MATEC Web of Conferences 253, 02003 (2019)
MSME 2018

https://doi.org/10.1051/matecconf/201925302003

Experimental Evaluation and Numerical Modelling Residual
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Abstract. During last decade increased usage of laminated composite glass structures, also
annealed and tempered glass can be observed in civil engineering, automobile and space
structures, solar panels, etc. Latter trend is caused by high strength properties of laminated
glass, also sound and vibration attenuation capabilities. However, heat treatment of glass
causes residual stresses, which are not often covered in structural analysis. Current study is
focused on experimental evaluation and numerical modelling of residual stresses in glass
panels.

1 Introduction
The non-destructive testing methods are preferred as resource saving and sustainable. The PVB
interlayers have key role in aging of LGCP laminates and need special attention since in a number of
application long term exploitation of LGCP panels has been foreseen (solar panels, windows). The
elastic material properties of the PVB interlayer determined experimentally are used as simulation
input parameters in order to predict vibration attenuation capability at concurrent frequency excitation
and displacement.
The main advantage of the laminated glass composite panel, over float glass is its high strength
properties, especially fact that it does not break into small pieces even in the case of impact loading
cases [1]. The residual stresses arise in glass during cooling down from the crystallization temperature.
The residual stresses are caused by the thermal expansion and the elastic mismatch between the
crystalline and glassy phases [2,3]. The strengthening effect is achieved with accurate cooling the
glass after heat treatment. The fast cooling causes outer layers of the glass to compress and close
micro cracks in the surface of the glass. The heat treated glass is used in applications with safety glass
requirements [4]. The heat treated glass, especially laminated glass composite panels (LGCP) are used
in structures where glass is the main load bearing element. The LGCP consists of glass layers and at
least one flexible interlayer. The interlayer provides higher post failure safety of LGCP due to ability
to hold broken-off pieces of glass together [5]. Multifunctional LGCP with improved strength and
acoustic performance can be obtained by using novel acoustic interlayers covering strengthening and
a
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sound attenuation properties simultaneously. Development of new sound absorptive element for wide
class of structures and applications is emerging research area [6-9].
In the current study an attempt is made to combine the know-how and capabilities of the private
company GlasStress Ltd in area of experimental study of residual stresses in glass structures [10-12]
and optimization workgroup of TTU (Tallinn University of Technology) in area of structural analysis
and design optimization [13-17].

2 Experimental study
The experimental study performed cover evaluation of residual stresses in glass, also measuring the
properties of the constituents of glass laminate composite panel for use in further numerical analysis.
2.1 Residual stresses in glass
2.1.1 Measuring residual stresses
Measuring residual stresses has been conducted in private company GlasStress Ltd according to
proposed design of experiment. The SCALP-05 and scattered light method were used to determine
through-the-thickness stress distribution of annealed and heat treated sodalime glass panels. Three
repeatable measurements were done in directions of the long and short sides of the panel at 10
different locations panel. The residual stresses were measured on both sides up to middle surface of
the glass panel. The tin side of the glass was detected by employing Tin Side Detector UV1301. The
samples tested were 500x200 mm with thicknesses: 4mm, 8 mm and 4+4 mm laminated glass with
0,38 mm PVB interlayer. Through-thickness distribution of the stress component 𝝈𝟏 is given in Figure 1.

Figure 1. Normal stress component 𝝈𝟏 - through-thickness distribution

Similarly, symmetric through-thickness distribution of the normal stress component 𝜎2 has been
observed. The experimental data obtained, provide valuable information on behaviour of residual
stresses in glass panel. However, these data are not enough for numerical modelling of residual
stresses in glass panel due to presence of normal stress components only. Solution of the latter
problem is discussed in the following section.
2.1.2 Determining shear stresses in laminated glass
In order to evaluate the shear stresses 12 in glass panel the procedure based on measurement of
normal stresses in different rotation angles and application of the plane stress tensor rotation formulas
is introduced. The procedure is given as follows:
 The initial coordinate system was specified by long and short sides of the glass specimen;
exp_0
exp_0
 The stress components 1
and 2
were measured in coordinate system rotated 0;
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exp_𝜃

