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Abstract. This contribution is focused on the progressivdufa analysis of sandwich
composite beam loaded with transversely low-veyoaitpact. A user defined material model
was used for modeling of the non-linear orthotrogl&stic behavior of composite skin. The
non-linear behavior of foam core was modeled ukimg-Density Foam material model. The
numerical model was validated using performed erpart and the results in terms of
deflection and contact force time dependenciesrmuteially compared.

I ntroduction

The sandwich structures are based on the prinaplew density material (core) placed
between two stiffer and thinner outer skins. Thennparpose of the core is to maintain the
distance between outer skins ant to transfer tlarstoad while the outer skin carry the
compressive and tensile loads. The sandwich stestare widely used in many kind of
structural applications where the weight must bpt ke a minimum value [1]. It is due to
their high stiffness an strength to weight ratiascomparison to conventional materials,
environmental resistance and product variabilithe Tmain disadvantage of sandwich
structures is their predisposition to damage aidréacaused in case of low-velocity impacts
with foreign objects [2]. The damage of sandwidlucures can be detected using CT-scan
[2] or using structural health monitoring (SHM) [3]

This work deals with the experimental investigataomd numerical modeling of behavior
of wide composite sandwich beam subjected to tensely low-velocity impact. The tested
composite sandwich panel of overall thickness 2% was manufactured using vacuum
infusion process. The outer laminated compositesséf thickness 1.2 mm were made from 3
layers of fiber-glass fabric Aeroglass and epoxginrdepicote HGS LR 285. The core of the
sandwich was a closed cell cross-linked polymemfddrex C70.55 that is characterized by
low resin absorption. Resultant sandwich panel euaed for 6 hours at temperature 50 °C.



Material Model of Composite Skin

A user defined material model of composite skinstdering the non-linear elastic behavior
was implemented using VUMAT subroutine written iorffan code. The non-linear function
describing the stress-strain relationship starfingy deformationg,, (i = 1, 2) is assumed in

case of principal material directions 1 and 2 (E@nd EqQ. 4). The non-linear function with

constant asymptote (Eqg. 6) is considered in caggaok shear in principal directions 1 and 2
[4]. The following equations describe the resultatigess strain relationship of composite skin
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The material parameteEs, E, andE; are Young's moduli in principal directions 1, Zan
3; andviy, vo3, v31 Poisson's ratios in planes defined by principegations 1, 2 and 3. Shear
modulus in plane 2 3 and 1 3, is designate@asandG,3, respectively. The parametess
and A, describe the straightening of yarns of fiber-glédsric and the loss of stiffness in
corresponding directions 1 and 2. The values obmedtions £, and &, indicate the
transitions between linear and non-linear partstofss-strain relationship in the principal
directions 1 and 2 during the loading. The nonlineshavior in case of shear in plane 1 2
(Eq. 6) is described using initial shear modulfs, asymptotic value of shear stress and
shape parametes..

The maximum stress failure criterion was used fedjztion of failure of composite skin
in form
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whereX andY are the strengths in principal directions 1 anth@,subscripts T and C denote
tension and compression aigl is the shear strength. The values of degradatoiameD

are dependent on the type of occurred failureThe degradation parameter in case of shear
failure (F, =10 and y,,>);,) was implemented from [6]. The degradation paransetre
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presented in different kinds of occurring failuneforms
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where the non-negative constamt, is presented by integer ang, is the ultimate
deformation when the material is fully damaged. Theciple of linear and non-linear
material behavior together with the principle ofydedation is shown in Fig. 1. The principle
of non-linear function with constant asymptote apglied material degradation is presented
Fig. 2. The material parameters were identifiedmfréensile and compressive tests of
composite skin using mathematical optimization pesc Parameteis;, G,3 and Gi3 were
taken from [7]. All material parameters are summediin Table 1.
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Fig. 1. The principle of linear and  Fig. 2. The principle of material degradation of
non-linear material behavior together non-linear function with constant asymptote in
with material degradation in principal plane 1 2.

direction 1.

Table 1. Material parameters of composite skin.

