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Abstract: The current work focuses on the experimental and finite element free vibration studies of laminated composite sandwich skew
plates. The comparison was made between the experimental values obtained by the Fast Fourier transform (FFT) analyzer and a finite el-
ement solution obtained from CQUADS finite element of The MacNeal-Schwendler Corporation (MSC) / NASA STRucture Analysis (NAS-
TRAN) software. The influence of parameters such as aspect ratio (AR) (a/b), skew angle (a), edge condition, laminate stacking sequence,
and fiber orientation angle (8°) on the natural frequencies of sandwich skew plates was studied. The values obtained by both the finite el-
ement and experiment approaches are in good agreement. The natural frequencies increase with an increase in the skew angle for all giv-

en ARs.
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1. INTRODUCTION

Due to the reduced weight and high stiffness, sandwich struc-
tures have a wide area of applications in engineering science.
With anisotropy and considering all parameters involved in the
sandwich structure, it is difficult to evaluate the dynamic response
analytically. In the literature review, various theories, methods,
and techniques were cited (Pavan et al., 2021). However, with the
evolution of technology in real engineering applications, it is pos-
sible to predict the dynamic response of any structure accurately.

First,an experimental approach to the determination of natural
frequencies of sandwich plates was made (Raville et al., 1967).
Verification was made (Barkanov et al., 2005) of the numerical
results of laminated composite and different sandwich panels with
pulse and noncontact laser techniques. Static deformation and
free vibration study was conducted on sandwich plates with varia-
ble thickness using both numerical and experimental holographic
interferometry techniques (Chang et al., 2006). A theoretical and
experimental study was conducted on the vibration and acoustical
properties of sandwich composite materials (Zhuang, 2006). The
vibration testing approach was used to identify the material con-
stants (Lee et al., 2007) and damping characteristics (Berthelot et
al., 2008; Maheri et al., 2008; Andena et al., 2012; Petrone et al.,
2014; Yang et al., 2014; Abdi et al., 2014) with the help of experi-
mentally obtained natural frequency values of laminated compo-
site sandwich plates. Dynamic behavior of honeycomb sandwich
plates was investigated considering the effect of cell size (Adarsh
Kumar et al., 2015) and other parameters (Mondal et al., 2015;
Rezvani et al., 2018; Prasad et al., 2018; Benjeddou et al., 2019;
Arunkumar et al., 2020; Zhicheng et al., 2020) of the honeycomb
core. Free vibration and transient dynamic analyses of functionally
graded sandwich plates are investigated (Jun Liu et al., 2021)
using the scaled boundary finite element method (SBFEM). Nu-

merical studies were presented (Vinayak et al., 2020) on skew
composite laminated and sandwich plates under temperature and
moisture concentration effects;the laminated sandwich plate is
subjected to hygrothermal conditions (Aman et al., 2020) and
composite sandwich plates with three-dimensional stress recovery
(Su Bin Lee et al., 2020). A review on the analysis of laminated
composite and sandwich structures under hygrothermal conditions
addressing bending, vibration, buckling, post-buckling, transient,
dynamic, and impact studies were made (Aman et al., 2019). An
extensive survey on the analysis of sandwich FGM structures
under different loading conditions, effects of porosities, hygro-
thermal loadings, and structures resting on elastic foundations
was made (Aman et al., 2020).

A vast amount of literature was reported in detail on free vibra-
tion studies for laminated composite skew sandwich plates using
analytical and numerical approaches. Limited literature was found
related to detailed experimental work on the dynamic response of
laminated composite sandwich skew plates. Literature on finite
element solutions validated by the experimental method is very
scarce. The present paper is an attempt to address this issue in
some detail. Fast Fourier transform (FFT) analyzer is an instru-
ment best suited for dynamic applications. In the current work, an
FFT analyzer is used for the prediction of natural frequencies of
sandwich skew plates.

2. TEST SPECIMEN PREPARATION

The sandwich skew panels were prepared using glass/epoxy
laminated composites as face sheets and aluminum honeycomb
as core materials. Aluminum honeycomb (Al-3003) panels are

143


https://orcid.org/0000-0002-7900-755X
https://orcid.org/0000-0002-9794-3886
mailto:pavankumar-gmitrs@gmit.ac.in
https://www.sciencedirect.com/science/article/abs/pii/S0045782521000013#!

