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Summary. The study presents the results of analysis of the laminated glasses composites
dynamic state under impact loading. The paper investigates modelling of a rigid ball drop on laminated
glasses with different thicknesses of polyvinyl butyral (PVB) interlayers. The aim of the paper is to study
the dependence of laminated glasses dynamic deformation on the velocity of free ball fall. The study
performs computations using a finite element method (FEM) in modern computer-aided engineering
(CAE) software within a 3D modelling and explicit dynamics approach. The investigation includes a
mesh-size convergence analysis. The work carries out the dynamic strains and stress state analysis in
laminated glasses under different loading conditions.
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Introduction. Laminated glass panels are widely used in modern technology. These are
portholes, car windows, external parts of solar panels, elements of building structures, etc. [1-
4]. Their function is to protect other sensitive elements from external factors. Laminated glass
consists of two or more glasses laminated together with one or more layers of polymer film
(interlayers). The intermediate layer improves mechanical properties: impact strength, fracture
toughness, noise insulation, thermal insulation, etc. Polyvinyl butyral (PVB) film, ethyl vinyl
acetate (EVA), ionoplast polymers, cast in place (CIP) liquid resin and thermoplastic
polyurethane (TPU) are most commonly used as interlayer materials [5-7]. Laminated glass
composites generally experience impulse or impact loads caused by the entry of strange objects
during their operation [1-4]. Destructive forces can cause significant harm, disable the systems
in which they are installed, or substantially impair their functional characteristics [8].

The impact strength of laminated glass is higher than that of a glass plate of the same
thickness. Study of dynamic behavior of glass laminated composites under the impulse and / or
impact loading is an important practical task, the results of which provide recommendations on
the internal structure, requirements on operating modes, limits of use, and so forth.

The impact destructive behavior of the laminate is complex. The combined effects of
the glass fragility, the non-linear interlayer characteristic and the adhesive compound
significantly complicate behavior of the laminated glass damage. The analysis of the failures of
laminated glasses usually carried out experimentally with further numerical modeling or vice
versa [9, 10].

Experimental studies are very expensive due to high fragility, optical transparency, high
lubricity of the glass surface, and therefore have significant limitations on the possibilities of
using experimental equipment [11]. Preliminary computational modelling reduces the number
of necessary experimental studies, formulate practical recommendations, and define
limitations.
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The problem statement. The aim of this work is to study the dynamic response of
laminated glass composites resulting from the impact effect of a rigid ball drop and to analyze
the dependence of the level of dynamic deformations, arising in the elements of the composite
from the conditions of impact.

The objectives of the study are following:

1) to develop a computer-based mathematical model that makes it possible to
investigate the impact interaction of a spherical rigid body with a three-layer glass composite;

2) to verify the calculation studies, to assess the accuracy level and provide
recommendations on the parameters of the calculation model;

3) to carry out a series of theoretical studies to determine the pattern of influence of
the ball drop parameters on the composite.

In this work, the three-layer laminated glass under the impact of a smooth solid steel
ball of 83 mm in diameter (2.3 kg) was considered. The composite is a combination of two
glass plates with a thickness of 5 mm each and with an interlayer of PVVB having a thickness of
0.38 mm, 0.76 mm and 1.52mm (effective thicknesses of interlayers) in between. The plates
are 305 x 305 mm in size.

The properties of the glass material and interlayer are taken from the data of the
manufacturers and verified by the initial properties discussed in Chang et al. [12] and shown in
Table 1. The geometric model is shown in Figure 1.

Table 1

Material properties

Material Density, Young's modulus, Poisson ratio,
p (kg/m®) E (Pa) N
Steel 7850 7. 10% 03
Glass 2500 71010 0.23
PVB 1100 2.2:108 0.495

Development of a computational model and its verification. The behavior of
laminated glass samples with PVB interlayer was modelled as transient analysis in 3D statement
of explicit dynamic formulation of finite element method (FEM). Hexagonal FE with 8 nodes
with 3 degrees of freedom in each was used.

