgin core, since the local strains cannot be mea-
sured with any system used in this study. On one hand, a
0.64 mm deflection of the face sheet corresponds to a 1.3% nominal
strain in the core. This value is very close to the ultimate tensile
strain for virgin WF51 foam material. On the other hand, the
“bulges” appear mostly within the core crush zone. In study [26],
the pre-crushed WF51 foam specimens were tested in uniaxial ten-
sion until reaching their original (before crushing) length, and even
in this case most of them fail prior to end of the test. In the present
tests, it is obvious that the crushed core under the “bulges” under-
goes much larger tensile deformation. However, all these consider-
ations are very rough, since the real strains are apparently not
uniaxial and not uniform through the core thickness. Also, the re-
sults from the tests on large foam specimens should not be scaled
to the edge of the damage zone, where the crushed foam layer is
thin and thus may not be considered as a continuum. Finally, the
region of interest is a junction of virgin foam, crushed foam, and

Fig. 11. Full-field displacement measurements under edgewise compression, around former 60 ] impact site. Left: out-of-plane field (mm) prior to the failure (¢

isolines are shown also). Right: face sheet profiles in the loading direction.

the cells filled with resin, which suggests the problem should be
treated on the micromechanical level.

2.5. Crushed foam characterization

For modelling of the foam material, quasi-static uniaxial com-
pression-tension is performed as shown in Fig. 12. First, the spec-
imen is compressed until the foam is fully crushed, path A-C
(path A-B represents the elastic response). This is followed by
unloading and eventual loading in tension along path C-D. Then
a constant strain ¢p = & is kept for 10 min, while the stress fol-
lows path D-E. Finally, the specimen is compressed again, path
E-F. The tests are performed for a number of different magni-
tudes of & shown by circle markers in Fig. 12. Further details
are reported in [26].

For the local buckling, mainly path E-F is important, since it
characterizes the crushed core reaction during the inward growth
of the face dent. This path contains two almost linear regions and
can thus be approximated with two modules, E' and E”, as shown in
Fig. 12 (right). Their values are dependent on the position of point
E.In Table 2, the moduli are given for two extreme sets of the resid-
ual strain & used in the tests. Taking a ratio between the maximal
residual dent, wj, and the damage depth, d, in the indented sand-
wich panels, Fig. 5, the average residual strain ¢ is estimated to
be 0.08-0.17 or 0.08-0.13 for configurations # 1 and # 2, respec-
tively. In the following, mean values of E' are used (contrary to
the plane formulation, [22], path with E” is not reached before
the local buckling, due to minor growth of the residual dent).
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Fig. 12. Stress-strain curves in uniaxial compression/tension tests on H130 foam specimens; full-scale (left) and detail (right).
Table 2
Crushed core stiffness under secondary compression.
Configuration Residual strain (gg) Modulus E' (MPa) Modulus E” (MPa)
1 2 1 2 Mean 1 2 Mean

1 0.08 0.17 8.2 7.8 8.0 0.04 0.1 0.07
2 0.08 0.13 63.2 46.0 54.6 2.2 3.4 2.8

3. Theoretical

Reasoning from the experimental study, the theoretical ap-
proach is focused on (1) local buckling in the core crush zone
and (2) compressive fracture of the face sheet. The wrinkling fail-
ure is not discussed, since its analysis requires an individual article
[27]. It is worth to mention that the real wrinkling can occur much
earlier than predicted by theory, mainly due to material non-line-
arity and a load eccentricity caused by tabs. This is the case for
sandwich configuration # 1 tested in this study.

The face sheet over the core crush zone is modelled as a linear-
elastic, non-stretchable, and elastically clamped plate having
thickness hy and bending stiffness Dy, Fig. 13. The clamp is used
to model a reacting moment from the undamaged part of the sand-
wich. It is accepted also that (hy <« (2a)), so the thin plate Kirchoff-
Love theory can be employed.

The stiffness Dy is constant; i.e., no damage of the face (delam-
ination, fibre breakages) is considered. In the axisymmetric formu-
lation (and similar 3D shape problems) it is almost the same for the
stiffness response either one takes the virgin plate or reduces its
stiffness in a small central area or even cuts this area off. Thus
the face sheet damage should be accounted for only if covers a
wide area; this is not the present case.