§ sciendo

Dhotre Pavan Kumar, Chikkol V. Srinivasa
Modal Characterization of Sandwich Skew Plates

used as the core with a cell size of 6.35 mm, foil thickness of 50
microns, and height of 6 mm. Laminated glass/epoxy reinforced
polymer composites are used as face sheets. Unidirectional glass
fibers for [£0°/Core/£0°], [£90°/Core/+90°] and bidirectional glass
fibers for [+45°/Core/+457], [(0°/90%)s/Core/(0°/907)s] of 220 gsm
and Lapox L-12 (Epoxy) along with Lapox K-6 hardener were
used in fabricating the laminates. Continuous hand lay-up tech-
nique was employed for fabricating the sandwich plates, during
which the excess resin was removed from the laminate by steel
roller. The sandwich laminates are cured at room temperature for
a period of 48 h placing weights over them. The test specimens
were prepared with fiber weight percentage 50:50 according to
relevant American Society for Testing and Materials ASTM stand-
ards.

The material constants for aluminum honeycomb core are
Ex=Ey=0.4043 MPa, Ez=941.0802 MPa, Gy =0.0546 MPa,
Gyz=110.3007 MPa, Gy =73.5338 MPa,  p =48.37 kg/m3,
vx=0.994 =1, and vy= vz=0.001 and evaluated using the for-
mulae presented (Rajkumar S., etal., 2014). ASTM Standard
D3039/D3039M (2006) are imposed while evaluating the material
properties of laminated glass/epoxy composite panels. The mate-
rial constants E1+ and E2 were evaluated experimentally on an
average of three trials using Instron Universal Testing Machine at
the Central Institute of Plastics Engineering and Technology
(CIPET), Mysore, Karnataka, India. Strain gauges were used for
calculating strains in longitudinal (along the loading) and trans-
verse (right angles to the loading) directions. The ratio of meas-
ured strains concludes the value of Poisson’s ratio vi2 within the
elastic range. The average of three experimental trials wasmade
during the determination of the value of Poisson’s ratio vi2. The
standard equation of shear modulus presented in Jones(1999)
was implemented in calculations and the material properties
imposed are given in Tab. 1. The aspect ratio (AR) of the test
specimens varied from 1.0 to 2.5 and the skew angle varied from
0°to 45".

Tab. 1. Material constants of E-glass fiber.

Parameter Mean Standard %Error
E1 [GPa] 38.07 1.205 0.048
E2 [GPa] 8.1 0.271 0.033
G12[GPa] 3.05 0.095 0.039
V12 0.22 0.036 0.015
p12 [kg/m?] 2,200

3. EXPERIMENTAL SETUP

The arrangement for conducting the experimentation is shown
in Fig. 1. The test specimen was held in the fixtures, imposing
Clamped-Free-Clamped-Free and Clamped-Free-Free-Free edge
conditions. A piezoelectric accelerometer sensor was placed at
the center of the test specimen using glue and was connected to
the FFT analyzer (signal conditioning and amplifying unit). An
impact hammer was also connected to the FFT analyzer, dedicat-
ed to exciting the test specimen on selected points five times. For
each test specimen, five trials were made and an average value
was adopted.

Soon, the impact hammer excites the test specimen with a
strike (impact); the accelerometer sensor captures the vibration
signals and exports them to the FFT analyzer for further pro-
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cessing. The FFT analyzer gives the output in terms of Frequency
Response Function (FRF) using the pulse lab software. It was
ensured that the strike of the impact hammer was normal to the
test specimen’s surface and no other sources of excitations (sur-
rounding and floor vibrations nearby) were present other than the
impact hammer.

Fig. 1. Experimental Setup.
4. FINITE ELEMENT ANALYSIS

MSC/NASTRAN software package was employed for finite el-
ement analysis in obtaining the first three fundamental frequen-
cies of skew sandwich plates. Eight-noded isoparametric curved
shell elements, i.e., CQUAD8 and CQUAD4, are used in the
analysis. A study (Pavan et al., 2020) disclosed that the CQUADS8
element produces more converging and accurate results than the
CQUAD4 element. Accordingly, the CQUADS element was em-
ployed in the present study. To evaluate the real eigenvalues and
eigenvectors, the Lanczos method of extraction was imposed for
accurate results.