As boundary conditions, laminate was fixed on both sides, and the ball drop was
simulated at the center of the plate, as shown in Figure 1. The ball was modeled as a rigid body.
The composite was modeled in a three-dimensional setting as part of a physical linear-elastic
setting. The interaction of the ball and the composite was carried out within the framework of
achieving the objective of one-way contact according to the algorithm «surface to surface». The
air resistance during the impact was ignored.

;—

Figure 1. Boundary conditions
(A — Vector of Initial Velocity, B — Fixed Support of Composite)
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Analysis of the dynamics of laminated glass composite panels under impact loading

The FE meshes with elements of different size have been created for the investigated model.
For each mesh size, maximum total deformation (uUmax) and maximum equivalent (von-Mises)
stress (ovmmax) have been calculated to determine computational accuracy. A laminated glass
model with a 1.52 mm PVB interlayer and a different velocity of ball free-fall (vof) was used.
The results of the calculations are given in Table 2. The FE mesh model is shown in Figure 2.

Table 2

Dependence of the results on model mesh size

FE mesh size (mm) Number of nodes Vit (M/s) Umax(mm) Svmmax(MPa)
3 2.8742 69.393
4.85 4.6048 118.31
5
10 0.04825 > 10 53 5.786 116.15
6 6.5234 128.84
3 3.1283 105.01
4.85 4.6652 191.33
5
5 0.17322>10 53 5.0141 21311
6 5.2102 244.06
3 1.8548 287.73
4.85 2.9584 472.18
5
2 2.06294 > 10 5.3 3.2234 518.53
6 3.6403 590.02

A B c

Figure 2. Mesh size of the model (A — 10 (mm), B —5 (mm), C — 2 (mm))

Additional calculations with different mesh sizes were performed and the results for
deformations were received (Table 3).

Table 3

Dependence of the mesh sizes on nodes and total deformation

FE mesh size (mm) Number of nodes Umax (Mm)
5 0.17322 - 10° 5.2102
4 0.39793 - 10° 3.9519
3 0.69080 - 10° 3.8332
2.5 0.98814 - 10° 3.7835
2 2.06294 - 10° 3.6403
1.5 4.93677 - 10° 3.5793
1 13.10812 - 10° 3.5364
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Figure 3. Dependence of the total deformation on mesh size

Similar estimation studies for the composite with the same size and conditions have
been made in Vedernama and Pavar [5]. A comparison of the results shows good consistency
with the results. The dependence of deformations on the mesh size (specified in the nodes) is
shown in Figure 3, where the dotted line indicates the value in Article [5]. The closest mesh
size is 2 mm. It can be seen that at first the accuracy between the bend values of the meshes,
which have FE with dimensions of 5 mm and 4 mm, is quite large and constitutes 24%, but later
it noticeably decreases to 3% between meshes of 4 and 3 mm, and between 2 mm and 1 mm it
measures 2.8%.

Calculation of non-linear dynamics of laminated glass. The impact load of the steel
ball on laminated glasses with different thickness of the PVB interlayer and the velocity of ball
drop were calculated. The results of maximum total deformation, equivalent (von-Mises) stress
at characteristic points (Figure 4) at the moment of time to (which corresponds to maximum
deformation) and tmax (which corresponds to the maximum stress value at all period of time) are
available. Similarly, results have been derived for maximum principal elastic strain (emax). The
selected point H is the point where the largest maximal deformation and high stress localization
occur, but there is no singularity of stress concentration, as at the point where the laminate
directly interacts with a perfectly rigid ball. At the place of fixed support of the composite there
is the singularity of the stress, which should decrease rapidly as the distance from this part
increases according to Saint-Venan’s principle. Therefore, the point D, which is behind the
singularity, was chosen to analyse the stress state of the model. The values obtained from the
calculation are shown in Table 4.
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Figure 4. Main investigated points of the model

