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LINEAR DYNAMIC PROPERTIES IN CURVED LAMINATED GLASSES

The study presents the results of linear dynamics of laminated glass panels with different curvatures. This is an actual task in the field of mechanical
engineering, aviation, shipbuilding, energy, architecture, etc. Such composites are durable, easy to care for and have a wide range of design options.
The aim of the work is to study the influence of the curvature parameter on the frequencies and modes of composites. The paper considers the linear
characteristics for laminated glass with polyvinyl butyral interlayer. The article considers behavior of the triplex and the propagation of elastic waves
in the linear state. The paper performs calculations using the finite element method in the framework of modal analysis in a three-dimensional
formulation in the framework of a physical linear-elastic formulation. The study uses hexagonal finite element with 8 nodes with 3 degrees of freedom
in each. This work model laminated glass with a curvature parameter ranging from 0 mm to 250 mm. The composite consisted of three layers: two
glass layers thickness of each was 3 mm, and a polyvinyl butyral interlayer with 0.38 mm thickness. The size of the plates was 500x500 mm. As a
boundary condition, the laminate was fixed on two opposite sides. The article performs mesh size convergence analysis. The results of natural
frequencies in accordance with the curvature parameter are derived. The graphs of natural vibration modes are also shown, that give a clear view about
the state of composites.
Keywords: laminated glass, polyvinyl butyral interlayer, linear dynamics, curvature parameter, modal analysis, mesh-size convergence.

VY nociipKeH ] IpeCTaBIeH] pe3yIbTaTH JTiHIHHOT JUHAMIKK IJaMiHOBaHUX CKJISTHHX MaHenei 3 pi3Hoio KpuBu3HOIO. Lle akTyanbHe 3aBmanus y cdepi
MAaIMHOOY/IyBaHHS, aBialliifiHOI POMHCIIOBOCTI, CyTHOOYIYBaHHS, CHEPIeTUKH, apXiTEeKTypH TOIIO. Taki KOMIIO3UTH € JOBrOBIYHHUMH, IPOCTHMH B
JIOTJISIIl Ta MAIOTh MIMPOKI KOHCTPYKTHBHI MOXKIIMBOCTI. MeTOr0 pob0TH € BUBYCHHS BIUIMBY IapamMeTpa KPHBH3HH HAa 9aCTOTH Ta POPMHU KOMIIO3HTIB.
VY po6oTi po3rIsaloThCs JiHIMHI XapaKTePUCTHKH IS JIAMIHOBAHUX CTEKOJ 3 MOJIBIiHLI-OyTHPaIbHUM MPOLIAPKOM. Byino po3risiHyTO MOBEHIHKY
TPHUILICKCY Ta PO3MOBCIO/UKECHHS. B HOMY IIPYXXHHX XBHJIb Y JIHIHOMY CTaHi. Y jgaHiii cTarTi BUKOHAHO OOYMCIICHHS 3 BHKOPHCTAHHSM METOIY
CKIHYEHHUX €JIEMEHTIB B paMKax MOJAJIBHOTO aHali3y B TPHUBHMIpHIH IIOCTaHOBLI Yy pamkax (i3H4HOI JiHIHHO-TIPY)KHOI ITOCTaHOBKH.
BuKOpHCTOBYBABCS IeKCArOHANbHUI CKIHUCHHHUIT €IEMEHT 3 8 By3JaMH i3 3 CTyHeHsIMH BOJI B KOXKHOMY. Y POOOTI MOJIEIIOBAINCS JIAMIHOBaHI CTEKJIa
3 MapaMeTpoM KpHUBH3HH, IO BapitoBaBcs Bix 0 MM 1o 250 Mm. Kommosut ckiagaBes 3 TphOX IIApiB: [(Ba CKJITHUX IIapa, TOBIIMHOIO 3 MM KOXEH, Ta
MOMIBiHIN-OyTHpanbpHOro mHpomapky, ToBmmHOO 0,38 MM. Posmip mmactur ckmazas 500x500 mm. B sxocTi rpaHMYHHMX yMOB, JamiHat OyB
3aKpIIUICHHI 3 JABOX MPOTHJICKHUX CTOPiH. BHKOHAHO aHaii3 301KHOCTI po3Mipy ciTku. BuBeneHO pe3ysibTaTH BIACHHX YacTOT B 3aJICKHOCTI Bij
rapameTpa KpuBH3HH. Takox 1moka3saHi rpagiku BIacHUX GOpM KOJIHMBaHb, IO JAIOTh HAIJITHE YSBJICHHS PO CTaH KOMITIO3HTIB.