5. RESULTS AND DISCUSSION

The current work focuses on the influence of AR, skew angle,
laminate stacking sequence, and edge conditions on the sandwich
skew plates. To obtain higher natural frequencies of sandwich
skew plates, considering the influence of tc/tf and a/h as dis-
cussed (Pavan et al., 2021) and minimizing the production cost,
twenty-one layer, antisymmetric, angle-ply, and cross-ply laminat-
ed sandwich plates are designed and prepared. The thickness
ratio of core to face sheet is kept constant in the whole study as
tc/tf=6 and the ratio of length overall thickness a/h is var-
ied to 12.5 (alb = 1.0), 18.75 (a/b = 1.5), 25 (a/b = 2.0), and 31.25
(a/b =2.5). Two types of edge conditions are implemented in the
study i.e., Clamped-Free-Clamped-Free Edge Condition [C-F-C-F]
and Clamped-Free-Free-Free Edge Condition [C-F-F-F]. The
results from the current study are presented in non-dimensional
form using Eq. (1).

K- =100wa /(Eil)f 1)

First, three natural frequencies are extracted from experi-
ments in non-dimensional form. The experimental values are
compared with finite element values. The results are tabulated for
the C-F-C-F edge condition in Tab. 2 and also graphically pre-
sented in Figs. 2-5. The mode shapes are presented in Tab. 3.
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The results are tabulated for the C-F-F-F edge condition in Tab. 4
and also graphically presented in Figs. 6-9. The mode shapes are

presented in Tab. 5.