Table 4

Simulation results

FE
size m/s mm 0 max int iN tmax
(mm) (mm) (mfs) | (mm) (MPa) | (MPa) 0

3 1696 D 83.102 | 94.987 | 0.37902 | 0.41464

' H 1735 | 273.24 2.151 3.1823
D 133.11 | 150.32 | 0.59302 | 0.65365

0.38 2 4.85 | 26953 H 321.66 | 454.34 3.947 5.2613
' 53 2936 D 144.79 | 163.22 | 0.64481 | 0.70853

' ' H 350.88 | 497.92 | 4.3092 | 5.7838

5 33086 D 162.49 | 182.84 | 0.72393 | 0.7917

' H 396.42 | 565.66 | 4.8751 6.5987
3 1.7823 D 79.974 | 88.442 | 0.36653 | 0.39811

' H 197.15 | 257.78 | 2.4027 2.9184
D 127.06 | 140.08 | 0.56057 | 0.66492

0.76 9 4.85 2.833 H 342.47 | 430.13 4.179 4.8495
' 53 30856 D 138.44 | 152.25 | 0.60941 | 0.73599

' ' H 37443 | 471.92 | 4.5724 5.3179
5 34756 D 155.94 | 170.63 | 0.68446 | 0.84899

' H 424.68 | 536.57 | 5.1912 6.0884
3 1.8789 D 73.665 | 81.156 | 0.33234 | 0.40361

' H 198.67 | 227.88 | 2.4001 2.6745
D 113.62 | 127.69 | 0.49426 | 0.70324

159 2 4.85 | 2.9755 H 333.3 | 382.16 | 4.0551 4.448
' 53 39379 D 124.48 | 138.8 | 0.53808 | 0.77419

' ' H 365.07 | 418.2 4.4471 4.8939
D 141.08 | 155.32 | 0.6072 | 0.90358

6 3.6405 H 414.69 | 473.21 | 5.0612 5.5909

Figure 5 shows the total deformation in laminated glass with 0.38 mm PVB interlayer
under the impact loading of the ball free-fall velocity with 3 m/s. For laminated glasses with
other interlayer thicknesses and the velocities of the steel ball, it was evaluated in the same way.
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The maximum deformation is observed in the impact zone and the minimum deformation is
observed on the fixed edges of the model. Maximum deformations increase with impact height
and layer thickness (Figure 6). Between the velocity of 3 m/s and 4.85 m/s the deformation
increased by 37%, between 4.85 m/s and 5. m/s by another 8%, between 5.3 m/s and 6 m/s by
11% with a fixed interlayer thickness. Similarly for the case of a fixed velocity of ball fall, but
different thicknesses of the PVB interlayer should also tend to increase: between the thicknesses
of the layer 0.38 mm and 0.76 mm the deformation increased by 4.8%, and between 0.76 mm
and 1.52 mm by 5.1% with a velocity of 3 m/s.

The maximum principal elastic strain in the laminated glasses occurs in its fixed sides,
decreases to the centre of the impact and then increases (Figure 7). In the PVB interlayer, the
maximum strain is distributed at the centre of the model and the minimum strain can be
observed at the edges of the model (Figure 8).

A: Explicit Dynamics —e—0,38
Total Deformation —e— 0,76
Type: Total Deformation 4.0 —e—152
Unit: m 2
Time: 1,e-003

Cycle Number: 19158
3,54

0,001696 Max
0,0015075
0,0013191
0,0011306
0,00094221
0,00075377
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0,00037688
0,00018844
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Figure 5. Total Deformation of LG with 0,38 (mm)
PVB interlayer with the ball free-fall velocity
3 (m/s)

Figure 6. Dependence of maximum Total
Deformation on the ball free-fall velocity

A: Explicit Dynamics
Maximurm Principal Elastic Strain
Type: Maximum Principal Elastic Strain
Unit: rnfim

Tirne: 1,e-003

Cyile Mumber: 19158

A: Explicit Dynamics

Maximurm Principal Elastic Strain
Type: Maximum Principal Elastic Strain
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Cycle Number: 19158
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o
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-2,85%-5 0,014135
-0,00034930 0,010648
-0,00067019 0,0071618
0,0036753
0,00018882

