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Abstract: This paper is focused on progressive failure amslgf sandwich composite beam loaded
with transversely low-velocity impact. A user defthmaterial model was used for modeling of the
non-linear elastic behavior of composite skin ofutted sandwich structure. The non-linear
behavior of foam core was modeled using Low-Densagm material model. The results between
numerical model and performed experiments were eoeapin form of deflection and contact force
time dependencies and occurrence of damage too.
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1 Introduction

Sandwich structures offer great potential for us@érospace, marine and transportation and otker lo
bearing engineering, where the weight must be kaeany reason to a minimum value. Sandwich stmectu
is built by two face sheets (skins) and light cdrbe outer skins are obviously thinner than thescdhe
main purpose of the core is to maintain the disgtdretween stiffer outer skins and to transfer tteasload
while skins carry compressive and tensile load.sTs$tructural arrangement have much larger bending
stiffness than single solid plate made of the stota weight from the same material as outer skily.oThe
other benefits of sandwich panels are the excettgrmal insulation, acoustic damping, easy maokini
etc. However, these sandwich panels have usuallylees damage resistance and are susceptible tadmp
damage. The prediction and the prevention of theelfmimpact damage are important in design ofethes
panels and their applications. The sandwich strastmay be subjected to randomly low-velocity imipac
every day life application such as dropped toolrdurepair, hit by a stone, or fall of differentjetts as cell
phones. These low-velocity, or low-energy impac#s) cause damage on the sandwich structure thabtcan
be visible by naked eye, but may significantly reglthe residual strength or stiffness and affextitatime
of structure or safety of the whole constructiam.practice damage can be detected using CT-scaor [1]
using structural health monitoring (SHM) [2] basad piezoelectric sensors [3]. These damage detectio
processes are very time-consuming and expensiwefidre, it is necessary to ensure the safetyrafvgigh
structures in all cases of expected loads and &geandom impact loads.

Even though the non-linear behavior of compositéenels is most evident in case of in-plane shestst
[4] the most reported works devoted to numericahusations of low-velocity impacts consider the
composite skin of sandwich structure as a linetrodropic material. The experimental testing shothat
the fiber-glass fabric material behaves non-linearltension along wrap and weft direction and liane
shear too [5].



2 Low-velocity impact test

The tested sandwich structure were made from 3rdagé fiber-glass fabric with the product name
Aeroglass (390 g/M and epoxy resin Epicote HGS LR 285. The compdaitenate skins of total thickness
1.2 mm. The core was a close cell cross-linkedrpelyfoam Airex C70.55. The wide sandwich beam of
dimension 400 mm x 150 mm and overall thicknes$ I8m was subjected to transverse low-velocity
impact using drop-testing machine. The testingakeenables to set the impact place on tested budiyhe
height of impactor directly via moveable horizorgald vertical linear guides. The impactor of tataight
2.336 kg was equipped by force sensor (Kistler 8jlthat enables to record the time-force response
(contact force) between the spherical head of itgpaegith radius 15 mm and tested body. Impacts were
aimed at the centre of upper skin of tested sarfdbé@am. The response of sandwich structure wasumeehs
in form of deflection in three selected points ditaoeously using the laser sensors. The samplewéncy
of force sensor placed on head of impactor andball laser sensor was the same, 20 kHz. The sahdwic
beams were simply supported on the steel standydtmn shorter edges with the overlap 17.5 mm on the
every side. The impact events were recorded usgigdpeed digital camera (Olympus i-Speed 2) whith t
frame rate 2000 fps. The geometry of tested sardsieam together with the placement of selected
measured points on upper skin of the beam is sloowFig. 1.
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Fig. 1: Geometry of tested sandwich beam and tk&ipos of measurement.

The range of impact velocities was varied betwe8rad 5.0m3™. The impactor was accelerated only
by the gravity. The real impact velocities of imfmaaon sandwich beam were affected by the frictiothe
linear guides of drop tool apparatus, thereforerttad impact velocities of impactor were measursidgithe
fourth laser sensor. The comparison between thadtngelocities given by free fall of impactor arehr
impact velocities of impactor affected due to foatin the linear guides is summarized in Tab. 1.