Tab. 2. Natural frequencies of Clamped-Free-Clamped-Free laminated

composite sandwich skew plates

Skew Angle (u) 0°
Aspect Ratio (alb)
Mo.
No. 1.0 1.5 2.0 25
Exp Num Exp Num Exp Num Exp Num
Angle ply [(+0%-0%)s/Core/ (+0%-0)s]
1 7.334 7.408 5.539 5.594 4.372 4.415 3579 | 3.623
2 9.783 9.892 9.156 9.262 8.759 8.886 8482 | 8628
3 26.069 | 26439 | 22973 | 23.283 | 20185 | 20572 | 17.862 | 18.239
Angle ply [(+45°%-45%)s/Core/ (+45%-45%s]
1 4,945 4.995 3.392 3425 2.546 2.571 2026 | 2.047
2 12260 | 12442 | 12273 | 12433 | 12223 | 12403 | 11.545 | 11.765
3 20919 | 21301 | 16.969 | 17.254 | 13.826 | 14.107 | 12125 | 12.377
Angle ply [(+90%-90%)s/Core/ (+90%-90°)s]
1 4.082 4.123 3.183 3.214 2.139 2.160 1.721 1.738
2 8.569 8.678 8.288 8.390 7.989 8.086 7.837 | 7.945
3 10.468 | 19.764 | 16.398 | 16.699 | 12144 | 12.376 | 10.077 | 10.259
Angle ply [(0%/90%)s/Core/ (0% 90°)s]
1 6.278 6.340 | 4.559 4,604 3.535 3.570 2.874 | 2.902
2 9.379 9.488 8.817 8.939 8.509 8.611 8.279 8.387
3 24409 | 24813 | 20.770 | 21.142 | 17.800 | 18.119 | 15406 | 15.667
Skew Angle (a) 15°
Angle ply [(+0%-0%)s/Core/ (+0%-0°%)s]
1 6.848 6.917 | 4736 4783 3.917 3.955 3159 | 3.190
2 10.530 | 10649 | 10.510 | 10.637 9.652 9.770 9.429 9.543
3 25851 | 26269 | 21918 | 22.235 | 19428 | 19.752 | 17.005 | 17.307
Angle ply [(+459%-45%)5/Core/ (+45%-45%s]
1 5.208 5.259 3.847 3.883 2.716 2.743 2169 | 2.189
2 12135 | 12274 | 11419 | 11555 | 11.855 | 11.987 | 11.691 | 11.833
3 21879 | 22206 | 18.814 | 19.088 | 14.700 | 14.933 | 12428 | 12.567
Angle ply [(+90%-90%)s/Core/ (+90%/-807):]
1 4.163 4.204 2916 2.945 2.158 2179 1.730 1.747
2 9.026 9.138 8.968 9.076 8.437 8.542 8.250 | 8.334
3 19.968 | 20.289 | 16.065 | 16.334 | 12554 | 12.730 | 10.480 | 10.630
Angle ply [(0%90%)s/Core/ (0% 90°)s]
1 5.021 5.080 | 4.177 4.219 3.321 3.354 2669 | 2.695
2 10.075 | 10.195 | 10.183 | 10.302 | 9.342 9.455 9129 | 9.239
3 24385 | 24722 | 20478 | 20.824 | 17560 | 17.833 | 15118 | 15344
Skew Angle (a) 30°
Angle ply [(+0%-0%)s/Core/ (+0%/-0)s]
1 6.177 6.239 | 4.354 4,397 3.250 3.282 2544 | 2.569
2 12335 | 12483 | 11.810 | 11.952 | 11362 | 11495 | 10.825 [ 10.948
3 24987 | 25356 | 21502 | 21.824 | 18421 18.678 | 16.105 | 16.346
Angle ply [(+45%-45%)5/Core/ (+45%-45%)s]
1 6.035 6.094 | 4227 4268 3.211 3.243 2576 | 2.601
2 11.965 | 12118 | 11.418 | 11.549 | 11.048 | 11.178 | 10.785 [ 10.919
3 24653 | 25.025 | 20.351 | 20.655 | 16.954 | 17.206 | 14.350 | 14.556
Angle ply [(+807-90%);/Core/ (+90%-900)g]
1 4472 4516 3.021 3.051 2.254 2277 1.789 1.807
2 10515 | 10.632 | 10.139 | 10.252 | 9.778 9.889 9200 | 9.312
3 21.675 | 21993 | 16.981 17.227 | 13.815 | 14.032 | 11952 | 12128
Angle ply [(0%90%s/Core/ (0% 90°)s]
1 5.820 5.877 4.031 4.070 2.999 3.029 2.367 2.390
2 12115 | 12260 | 11.711 | 11.834 | 11.289 | 11.425 | 10.770 | 10.897
3 24875 | 25277 | 20734 | 21.030 | 17529 | 17.786 | 15.388 | 15.619
Skew Angle (a) 45°
Angle ply [(+0%-0%)s/Core/ (+0%-0%s]
1 5.760 5.818 3912 3.951 2.843 2.871 1.989 2.009
2 15.066 | 15237 | 13.846 | 14.006 | 12535 | 12.686 | 10.768 | 10.885
3 25448 | 25826 | 20.758 | 21.055 | 15.564 | 15.785 | 11.041 | 11.203
Angle ply [(+457-45%);/Core/ (+450/-450)g]
1 7.104 7.173 5.058 5.108 3.853 3.889 3.101 3.130
2 12971 | 13122 | 11.833 | 11.978 | 11.223 | 11.357 | 10.901 [ 11.023
3 28723 | 29136 | 24077 | 24434 | 19814 | 20114 | 16475 | 16.717
Angle ply [(+80°-90%)s/Core/ (+90%-90%)s]
1 5.151 5.201 3426 3.460 2522 2.546 2219 | 2.240
2 13455 | 13600 | 12834 | 12.989 | 11989 | 12125 | 11278 | 11413
3 24448 | 24843 | 17.870 | 18130 | 13715 | 13922 | 12261 | 12.437
Angle ply [(0%90%s/Care/ (0% 90%)s]
1 5.952 6.011 4.005 4.044 2.920 2.949 2.287 2.310
2 15.478 | 15667 | 14.637 | 14.810 | 13421 | 13.587 [ 12.016 [ 12.158
43, | 26.647 | 27.030 | 20.933 | 21.247 | 15.823 | 16.048 | 12.564 | 12.745
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Tab. 3. Natural frequencies of Clamped-Free-Free-Free laminated
composite sandwich skew plates