Figure 7. Maximum Principal Elastic Strain of LG Figure 8. Maximum Principal Elastic Strain of
with 0,38 (mm) PVB interlayer with the ball free- 0,38 (mm) PVB interlayer with the ball free-fall
fall velocity 3 (m/s) velocity 3 (m/s)

The equivalent (von Mises) stress distribution indicates that the maximum values are on
the fixed side of the glass composite and in the centre of impact in the LG (Figure 9). The stress
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increases with the increase of the ball free-fall velocity. But as the thickness of the interlayer
increases, the equivalent stress decreases (Figure 10). With a fixed interlayer thickness between
velocities of 3 m/s and 4.85 m/s the stress increased by 37%, between 4.85 m/s and 5.3 m/s by
8%, between 5.3 m/s and 6 m/s by another 11%. In the case of a fixed velocity of ball drop, but
different thicknesses of the PVB interlayer, the stress decreased by 3.7%, with the velocity of
3 m/s between the thicknesses of the layer 0.38 mm and 0.76 mm, and between 0.76 and
1.52 mm the stress decreased by 8%.

A: Explicit Dynamics ——0:
Equivalent Stress —e—07
Type: Equivalent (von-Mises) Stress !
Unit: Pa

Time: 1,e-003 160 4
Cycle Number: 19158

3,0012¢8 1401

2,2385e8
= 1,473%8
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Figure 9. Equivalent (von-Mises) Stress of LG with Figure 10. Dependence of Equivalent (von-
0,38 (mm) PVB interlayer with the ball free-fall Mises) Stress at point D at t,, on the ball free-fall
velocity 3 (m/s) velocity

Conclusions. Dynamics of stress-strain state of laminated glass consisting of two
glasses 5 mm thick laminated together with a PVB interlayer with 0.38 mm, 0.76 mm and
1.52 mm gap thickness were investigated. Dynamic excitation was formed as a result of the
impact on the composite, modelled as a dynamic one-way interaction with a rigid body of
spherical shape with a diameter of 83 mm (2.3 kg) to simulate a ball impact on a composite at
a different rate of free-fall velocity.

The computer mathematical model was developed within FEM in a three-dimensional
setting with explicit dynamic modelling of each structural element of the composite.
Verification of the calculation studies was carried out. FE meshes with elements ranging in size
from 5 mm to 1 mm were constructed. Comparison of the results with those provided in studies
showed that for the selected 2 mm mesh, the accuracy of the deformation values of meshes with
FE of 2 mm and 1 mm, measures 2.8%.

The thickness of the PVB interlayer and the velocity of the ball free-fall varied. The
results of maximum deformations, equivalent (von Mises) stresses and maximum principal
elastic strains have been calculated and analyzed. The results showed that the dependence of
the deformations and stresses on the ball velocity was linear. Within the velocities of 3 m/s and
4.85 m/s the deformation increased by 37%, between 4.85 m/s and 5.3 m/s by another 8%,
within 5.3 m/s and 6 m/s by 11% with a fixed interlayer thickness. Similar to a fixed free-fall
velocity, but different thicknesses of the PVB interlayer there is also a tendency of increasing:
within 0.38 mm and 0.76 mm layer thickness the deformation increased by 4.8%, and within
0.76 mm and 1.52 mm — by 5.1% with the velocity of 3 m/s.

With the fixed thickness of the interlayer within the velocities of 3 m/s and 4.85 m/s,
the stress increased by 37%., within 4.85 m/s and 5.3 m/s by 8%., and within 5.3 m/s and 6 m/s
by another 11%. In the case of a fixed velocity of the ball free-fall, but different thicknesses of
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the PVB interlayer we have the tendency of decreasing: the stress decreased by 3.7%, with the
ball free-fall velocity of 3 m/s within the thicknesses of the layer of 0.38 mm and 0.76 mm, and
between 0.76 and 1.52 mm by 8%.
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AHAJII3 JTUHAMIYHOI'O CTAHY _
JIJAMIHOBAHUX CKJIAHUX KOMIIO3UTHUX ITAHEJIEN
HHPU YJAPHOMY HABAHTAXEHHI