Kuio4ogi c10Ba: 1aMiHOBaHe CKJIO, IONIBIHIN OyTHpaNbHUIT IPOIIAPOK, JIiHIIHA TUHAMIKa, TapaMeTp KPUBHM3HH, MOJAIBHUIH aHali3, 30DKHICTE
PO3Mipy CiTKH.

B uccnenoBanuu npecTaBieHbl Pe3ysbTaThl JIMHEHHOW AMHAMUKY JIAMUHUPOBAHHBIX CTEKJISIHHBIX MAHENIEH C Pa3IMYHON KPUBU3HOW. DTO aKTyanbHast
3aj7aua B cpepe MAIIMHOCTPOEHUS, aBHALIMOHHON IPOMBIIIIEHHOCTH, CYI0CTPOEHHUS, DHEPIeTUKH, apXUTEKTyphl U T.I. Takue KOMIO3UTHI SBIIIOTCS
JIOJITOBEYHBIMH, IPOCTHIMU B YXOZ€ ¥ MMEIOT LIMPOKHE KOHCTPYKTHBHBIE BO3MOXKHOCTHU. L{enblo paboTHI SBIsIETCS W3YYeHUE BIMSHUS IIapamerpa
KPUBH3HBI Ha 4aCTOTHI U (pOPMBI KOMIIO3UTOB. B paboTe paccMaTpuBaloTcs TMHEHHbIE XapaKTEPUCTUKU ATl TJAMHHUPOBAHHBIX CTEKOJI C TIOTMBHHII-
OyTHpaIbHON MPOCIOHKO. BbUTO paccMOTpeHO MOBENEHHE TPUILIEKCAa M PaclpOCTpaHEHHE B HEM YIPYTHX BOJIH B JIMHEHHOM cocTosiHuU. B pabGore
BBITIONTHEHBI BBIYMCIICHUSI C VICTIONB30BAaHUEM METOJa KOHEYHBIX 3JIEMEHTOB B PaMKaX MOJAIBHOTO aHaIN3a B TPEXMEPHOH MOCTAHOBKE B paMKax
(hu3HUECKOi TNHEHHO-YIPYTOi TOCTAHOBKHU. VICTIONB30BAJICS TeKCArOHABHBII KOHEYHBIH 3JIEMEHT C 8 y371aMu ¢ 3 cTeneHsMi CBOOOIbI B KaXkaoM. B
JTAaHHOM CTaThe MOJENUPOBATINCH JAMHHUPOBAHHBIE CTEKIIA C ApaMeTPOM KPHBU3HBI, KOTOPLIHA BapsupoBancs oT 0 MM 10 250 Mm. Kommosut coctostn
M3 TPEX CJIOEB: [IBa CTEKJISIHHEIX IIapa, TONMIMHON 3 MM Kaxablid, 1 PVB npocnoiiku Tommuunoi 0,38 mM. Pazmep mnactun coctasisn 500500 mm. B
KauyecTBe I'DAHHYHBIX YCJIOBHHM, JJAMHHAT OBUT 3aKpeIUICH C JBYX NPOTHBOINOJNOXHBIX CTOPOH. BBINONHEH aHanmu3 CXOAUMOCTU pa3Mepa CeTKH.
BbIBeieHbI pe3ynbTaThl COOCTBEHHBIX YaCTOT B 3aBHCHMOCTH OT TapaMeTpa KpUBH3HBL. Takke MOKa3aHbl rpapuky cOOCTBEHHBIX (OPM KONeOAHMUI,
KOTOpBIE JAI0T HATIISAHOE MPEJICTABICHNE O COCTOSIHHN KOMITO3UTOB.