Skew Angle (a) 0°
Aspect Ratio (alb)
Mo.
No. 10 15 20 25
Exp Num Exp Num Exp | Num Exp Num
Angle ply [(+0%-0%)s/Core/ (+0%-00)]
1 21.367 | 21582 | 19.878 | 20.073 | 18.225 | 18400 | 16.590 | 16.752
2 22,978 | 23.247 | 22.010 | 22.294 | 20.965 | 21.286 | 19.988 | 20.370
3 35461 | 36.019 | 40.215 | 40.887 | 38.098 | 38.625 | 35568 | 36.366
Angle ply [(+45%-45%);/Core/ (+45%/-45%);]
1 19.336 | 19.526 | 16.445 | 16.609 | 13.870 14.010 | 11.789 | 11.905
2 24,832 | 25164 | 24.810 | 25126 | 24.729 | 25.042 | 24681 | 24.969
3 39419 | 39.997 | 35436 | 36.001 | 31.550 | 32107 | 28.063 | 28.530
Angle ply [(+909-90%)s/Core/ (+90%-900)5]
1 17.672 | 17.848 | 14.399 | 14542 | 11.868 | 11.984 9.981 10.081
2 20.500 | 20.758 | 18.875 | 19.080 [ 17.774 | 18.004 | 17.115 | 17.304
3 37.303 | 37.872 | 32.580 | 33.083 | 28.297 | 28.756 | 24.650 | 25.093
Angle ply [(0%90°)s/Core/ (0% 90%)s]
1 20728 | 20.934 | 18.624 | 18.810 | 16.518 16.684 | 14631 | 14774
2 22532 | 22826 | 21.249 | 21.528 | 20.091 | 20.339 | 19.142 | 19.378
3 41579 | 42210 | 38.541 | 39.293 | 35.829 | 36.377 | 33.050 | 33.537
Skew Angle (a) 15°
Angle ply [(+0%-0%)s/Core/ (+0%-0%)]
1 21.863 | 22.083 | 20.491 20.693 | 18.155 | 18.338 | 16.270 | 16.431
2 23488 | 23.777 | 23.040 | 23.301 | 21.665 | 21931 | 20.979 | 21.226
3 36.405 | 36.956 | 41.862 | 42.451 | 38.500 | 39.087 | 35.901 | 36.428
Angle ply [(+450-450); /Core/ (+450/-450)]
1 20.018 | 20.218 | 17.927 | 18.105 | 14.545 | 14686 | 12410 | 12.533
2 25441 | 25743 | 25188 | 25491 | 24.789 | 25098 | 24.451 | 24.746
3 40.705 | 41.355 | 38.202 | 38.790 | 32905 | 33.395 | 29.294 | 29.800
Angle ply [(+90%-90°)s/Core/ (+90%-90%)s]
1 18.285 | 18.461 | 15445 | 15.598 | 12.193 | 12.313 | 10.215 | 10.315
2 21.183 | 21438 | 20.218 | 20.463 | 18.650 | 18.868 | 18.013 | 18.221
3 38.597 | 39.159 | 34.982 | 35.533 | 29.253 | 29663 | 25479 | 25859
Angle ply [(0%/90%)s/Core/ (0% 90°)s]
1 21.085 | 21294 | 19.233 | 19423 | 16.600 | 16760 | 14.528 | 14.666
2 23.045 | 23.310 | 22,585 | 22.850 | 21.071 | 21.311 | 20.330 | 20.573
3 42462 | 43.088 | 40493 | 41.108 | 36.461 | 36.977 | 33.352 | 33.837
Skew Angle (a) 30°
Angle ply [(+0%-0%s/Core/ (+0%-0°)s]
1 23.634 | 23867 | 21.080 | 21.287 | 18.290 | 18470 | 15668 | 15823
2 25448 | 25.747 | 24.739 | 25.020 | 24.381 | 24.657 | 24.150 | 24.440
3 30264 | 39.849 | 43512 | 44141 | 40348 | 40924 | 36453 | 36.981
Angle ply [(+45°%-45%)5/Core/ (+45%-45%)s]