El E2 E3 G13 G23 Ai Az 801 802 Z-102 m12
[GPa] [GPa] [GPa] [GPa] [GPa] [-] [] -] -]  [MPa] [-]
169 185 80 40 275 100 140 0.0008 0.005 39.666
Ve Vo Vaoo Vo G X X Y, Yo § Pe

-] -] [-] [-] [GPa] [MPa] [MPa] [MPa] [MPa] [MPa] [kgim™]
0.337 0.337 028 0.32 496 325 65 347 67 35 1154

Material Model of Foam Core

The Low-Density Foam material model [8] intended Faghly compressible elastomeric
foams was used for modeling of foam core of sankvgitucture. The isotropic material
behavior that assumed the zero Poisson's raticspedfied directly via unaxial stress-strain
curves for tension and compression. The Fig. 3 shbe considered compressive and tensile



stress-strain relationship of foam core. The tansess-strain behavior was described via
curve in form

o(e) = 9260n(1+£)+19880In(1+£)]* ~1342in(1+ £)]° - 230In(1+£)]* +

12
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The material is fully damaged after reaching tensitengthR .. The compressive stress-
strain behavior was described as ideally elasttplasaterial with Young's module and
yield limit R .. The all used material parameters are summanzéadble 2.
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Fig. 3. Compressive and tensile stress-strain behaf/foam core.

Table 2. Material parameters of foam core.

E 14 Rm'r RmC £U pf
[MPa] [-] [MPa] [MPa] [-] [kgim™]
50.0 0.0 1.5 1.2 0.53 60

Experiment

The sandwich composite beam having the dimensi@@sndmx 50 mm and thickness
12.5 mm was subjected to transverse low-velocitgaioh using drop-testing machine. The
testing device enables to set the starting heifjmnpactor and the impact place on tested
body directly via moveable vertical and horizortaéar guides. The impactor was equipped
by force sensor (Briel&Kjser 8200) that enableseword the time-force response (contact
force) between the head of impactor and tested .b®plgerical head of impactor had radius
15 mm. The impactor of total weight 2.211 kg wasederated only by the gravity and the
impacts were aimed at the center of upper skinaodwich beams. The range of impact
velocities was varied betweed.Om$™ and 40m[$™, namely LOm&*, 20mis™,
225m$*, 25mi$™, 30m3™ and 40m$™. The response of sandwich was measured in
form of deflection in selected point (see Fig. 4ing the laser sensor (OptoNCDT 2200). The
sampling frequency of force sensor and laser sewsgrthe same, 10 kHz. The sandwich
beams were simply supported on the steel stand) dlom shorter edge. The distances of
supports were 400 mm. The overall experimental ighps with geometry is shown on Fig. 4.
The impact events were recorded using high-spegithdcamera (Olympus i-Speed 2) with
2000 fps. Fig. 5 shows the process of impact ewmrh high-speed camera for impact
velocity 40m$™. The occurrence of damage of upper composite starnting at time
t = 0.0045 s is shown obvious from pictures.



t=0.0s t=10.004s t=0.0045s

t=10.015s t=10.016s t=0.0255s

Fig. 5. Sequence of impact event from high-speatkeca for impact velocithOm$™.

Numerical Simulations and Results

The numerical simulations were modeled in finiteneént method software Abaqus 6.11
using explicit solver based on central differencleesne for time integration. The finite strain
theory was assumed. The finite element model weated as a full contact problem of four
bodies. 8-node solid elements (Type C3D8R) weral.usbe friction between bodies has
been neglected. The finite element model of impaatas simplified and only the head of
impactor was modeled with added mass to reacleatistotal weight. The weight and stiffness
of attached cable of force sensor placed in hedthpactor was neglected. The comparison
of deflections and contact forces dependencieshentime is shown for particular impact
velocities on Figs. 6-11. The results are compé&wethe rangd = 0 - 30 ms from the start of
impact event. The occurrence of failure starts friompact velocity 25m[$™ in case on



experiments and30m[$™ in case of numerical simulations. The upper cort@akin was
fractured under the impactor in each case.
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Fig. 6. Comparison of deflection (left) and contiacte (right) between numerical
simulation and experiment for impact velocityym[$™.
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Fig. 7. Comparison of deflection (left) and conticte (right) between numerical
simulation and experiment for impact velociB0m [$™.
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Fig. 8. Comparison of deflection (left) and contiacte (right) between numerical
simulation and experiment for impact veloci825m 5™,
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Fig. 9. Comparison of deflection (left) and contiacte (right) between numerical
simulation and experiment for impact veloc&pm [$™.
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Fig. 10. Comparison of deflection (left) and contiacce (right) between numerical
simulation and experiment for impact velocBpm ™.
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Fig. 11. Comparison of deflection (left) and contiacce (right) between numerical
simulation and experiment for impact veloctpm (™.
Conclusions

The response of composite sandwich beam to loweitglompact has been investigated
experimentally and numerically. The experimentaiutes in form of deflection and contact
force time dependencies were compared with refoltls numerical model for all performed
impact velocities. The failure of upper compositensfirst occurred at impact velocity



25mis$™ in case of experimental testing and 20m$™ in case of numerical simulation.
The future work will be aimed on user defined matemodel describing the non-linear
behavior of low-density foams.
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