KiioueBble ¢J10Ba: JAMIHUPOBAHHOE CTEKIIO, ONUBUHUI-OYTUpaIbHUN CIIOH, NTUHEeHHas TUHAMHKA, TapaMeTp KpUBU3HbI, MOJAIbHBII aHANIN3,
CXOZMMOCTB pa3Mepa CETKH.

Introduction. In the modern world, laminated glass
is mainly used in mechanical engineering, aircraft
industry, shipbuilding, energetics, commercial buildings,
architecture, design etc. [1]. Strength and stability are the
advantages of triplex. Such glasses are durable, easy to
care for and have wide design possibilities [2]. Noise and
heat insulation qualities are higher than that of tempered
glass. Tempered glass (single layer) is cheaper, since
fewer resources are required to manufacture [3].
Laminated glass is multilayer, consists of two or more
separate glasses, between which there is special glue
(interlayer) [4]. The choice of such a material is good for
safety purposes use. Thus, this excludes damage by
fragments, the risk of a person falling out through the
glass. So laminated glass provides a high level of
protection against hurricanes, bombs, bullets, it blocks UV
radiation, preventing the inner filling from fading [5].

There are several types of laminated glass, differing
in production technology, which gives different results in
the output: PVB, liquid rubber and PVC lamination etc.
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PVB-glass is the most widely used and tested glass for
over 60 years, capable of providing maximum safety.
PVB, or Polyvinyl Butyral, is a thermoset, one-
component, polymerizing glue. PVB lamination process is
complex and requires proper quality control. It is
important to note that laminated glass alone does not
provide high quality thermal protection, so heat-regulating
PVB has to be used [6, 7].

Curved laminated glass is increasingly being used in
modern architecture to construct free-form roofs and
facades. It is also widely used in windshields of cars,
trains, planes. Curved glass is traditionally produced
through hot-forming processes [8].

The article is devoted to studying dynamic behavior
of laminated glass. It is an important practical task, the
results of which are recommendations on internal
structure, technical instructions on the operating modes,
limits of use, etc.
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Formulation of the problem. The aim of the work
is to study the linear dynamics of laminated glasses with
different curvatures to consider the linear characteristics
for triplex. Natural frequencies and vibration modes are
investigated to consider the behavior of laminated glass
and distributed elastic waves over it in a linear state.

The following tasks are set in this study: to develop a
computer-based mathematical model of a three-layer
laminated glass with different curvatures; to carry out a
series of theoretical studies to determine the pattern of
influence of the curvature parameter on the frequencies
and modes of composites.

In current work, the different curvatures of three-
layer LG have been modelled. The curvature parameter
has been varying from 0 mm to 250 mm (i.e. from flat LG
up to the curved as cylindrical shell with radius equal to
half the side length). The laminate is a combination of two
skin glass layers of thickness 3 mm each with a PVB
interlayer of 0.38 mm thicknesses. The size of plates is
500x500 mm. The material properties of the glass and
interlayers are taken from manufacturer’s data tables and
verified by the initial properties considered in Zhang et al.
[9] and shown in Table 1.

Table 1 — Material properties

. Young's . .
Material Den5|ty3, modulus, Poisson ratio,
p (kg/m?3) E (Pa) v
Steel 7850 2-101 0.3
Glass 2500 7-1011 0.23
PVB 1100 2.2-10% 0.495

Simulation model. The behavior of laminated glass
samples with PVB interlayer was modelled by modal
analysis in 3D modelling and a finite element method
(FEM). Hexagonal FE with 8 nodes with 3 degrees of
freedom in each was used (Figure 1) [10].
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Figure 1 — Finite 3-D Structural Solid Element

The natural value and vector problem needs to be
solved for mode-frequency analyses. It has the form of

1)-2):

[MI{G} + [K]{q} =0 (1
[K1{q} — A[M]{q} = 0 2)

where M — mass matrix, K — stiffness matrix, q —
nodal displacement vector, 1 — natural values.

As boundary conditions, laminate was fixed on two
opposite sides. The composite was modeled in a three-
dimensional state as part of a physical linear-elastic state.
The geometric models with FE mesh are shown in
Figure 2.