Two variants of the model are used below; b=a and b =0,
Fig. 5. The first one, Fig. 133, represents the case when there is a
face-core debonding within the whole damage zone. The second
one, Fig. 13b, includes a continuous support of the crushed core.

C
727 D %G
? 2a X

(a)

The solutions given below are approximate, since “exact” closed-
form solutions (if any) would be too complicated.

3.1. Local buckling

Consider bi-axial compression producing far-field stresses
oy, 0y; their critical (in the Euler sense, i.e., sufficient to keep a
slightly bent form) values are to be determined. The particular case
(ox = ay) in Cartesian coordinates corresponds to uniform radial
loading in the polar coordinates. The Ritz method can be utilized
to solve this problem approximately. For this, a circular in-plane
shape of the damage zone is substituted for a square one
(2a x 2a); increased area results in a conservative estimation.
Actually even the circular shape is a simplification, since initially
circular residual dent zone becomes elliptical under uniaxial in-
plane loading, Fig. 11 (left).

The residual face dent is disregarded, since the tests show that (1)
the buckling profile is similar to the dent profile, (2) the dent is less
than the face thickness, and (3) no considerable dent growth occurs
prior to the buckling onset. As said above, the latter observation al-
lows modelling of the crushed core as linear-elastic, with modulus E’
introduced in Section 2.5. So the face keeps a straight form of equi-
librium up to bifurcation, and the eigen mode is chosen as

w = (imrsin(ijx) + ksin®(iix))(jm sin(jay) + ksin®(jiy)) (2)

with i, j=1,2..., A=m/2a, and k = Ca/D; that fits the elastic
clamp condition

¥ :
DT i

crushed core (E', V')

(b)

Fig. 13. Modelling approach for cases of (a) face-crushed core debond and (b) perfect interfacial bonding. Profile of the buckled face sheet is shown schematically.
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at x,y=0,2a: -Diw' =FCw. 3)

A conservative estimation of rotational stiffness C can be
adopted from the plane problem, [22], (E. is the Young’s modulus
of virgin foam material)

C ~ 0.2k} /E.E}. (4)

The total energy is
1 -2a r2a ) 5 2
= 5 / / (Ds(aw)® + k,w* — oxhs(wy)
o Jo

C
~ ayhy(wgP)dxdy + 5 [ (w4 ds, (5)
L
where A = (), + ()gy, L - plate contour, s - contour coordinate, n -
normal line to the contour. The latter item can also be written as

Jowaras= [ (0021co + 00 0)y

L
o (0P 07 ) ©)

The parameter k; is the elastic foundation stiffness which repre-
sents a supporting effect of the crushed core. It can be estimated by
matching (1) the “exact” Euler’s stress for an infinite beam bonded
to an elastic half-plane, [22,27], and (2) a similar solution where
the half-plane is substituted for a Winkler foundation, [28],

9 Dy o krant
s k(3 )
The parameter x, accounts here for the material properties,
D Esh? 2E(1-V)
3. p—_ 17 E =
BRI TR0 T A+ v)B—4v) (®)

where E' and v' denote the Young's modulus and Poisson’s ratio of
the crushed foam material, assuming its isotropy. This is a conser-
vative simplification of a real orthotropy [29]. The value of V' can
be accepted to be 0.3; its variation between 0.2 and 0.4 results in
a negligible change of E;.

Below for simplicity the particular case (o, = o, 0, = 0) is con-
sidered; this follows j = 1 for realizable eigen modes. Then substi-
tution of approximation (2) into energy functional (5) with
condition (IT = 0) produces

O = 2¢fo/a2i2hf (9)

with ¢ = m?/4 and non-dimensional factor

A) A) T A}
500f N [ Bk
S Eq.(9).k #0
500y ® FE square
5 400! ® FE circular

300¢ ; a
wrinkling level
200¢

critical stress 6_, MPa

1007

0 20 40 60 80
damage diameter 2a, mm
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Fo+ )2 3k(32 + k(13 + 2%))/2
=" 48 + k(64 + 9k)
6k* (3¢ + k(10 + 3k))

(48¢ + k(64 + 9k))(12i%p + k(8y + 3k))
. 3ki* (8 + 3k)/2 + 2k, (48i%p + k(32y + 9k))
12i% ¢ + k(8 + 3k)

accounting for the crushed core support and elastic clamp stiffness.
Here = 1 — (—1)". For the first eigen mode (i = 1) this simplifies
into