Ouasra CyxanoBa; Ouekciii Jlapin

Hayionanvnuii mexniunuu ynisepcumem « XapKiecbKuu noaimexHiyHul
incmumympy, Xapkie, Ykpaina

Pe3tome. Hasedeno npedcmasneni pe3yrbmamu ananizy OUHAMIYHO20 CMAHY KOMRO3UMIE N1AMIHOBAHUX
CMeKon npu yOapHomy HasaumagicenHi. Posensimymo mooeniosanns nadinHs abcomomHo meepooi 2naokoi
cmanesoi Kyl Ha JAMIHO8AHe CKIO 3 PI3HOI0 MOSWUHOIO NONIGIHLI-Oymupansvhozo (PVB) npowapky. B sikocmi
SPAHUYHUX YMOB 3aDIKCOBAHO NTAMIHAM 3 080X CIMOPIH, A YOap KyJi 3M00eIb08ano y yenmpi niacmunu. Komnosum
3MO0eNbOBAHO 8 MPUBUMIPHILL NOCMAHOBYT 8 PAMKAX QI3UYHOL TIHIIHO-NPYICHOI nocmanosKku. Bzaemooiio kynvku
ma KOMHO3UmMy NpPOGEOEHO Y PAMKAX PO36 SI3aHHs 3a0aui 0OHOCMOPOHHbO20 KOHMAKMY 3d AA20PUMMOM
«nosepxws 00 nosepxtiy. Onopom, wo Hadacmvcs nosimpam nio yac yoapy, snexmyeano. Memoio pobomu 6yno
BUBUEHHS 3AJIHCHOCMI NPOSUHIB, HANPYICEHb Ma Oedopmayill IAMIHOBAHUX CMEKOL 8I0 WEUOKOCHI BLIbHO2O
nadinns xyai. Ilogedinka enaugy 3paskie aaminosanozo ckaa 3 PVB npowapkom smodenbogsarnoza 00nomozoio
nepexionozo aumanizy. JJocniodxicenHs nposeoeHo 3 GUKOPUCMAHHAM Memoody cKinuenHux eremenmie (MCE) i3
BUKOPUCIMAHHAM 2eKCA2OHANbHO20 8 8Y31108020 CKIHUEHHO20 eleMenma 3i 3 CIyneHAMU GiIbHOCMI 8 KOJXCHOMY, 8
pamkax 3D-modeniosanusi ma sA6HO20 OUHAMIYHOZO NIOX00Y 8 CYYACHOMY NPOSPAMHOMY 3abe3nevenHi
KoMn TomepHozo indiceneprozo ananizy (CAE). Buxonano ananiz 30isicnocmi po3mipy cimku. Cmeopeno cxinueno-
eleMeHMHUI CImKU 3 eleMeHmamu pi3Ho20 po3mipy ma Oisi KOJCHO20 PO3MIPY CIMKU HPOBEOeHO pPO3PAXYHKU
npoeunie i Hanpyoicenv. Takoxc npoeedeno epuikayilo po3paxyHKosux 00CHIONCEHb, WO 00360UN0 OYIHUMU
pieenv noxubox ma pexomenoayii wjo0o napamempié po3paxyHKogoi mooeni. Y cmammi npoananizosamo
OuHamiyHi Oepopmayii ma Hanpys’CeHUl CMAaH Y IAMIHOBAHUX CIEKIAX 30 PIZHUX YMO8 HABAHMANCEHHS, BUBCOEHO
pe3yiomamu npocuHie, deghopmayiii ma HanpyiIceHs y XapaKxmepHux mouKkax 6 pisHi MOMeHmu 4acy, nooyooeano
epagixu 3anedxicHocmell NPOSUHIE MA HANPYJICeHb 8i0 WBUOKOCMI 8IIbHO20 NAOIHHA KYJIL.

Knrwowuosi cnosa: naminosane ckio, yoapme HABAHMANCEHMS, NONIGIHINI-OYMUPATLHUL NPOWADOK,
30I2HCHICMb PO3MIPIG CIMKU, I8HA OUHAMIKA, HANPYHCEHO-0eOPMOBAHULL CIAH.
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