Tab. 1: Comparison between theoretical and reahatpelocities subjected to tested sandwich stractu

Impact velocity Real impact velocity Real impact energy

|mis”| [mis] [J
2.00 1.89 4.17
3.00 2.91 9.89
4.00 3.92 17.95
4.50 4.39 22,51
5.00 4.83 27.25

Fig. 2 shows the process of impact event on widelwach beam captured by high-speed camera for

impact velocity 5.0m[3™. The foam crushing under the impactor startseatithe t = 2.5 ms after the begin
of impact event (t =0.0s). The damage of the upmenposite skin begin at the time t=5.5 ms. This



damage propagates in form of crack across the wgker- time t = 6.0 ms. The maximal deflectiontioé
tested beam is achieved during the impact at the ti= 15.5 ms.

t=6.0ms t=155ms t=34.5ms

Fig. 2: Pictures of impact event on wide sandwiehrh obtained high-speed camera for impact
velocity 5.0m3™.

3 Material model and material parameters

3.1 Material model of composite skin

Sandwich composite fabric skin was modelled usinger defined orthotropic material model with ttoan
linear elastic behaviour. This material model wagplemented into Abaqus software using VUMAT
subroutine written in Fortran code. The transitidoetween linear and non-linear parts of stressmstra
relationship are indicated using the values of aeéions &; (i = 1, 2) in principal directions 1 and 2
during loading. The non-linear function with thenstant asymptote was considered in the case cfhibar

in plane 12 [6] EqQ. (6). The resulting stress-stnalationship of laminated sandwich skin is ddsamli by
following equations [7]
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The material parameteEs, E, andE; are Young's moduli in principal directions 1, 2&81 andvy,, va3,

v31 Poisson's ratios in planes defined by principadations 1, 2 and 3. Shear modulus in plane 2318nd

is designated a&,; and Gi5, respectively. The parameteds and A, in Eq. (2) and (4) describe the
straightening of yarns of fiber-glass fabric and tbhss of stiffness in corresponding directionsndl @
respectively. The nonlinear behavior in case ofaslie plane 12 (8) is described using initial shear
modulusGY,, asymptotic value of shear stres and shape parametep.

The maximum stress failure criterion was used &aljot failure on the composite skin
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whereX andY are the strengths in principal directions 1 anth&,subscripts T and C denote tension and
compression an®, is the shear strength. The values of degradatoialeD are dependent on the type

of occurred failure. The degradation parameterasecof shear failureH, = 1.0) before the strairy,,

reaches the critical value of strain apd > y;,) was implemented from [8]. The degradation paranset
are presented in different kinds of occurring figlin forms

1
= ()2
Fr21=D; =10, F;y21=D; =10, F,> landy;, < yj, = Dy =1—e["‘lz ] (11)
Fic=1= Dy, = 06, Fyc 21= D,, = 06, F, = landy,, > )i, = D; = 10.

The non-negative constamb,, is presented by integer and, is the ultimate deformation, when the

material is fully damaged. The Fig. 3 shows thenggle of linear and non-linear material behavior i
principal direction 1 together with the principlé @egradation in case of unaxial loading. The pplecof
non-linear function with constant asymptote in cabear plane 12 and applied material degradation is
presented in Fig. 4.
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Fig. 3: The principle of linear and non-linear  Fig. 4: The principle of material degradation ofino
material behaviour together with material linear function with constant asymptote in
degradation in principal direction 1. plane 12.

Material parameters of considered material modetavhposite skin were identified from compressive
and tensile tests using optimization process [Fip Taterial parameteEs, G;3 and G,; were taken from
literature [9]. All material parameters of compediaminated skin of sandwich structure are sumredria
Tab. 2.

Tab. 2: Material parameters of sandwich compogite s

El E2 E3 Gl3 Gz3 AL Az & 01 ‘902 sz r‘nl2
[GPa] [GPa] [GPa] [GPa] [GPa] [-] [] -] -]  [MPa] []
16.9 18.5 8.0 4.0 2.75 10.0 14.0 0.0008 0.005 39.665

F 0
Vio Vo Vg, &, G, X; Xc Y; Y, S Pec

1 H [H [ [GPa] [MPa] [MPa] [MPa] [MPa] [MPa] |kgn’|
0.337 0.337 0.28 0.32 4.96 325 65 347 67 35 1154

3.2 Material model of foam core

Foam core of the sandwich structure was modeledgutie Low Density Foam model [10]. This
isotropic material model for highly compressibleastbmeric foams assumes the zero Poisson's ratio.
Material behavior was specified via defined unasiakss-strain curves for tension and compresgiba.
nonlinear elastic stress-strain behavior in tengias described via curve in form [7]

o ()= 9260n(1+¢)+19880In(1+¢ )]* -13420In(1+ ¢ )] -

(12)
230In(1+¢)]* +118in(1+ ¢ )]°, wherei = 1,2,3.