(10)

= p+10k/3+K  p+4k/3+K /4
Cp+4k/3+K%/4 ¢ +4k/3+3kP/16
gk, 9+ 4k/3 +3k2/16.
o+ ak/3 1K /4

(11)

Results are shown in Fig. 10 for (i = 1) and cases with (k, = 0) or
without (k, # 0) the cavity. These correspond to Fig. 13a or b,
respectively. For configuration # 1 the agreement is very good be-
tween the estimation with (k, = 0) and the test data. This is a nat-
ural result because (1) experimental points for the indented
specimens lie on the left of the Euler’s curve and (2) there is a large
cavity in the impacted specimens. Thus the crushed core support is
not important for the buckling behaviour in both cases, and the
simplest solution with (k, = 0) broadly works for them.

For configuration # 2 the theoretical solutions neither for
(k; = 0) nor for (k, # 0) fit the test data. The obvious reason is a
much stiffer crushed core support (54.6 vs. 8.0 MPa), Table 2. On
the other hand, such a support rises the solution for
(k; # 0, i=1,2,3,4) well above the test data even for the undam-
aged panels, Fig. 14 (left). Thus the failure is naturally dominated
not by the local buckling but by a compressive failure in the face
sheet, Section 2.4. A simplified solution for this case is presented
below.

To verify Eq. 9, a simple linear-elastic FE analysis is performed
for configuration # 2. Due to the symmetry of buckling across
the load direction (j = 1), only half of the panel is modelled. This
200 x 100 x 40 mm volume contains a 2a x a x 40 mm prismatic
core crush insert. Isotropic core layer and face sheet are meshed
with tetrahedral or 3-node shell elements, respectively. The model
is composed of eight elements through the core (condensed to-
wards the face) and 40 elements lengthwise, i.e. a 5 x 5 mm mesh
is created. A conservative compressive load is applied to the face
sheet; only one translational degree of freedom is allowed for this
edge of the model. All DOFs are fixed at the opposite edge as well
as at the bottom edge of the core.

-0.8| —real stress distribution s
- - -approx. conservative, Eq.(15)
_1 I I L
0 5 10 15

distance from the damage centre, r, mm

Fig. 14. Left: local buckling stresses for configuration #2 (solid markers for k, # 0, empty ones for k, = 0). The first two points for k, # 0 correspond to the wrinkling
behaviour. Right: distribution of the residual out-of-plane interfacial stress along crushed H130 core zone [25].
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Fig. 15. Eigen modes in the FE model having a 40 x 40 mm square damage zone (a = 20 mm). Left: k, # 0 (E' = 54.6 MPa). Right: k, = 0 (E' = 0.1 MPa). Central part of the

model is shown.

The obtained eigenvalues, Fig. 14 (left, square markers), are
lower than the theoretical predictions. This discrepancy should
mainly be due to the assumption of integer i within fixed face zone
2a x 2ain Eq. 2, while the FE model allows for a more free buckling
wave formation, Fig. 15 (left). This is prominent for this stiff
(E' = 54.6 MPa) crushed core; if its support is eliminated (k, =0
or E' = 0.1 MPa in the FE model), the theory gives much better re-
sults, Fig. 14 (left), especially for large damage sizes, when the nat-
ural wavelength fits the damage size well, Fig. 15 (right).

A more realistic FE model having a cylindrical core crush zone of
a radius a is tested also, Fig. 14 (left, circular markers). The results
demonstrate a minor (less than 5%) discrepancy with the previous
values, thus showing that a square damage zone is a good approx-
imation of a circular one.

3.2. Compressive failure

Consider a circular region of the face sheet (r < a) perfectly
bonded to the underlying crushed core, Fig. 13b. The case of a par-
tial face-core debonding (0 < b < a) can be dealt with similarly,
[25], but this is beyond the present study. For the area of interest,
the stresses induced by the overall compression are accompanied
by bending stresses. The residual dent profile is, as shown in [25],

prt  nr r?