1 22285 | 22506 | 19.245 | 19437 | 16499 | 16663 | 14212 | 14.355
2 27.378 | 27.704 | 26.379 | 26.683 | 25.160 | 25447 | 24125 | 24.412
3 44825 | 45273 | 40682 | 41.280 | 36.629 | 37.166 | 32.971 | 33.445
Angle ply [(+80°-90%)s/Core/ (+90%-90%)s]
1 20.342 | 20545 | 16410 | 16.576 | 13.315 | 13446 | 11.012 | 11122
2 23465 | 23738 | 22200 | 22459 | 21485 | 21.714 | 20930 | 21.165
3 42851 | 43474 | 37.288 | 37.821 | 32.200 | 32.680 | 27.998 | 28.403
Angle ply [(0%90%)s/Care/ (0% 90%)s]
1 22945 | 23171 | 19.977 | 20.173 | 16.977 | 17141 14480 | 14.623
2 25300 | 25.591 | 24673 | 24.966 | 24325 | 24.600 | 24.150 | 24.437
3 43928 | 44590 | 42606 | 43.229 | 38.342 | 38.912 | 34.588 | 35.121
Skew Angle () 45°
Angle ply [(+0%-0%)s/Core/ (+0%-0%s]
1 27.555 | 27.829 | 23435 | 23.670 [ 19.112 | 19.300 | 13.043 | 13.172
2 29.865 | 30.221 | 29.968 | 30.330 | 30.210 | 30.551 | 26.945 | 27.262
3 44752 | 45393 | 47.852 | 48.553 | 44.097 | 44.786 | 34.248 | 34.745
Angle ply [(+45%-45%);/Core/ (+45%/-45%);]
1 26,785 | 27.054 | 23.186 | 23.419 | 19.934 | 20.133 | 17.786 | 17.960
2 31452 | 31.829 | 29.254 | 29595 | 27.061 27.369 | 25944 | 26.240
3 49350 | 50.058 | 48.321 | 49.005 | 43.598 | 44.227 | 41424 | 42022
Angle ply [(+907-90)5/Core/ (+907/-90)5]
1 24688 | 24930 | 19.634 | 19.829 | 15.678 | 15.833 | 16.158 | 16.319
2 28.255 | 28.571 | 27.559 | 27.862 | 27185 | 27.492 | 31.001 | 31.374
3 48.711 | 49425 | 44.562 | 45197 | 38.088 | 38.638 | 39.955 | 40.556
Angle ply [(0%/90°)s/Core/ (0% 900)s]
1 27.008 | 27.275 | 22.608 | 22.829 | 18.482 | 18.668 | 15.679 | 15.836
2 30.185 | 30.528 | 30.589 | 30.948 | 30.995 | 31.348 | 31.852 | 32.027
3 48550 | 49.241 | 49410 | 50.139 | 42975 | 43.610 | 39403 | 39977
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Fig. 2. Variation of Kr with AR (a/b) for C-F-C-F laminated composite sandwich skew plates with skew angle a = 0.
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Fig. 3. Variation of Kr with AR (a/b) for C-F-C-F laminated composite sandwich skew plates with skew angle a = 15°.
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Fig. 4. Variation of Kf with AR (a/b) for C-F-C-F laminated composite sandwich skew plates with skew angle a = 30°.
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Fig. 5. Variation of K with AR (a/b) for C-F-C-F laminated composite sandwich skew plates with skew angle a = 45°.
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55