For the studied straight laminated glass, FE mesh
with elements of different sizes was created. For each
mesh size, the calculations of frequencies were performed
to determine the computational error. The value of the
mesh size is chosen 2 mm. The error between the values
of frequencies for calculations with FE meshes decreases
and between values of 2 mm and 1 mm is less than 2%.

Calculation of linear dynamics of curved
laminated glasses. Modal analysis was carried out for
laminated glasses with different curvatures. The
frequencies and vibration modes of the composites were
obtained (table 3). The Figure 3 shows Natural Vibration
modes that can be resonated in dynamic studies.

B

Figure 2 — Mesh models of laminated glass (A — straight laminated glass, B — curved laminated glass)
Table 2 — Dependence of laminated glass mode frequency on curvature

Curvature

Frequency (Hz)

(mm) f1 | f, | fs | fs | fs

fe | f7 | fe | fo | f0
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c=0 139.6 | 165.6 | 279.3 369.3 404.4 5235 527.8 691.7 727.9 750.4
c=31.25 | 387.8 | 506.2 | 577.1 599.7 7275 738.5 886.9 904.5 917.9 979.6
c=39.06 | 372.7 | 530.8 | 600.9 629.9 791.5 823.8 994.9 1005.6 1048.8 | 1059.8
Cc =46.88 361 560.4 | 602.3 633.7 857.12 869.9 1085 1117 1125.2 | 1145.7
c=625 338.3 | 5845 | 616.4 621.4 928.8 967.1 1029.1 1135.2 1286 1291.4
c=93.75 | 295.9 | 534.3 | 562.6 698.2 934.3 1039.2 | 1065.6 1153 1288.9 | 1312.1
c=125 249.9 | 467.5 | 490.9 680.6 818.3 1084.6 1113.6 1155.6 1176.3 1191
c=1875 165.8 | 334.1 | 347.4 535.1 5935 863.6 879.1 1100.8 1108.2 | 11129
c =250 109.7 | 235.6 | 240.7 397.8 426.5 635.6 647.3 861.2 892.1 1079.6
Ny &
c=0 | 1! | | | | | |1 |
139.6 279.3 691.7 750.4
c=31.25 | 1 1 | 1IN |
387.8 577.1 738.5 979.6
S =
c=39.06 | l [ B [l | [ 1l |
372.7 600.9 823.8 1059.8
c=46.88 | l [ 1] 1 [ ] |
361 602.3 869.9 1145.7
c=62.5 | | | | l | |
338.3 584.5 928.8 1291.4
c=9375 | 1 I ] [ 11 ] [l ]
295.9 534.3 1039.2 1312.1
c=125 | [ I l | 111 |
249.9 467.5 1113.6 1191
c=1875 | | | [ [ I |
165.8 334.1 1108.2 1112.9
c=250 | [ l\ [ [l [ ] ] |
1097 2356 1079.6

Figure 3 — Laminated glass mode frequency

With increasing curvature to a value of 48.88 mm,
the first Natural frequency increases from 139.6 Hz to
602.3 Hz, then its value decreases to 2356 Hz
(highlighted in black). The wave is distributed over the
plate, which can be seen in Figure 2. The second Natural
frequency of straight laminated glass increases from 279.3
Hz to 1113.6 Hz with increasing curvature to 125 mm
(highlighted in red). Elastic waves distributed over the
laminated glass are clearly seen in Figure 2.

Conclusions. This article investigates the linear
dynamics of the laminated glass with different curvatures,
which consisted of two glasses with a thickness of 3 mm,
laminated together with PVB interlayer thickness of 0.38
mm. The curvature parameter has been varying from 0
mm to 250 mm (i.e. from straight LG up to the curved as
cylindrical shell with radius equal to half the side length).
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The computer model was developed within the FEM
in a three-dimensional setting with explicit dynamic
modeling of each structural element of the composite.

The modal analysis was performed to determine the
pattern of influence of the curvature parameter on the
frequencies and modes of composites. The results showed
that with increasing curvature to a value of 48.88 mm, the
first Natural frequency increases from 139.6 Hz to 602.3
Hz, and then its value decreases to 235.6 Hz. The second
Natural frequency of straight laminated glass increases
from 279.3 Hz to 1113.6 Hz with increasing curvature to
125 mm.
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