WDf**a—ﬁ‘FA‘l‘i‘B (12)

with

A-RESKEKU3 by 2 kK sty gy
-8 k+1+ vf)k* 45 (k+1+ Vf)k* ,

where k” is the cross stiffness parameter accounting for deflection
due to rotation and vice versa, at the transition boundary (r = a) be-
tween the virgin and crushed core. For simplicity it is better to take
k* = oo; this gives a negligible error for the present geometry and
material configurations. This yields

pa® k+3+ vy

A:?k+1+vf

2na® k+ 4+ vy
45 k+1+Vf'

(14)

Parameters p and n result from a trapeziform model of a pull-in
reaction of the crushed foam at the face-core interface, [25],

of(r)=p+nr, (15)

where p defines the reaction magnitude at the damage centre
(r =0) calculated using the crushed foam response in tension,
Fig. 12; the corresponding strain is estimated using the test data
for the crush zone depth, d, and maximal residual dent in the face,
wj, Fig. 5. The parameter n defines a linear variation of Eq. (15) to-
wards the damage boundary (r = a). A conservative (resulting in
larger pull-in reaction and therefore in higher bending stress) vari-

ant of n assumes that the residual strain in the crushed foam is zero

at (r = a); this corresponds to point E in Fig. 12 (left). This choice re-

sults in the shape shown by a dashed line in Fig. 14 (right). The tra-

peziform model is adopted mainly because the real stress

distribution depends on a particular sandwich constitution thus

making a generalized form of the analytical solution impossible.
The radial bending moment

Dyw’, 4y Wy P nr A
Dywy +v=0) =B+ gz @ ) =50+, (16)
produces maximal stress at (r = 0)
3 Dy
'™ = -5 5 A1 —vy). (17)
2 h?

For the present case it can be assumed that the residual dent
growth is negligibly small before the final failure, Fig. 9 (left).
Therefore the local bending stress (17) is not much influenced by
the overall compression. Then the total stress is calculated as their
simple superposition, and the ultimate strength, o, is estimated
by subtraction of (17) from the virgin panel strength, ¢?,. The re-
sults are shown in Fig. 10 (right) and agree with the test data.

A yet more conservative estimation accounts for the overall
compression as

Ocr

0 max
Oyt = Oy — O _—
¢ Oc — Oulr

" (18)
(the factor is widely used for an approximate estimation of the
deflections and stresses under a combined—in-plane and transver-
sal—loading) or

Our = (Ogy + Oar) /2 — \/(Gglt + 0'")2/4 — Oa (0 — O7), (19)

where o, is defined by Eq. (9). In the present case Eq. (19) gives an
ultimate strength which is about 20% lower than follows from Eq.
(17). As it is seen in Fig. 10 (right), due to many conservative
assumptions solutions (17) and (19) give a significant underestima-
tion of the residual strength but still can serve as a fast and rough
approach to the problem.

4. Conclusions

The edgewise compression response of foam-cored sandwich
panes with indent- or impact-induced damage is experimentally
and theoretically investigated in this paper. The main results can
be outlined as

e For the tested sandwich configurations, a typical damage con-
sists of a sub-face core crush zone and residual dent in the face
sheet. Almost no delamination is observed in the face. For the



2240 V. Koissin et al./ Composites Science and Technology 69 (2009) 2231-2240

sandwich configuration subjected to a low-velocity impact, the
damage also contains a large interfacial cavity which consider-
ably reduces the residual face dent;

e Under edgewise compression, the specimens having a small
damage zone fail, depending on configuration, by abrupt wrin-
kling or compressive fracture of the face sheet. These failure
modes coincide with the ones for virgin specimens of the same
types and do not seriously alter the ultimate strength. When the
damage size increases, the failure mechanism can change to a
local buckling in the damage zone. This leads to a substantial
reduction in the compression load capacity. If accompanied by
a relatively large residual dent, the compressive fracture also
occurs much earlier than in virgin panels;

e Three theoretical solutions predicting the ultimate residual
strength are presented. The first solution assumes no support
of the crushed core to the face sheet and thus gives a conserva-
tive estimation for the buckling load. The second, more refined
solution, assumes a perfect bonding between the face and the
crushed core and thus yields the upper limit of the buckling
load. It is obtained that taking into account the supporting effect
of the crushed core rises the critical load significantly. Here this
effect is more prominent than for sandwich beams [22]. The
third solution allows for prediction of the compressive failure
of the face sheet due to overall compression and local bending
stresses in the residual dent zone;

e The solutions demonstrate a good agreement with experimental
and FE data, for a relatively large core crush zone. They may also
be utilized for some sandwich configurations having corrugated
or honeycomb cores.
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