® Aspect Ratio (a/b)=1 [Exp] ™ Aspect Ratio (a/b)=1 [FEM] ® Aspect Ratio (a/b)=1.5 [Exp] ™ Aspect Ratio (a/b)=1.5 [FEM]
= Aspect Ratio (a/b)=2 [Exp] = Aspect Ratio (a/b)=2 [FEM] = Aspect Ratio (a/b)=2.5 [Exp] = Aspect Ratio (a/b)=2.5 [FEM]

B R 8 & 8

Nondimensional Frequency Parametr [K/]

-
w

10 1

Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3

Angle-ply [(+0°/-0°)5.../Core/...(+0°/-05] | Angle-ply [(+45°/-45)5.../Core/...{+45°/-45)5] | Angle-ply [(+90°/-907)5.../Core/...(+90°/-90)5) Cross-ply [(0°/90°)5.../Core/...(0°/90°)5]
Antisymmetric Laminate Stacking Sequence

Fig. 6. Variation of Kr with AR (a/b) for C-F-F-F laminated composite sandwich skew plates with skew angle a =0".

u Aspect Ratio (a/b)=1 [Exp] u Aspect Ratio (afb)=1 [FEM]  Aspect Ratio (a/b)=1.5 [Exp] = Aspect Ratio (afb)=1.5 [FEM]
u Aspect Ratio (a/b)=2 [Exp] u Aspect Ratio (afb)=2 [FEM]  Aspect Ratio (a/b)=2.5 [Exp] = Aspect Ratio {afb)=2.5 [FEM]

8

Nondimensional Frequency Parametr [K
H &

Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 Mode 1 Mode 2

Angle-ply [(+0°/-0°)5.../Core/...(+0°/-0°)5] | Angle-ply [(+45°/-457)5.../Core/...{+45%/-45°)5] | Angle-ply [(+90°/-90°)5.../Care/...[+90°/-90%)5] Cross-ply [(0°/907)5..../ Core/....{0%/90°)5]

Antisymmetric Laminate Stacking Sequence

Fig. 7. Variation of Kr with AR (a/b) for C-F-F-F laminated composite sandwich skew plates with skew angle a = 15°.
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® Aspect Ratio (a/b)=1 [Exp] = Aspect Ratio (a/b)=1 [FEM] ® Aspect Ratio (a/b}=1.5 [Exp] ® Aspect Ratio {a/b)=1.5 [FEM]
¥ Aspect Ratio (afb)=2 [Exp] ™ Aspect Ratio (a/b)=2 [FEM] " Aspect Ratio (afb)=2.5 [Exp] ¥ Aspect Ratio (a/b)=2.5 [FEM]
25

- N
L =]

Nondimensional Frequency Parametr [Kj
5

Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3

Angle-ply [(+0°/-0°)5.../Core/...(+0%/-0%)5] Angle-ply [{+45°/-45%)5.../Core/...(+45°/-45)5] | Angle-ply [(+30°/-90°)5.../Care/...(+90%/-90%)5] Cross-ply [(0%/90)5..../Core/...(0°/90%)5]

Anti: ric Lami Stacking Seq

Fig. 8. Variation of Kr with AR (a/b) for C-F-F-F laminated composite sandwich skew plates with skew angle a = 30°.

™ Aspect Ratio (afb)=1 [Exp] ® Aspect Ratio (a/b)=1 [FEM] = Aspect Ratio (a/b)=1.5 [Exp] ® Aspect Ratio {a/b)=1.5 [FEM]
= Aspect Ratio (a/b)=2 [Exp] u Aspect Ratio (a/b)=2 [FEM] = Aspect Ratio (a/b)=2.5 [Exp] " Aspect Ratio (a/b)=2.5 [FEM]

=3 M 1]
w =] w

Nondimensional Frequency Parametr [K/]
s

Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3

Angle-ply [(+0°/-075.../Core/...(+0°/-0%)5] Angle-ply [(+45°/-45%5.../Core/...(+45°/-45%)5] | Angle-ply [(+90°/-90%)5.../Core/...(+90°/-90%)5] Cross-ply [(0°/90°)5.../Core/...(0°/907)5]

Antisymmetric Laminate Stacking Sequence

Fig. 9. Variation of K with AR (a/b) for C-F-F-F laminated composite sandwich skew plates with skew angle a = 45°.
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Tab. 4. Mode shapes for C-F-C-F laminated composite sandwich skew
plates (a/b = 1.5, NL = 21, antisymmetriccross-ply laminate)

DOI 10.2478/ama-2021-0019

FodeEd

6312640
4 S
2UED!
000ED

- Mode Shapes [NL=21 AR=1.5]
1
o |2
3
1
15" | 2
3
30° | 1
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Figs. 2-5 clearly explain that:

For laminate stacking sequence angle ply [(£0°) s/Core/(£0°)s],
the first natural frequency decrease with an increase in the
AR. AR is the ratio of length to width, where width is kept con-
stant and only length is varied. As the AR increases, the
length of the plate increases, which makes the plate less stiff,
leading to a decrease in the natural frequency. For the second
natural frequency, it decreases with an increase in AR except
for skew = 45°. For skew 0° to 45°, as the skew angle increas-
es, the width of the plate decreases due to the skew, and also
the overall area of the plate goes on reducing. This makes the
plate lighter and at the same time stiffer. For the third natural
frequency, it increases from AR =1 to AR =1.5, then it de-
creases, it is due to the combined effect of fiber orientation,
mode shape, mass density, and stiffness of the plate.