The Fig. 5 shows the considered compressive amsildesiress-strain relationship of foam core ofdsédnh
structure. The material is fully damaged after heag the tensile strengtR ;. The compressive behaviour
of the foam core was described as an ideally gdestic material. The compressive stress-straimechas
three distinct ranges. When the limit for lineaastic compressive behaviour represented by conipeess
strengthR,. is reached, the foam core starts crushing ataheeonstant stress. When all cells of foam are
crushed, the foam structure starts to respond mpa&cted foam. This state is in material model regmeed

by ultimate compressive straig, . The response of foam is characterised after negch, by sharp

increase in stiffness. The material parametersarinfcore are summarized in Tab. 4.
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Fig. 5: Tensile and compressive stress-strain behaef foam core.

Tab. 4: Material parameters of sandwich foam core.

E 4 RmT Rmc Eu pF
[MPa] ] [MPa] [MPa] ] lkgin?]
50.0 0.0 15 12 0.53 60.0

4 Numerical smulations and results

The numerical simulations were modeled in finiteneént software Abaqus 6.14 using explicit solver
based on central difference scheme for time integraThe finite strain theory was assumed. Théedin
element model was created as a fully contact pnoldefour bodies. The friction between bodies hasrb
neglected. 8-node solid elements (Type C3D8) wexeduThe finite element model of impactor was
simplified and only the head of impactor was modeidéth added mass to reach its real total weighe T
real impact velocities form experiment were consde(see Tab. 1). The computed values of deflection
were interpolated from displacements of neighbaurinodes of finite element mesh near the measurd poi
of laser sensor from the experiment.

The results from experiment and numerical simutatgpresented by deflections in measuring points an
by the time dependencies of the contact force wenepared for the range of t = 0 — 20 ms from thet stf

impact event for impact velocities in range 2 — %™ . The damage area in form of spherical cap due to
foam crushing was occurred for this impact velesitiThe results comparison in case of impact ugloci

5.0mis™" is performed for the range of time t = 0 — 40 rae tb occurrence of different kind of damage in
form of rupture of outer composite skin. The detdiruptured upper composite skin at the end ofacip
event is shown on Fig. 6, where are compared theada from numerical simulation and the experiment.
The damage in compression in principal directias 8hown in case of numerical simulation. The latea
corresponds to damage in tension in principal dmacl. The comparison of deflections and contaotds

dependencies on the time is shown for selecteddtgdocities 3, 4 and ;3™ on Fig. 7 — 9.
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Fig. 6: The comparison of occurred damage on uppeposite skin of sandwich beam from numerical
simulation and experiment for impact velocity $ras™.
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Fig. 7: Comparison of deflection (left) and contéeete (right) of sandwich wide beam between nuoagri
simulation and experiment for impact velocity 3ras™.
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Fig. 8: Comparison of deflection (left) and contlete (right) of sandwich wide beam between nuoatri
simulation and experiment for impact velocity 4r0s™ .
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Fig. 9: Comparison of deflection (left) and contlmte (right) of sandwich wide beam between nuostri
simulation and experiment for impact velocity Sras™.



5 Conclusion

The response of composite beam to low-velocity chgaas been investigated experimentally and
numerically. The experimental results in form offleletion and contact force time dependencies were
compared with results from numerical model forpaiformed impact velocities. The results of contaate
time dependencies do not show perfect agreemeiatriim of occurrence of the peaks in case of humkrica
simulations, because the damping of contact betwapactor and upper skin was neglected. The damage
was compared only by the visual inspection with rbsultant damage from the numerical simulatioge T
expected occurrence of tensile failure of lower posite skin during the impact did not occurred ase of
experiment and numerical simulation too. The defation between the skins and the foam core did not
occurred in case of experimental testing, theretbres behavior is not included in the material mode
because of reasonable time consumption of numeaicalysis. Generally, sufficient agreement between
experiments and numerical simulations was achieved.
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