For angle ply [(£45°)s/Core/(£45°)s] the first and third natural
frequencies decrease with an increase in the AR for a given
skew angle. However, in the second natural frequency, varia-
tion is negligible for skew =0°; it is considerable for other
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skew angles. Here the plate produces more stiffness due to i
the fiber orientation and it overshadows the effect of plate
stiffness due to the change in the AR compared to other skew
angles. E;
— In angle ply [(£90°)s/Core/(£90%)s] stacking sequence, for all o
three frequencies, the Kr value decreases as the increase in ERE e
the AR except skew =45°. For skew = 45" the Kr value de-
creases from AR =1 to AR =1.5 and then it increases. It is

i
i

0
0

01
o

o

exactly opposite as in the case of angle ply
[(£0%)s/Core/(£0)s).

— The Ks value decreases with an increase in the AR in all the
three modes of cross-ply [(07/90°)s/Core/(0°/90%)s] stacking se-
quence from skew =0 to 30°. The only exception is for 1 [;i’jéﬁi

skew = 45" in which the second natural frequency goes on in- et

creasing as the AR increased. The third natural frequency first

increases from AR =1 to AR = 1.5 and then decreases.

Tab. 5. Mode shapes for C-F-F-F laminated composite sandwich skew
plates (a/b = 1.5, NL = 21, antisymmetric cross-ply laminate)

Mode Shapes [NL=21, AR=1.5]

Skew
Angle

Max = 25316402 Noss 504%)
Min= 0 000E 400 (lede 8565
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And from Figs. 6-9, the following is observed:

— With skew =15 for cross-ply [(0°/90%)s/Core/(0°/90°)s] and
Angle ply [(£45°)s/Core/(+45°)s], the second natural frequency
decreases then it increases and it increases then it decreases
is the only change.

— The Kr value decreases in the order of laminate stacking
sequence:angle ply [(£0%)s/Core/(£0%)s], cross-ply [(07/90°)
5/Core/(0°/90%)s], angle ply [(£45°)s/Core/(£45°)s] angle ply
[(£90°)s/Core/(£90°)s).

— For a given value of AR, as the skew angle is increased, the
value of Kt increases considerably (Pavan K., et al., 2021).

— The values of K are higher for C-F-C-F than C-F-F-F edge
conditions for any given AR and skew angle.

— The experimental values in the form of the non-dimensional
frequency coefficient Kr are very close to accurate and promis-
ing to those of the finite element solution.

6. CONCLUSION

Free vibration investigation was made on laminated sandwich
skew plates adopting both experimental and finite element meth-
ods. Glass epoxy laminated composites are used as face sheets
and aluminum honeycomb (AI3003) is used as the core in the
current study. Two types of edge conditions were used. i.e., C-F-
C-F and C-F-F-F. The experimentally obtained results were then
validated by finite element values, and the experimental values
are promising and close to the finite element values. Influences of
various parameters, for instance, skew angle, AR, laminate
stacking sequence, and edge conditions are studied. The
thickness ratio of core to face sheet tc/tr = 6 was kept constant all
through the study. As the AR increases for any skew angle, the K
value decreases irrespective of the edge condition. When the AR
increases, the length of the sandwich plate also increases. This
reduces the stiffness of the sandwich skew plate. The skew angle
plays a major role in the dynamic response of the sandwich skew
plate. When the skew angle is increased, the K value increases
for all ARs. The fiber orientation of the lamina plays a significant
role in deciding the vibration response of the sandwich skew
plates. When the fiber angle is 0°i.e., the fiber is placed parallel to
the length of the plate, the plate produces higher natural
frequency due to more stiffness in the longitudinal direction. In
addition, the lowest natural frequency is observed when the fiber
angle is 90°i.e., the fiber angle is perpendicular to the length of the
plate. The natural frequencies for the other laminate stacking
sequences lie in between these two extreme values. The
sandwich skew plates with C-F-C-F edge conditions produce a
higher natural frequency than plates with C-F-F-F edge
conditions.
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