 The stress components 1
and 2
were measured in coordinate system rotated 𝜃 ;
exp_0
exp_0
 Based on values of the stress components 1
and 2
the theoretical expected values of
the stress components in coordinate system rotated 𝜃  were computed by employing stress
tensor rotation formulas as
2

0
1theoret_𝜃 = 1exp_0 𝑐𝑜𝑠2 (𝜃) + exp_0
𝑠𝑖𝑛 (𝜃) + 212
sin(𝜃) cos(𝜃),
2

(1)

2

exp_0
𝜃
0
theoret_
= 1
𝑠𝑖𝑛 (𝜃) + exp_0
𝑐𝑜𝑠2 (𝜃) − 212
sin(𝜃) cos(𝜃),
2
2

(2)

 Note that the formulas (1)-(2) are not directly applicable, since the value of the shear stress
0
0
12
is unknown. For this reason the shear stress 12
was considered as design variable and
exp_𝜃
exp_𝜃
the differences between experimentally measured normal stresses 1
, 2
and
theoret_𝜃
theoret_𝜃
theoretically computed normal stresses 1
, 2
were subjected to minimization
exp_

𝜃
𝑓 = (theoret_
− 1
1

𝜃 2

)2 + (𝑡ℎ𝑒𝑜𝑟𝑒𝑡_
− exp_
) → 𝑚𝑖𝑛.
2
2

 Applying the necessary optimality conditions for posed optimization problem
value of the shear stress

0
12

(3)
𝜕𝑓
𝜕 0
12

= 0, the

in initial coordinate system was determined as

2

0
12

=

exp_0
exp_0
exp_𝜃
exp_𝜃
(𝑠𝑖𝑛 (𝜃)−𝑐𝑜𝑠2 (𝜃))(1
−2
)+(1
−2
)

.

4 sin(𝜃)cos(𝜃)

(4)

Note, that the proposed approach is based on measuring residual stresses in two different angles of
0
the coordinate system and is just one possibility for estimating the value of the shear stress 12
.
Obviously, the result depends on selection the value of the rotation angle 𝜃. The theoretical approach
introduced can be simply extended for a number of rotations of the stress tensor by angles 𝜃1 to 𝜃𝑛 .
However, in latter case the cost needed to pay for higher accuracy is higher number of experiments
(the normal stresses should be measured for each value of 𝜃𝑖 ).
2.1.3 Error estimate
exp_0

exp_0

Having the measured values of the normal stresses 1
, 2
in initial coordinate system and
0
corresponding estimate on shear stress 12
one can apply the stress tensor rotation formulas (1)-(2) for
𝜃
computing the theoretical values of normal stresses 1theoret_𝜃 and theoret_
in new, rotated
2
coordinate system. The errors 𝑒1 and 𝑒2 of the measured normal stresses 𝜎1 and 𝜎2 can be estimated as
exp_𝜃

𝑒1 = 1
𝑒2 =

𝜃,
− theoret_
1
𝜃.
− theoret_
2

𝜃
exp_
2

(5)
(6)

It should be noted that 𝑒1 and 𝑒2 are caused by measuring errors in both coordinate systems
(initial and rotated by angle 𝜃). Based on formulas (5)-(6) the error of residual stresses near outer
surface (biggest values of stresses) are estimated ~1MPa (near 1%).
2.2 Properties of glass layer – non-destructive testing
In order to perform numerical analysis of glass panel the mechanical properties of the panel should be
determined. However, performing traditional mechanical tests with glass specimen is rather
complicated, especially tension tests, etc. Furthermore, as mentioned above the non-destructive
testing should be preferred. The non-destructive mechanical testing procedure for glass panel was
introduced by authors in [18]. The time of flight of the individual pulses has been measured in order to
determine sound speeds of P-wave and shear wave. The setup of the test is shown in Figure 2.
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Figure 2. Set up for measuring P-wave and shear wave speeds

The Young modulus and Poisson ratio of the glass can be evaluated as
G(3M  4G)
E
,
M G


where

(7)

M  2G ,
2M  2G

(8)

2
M  c P  , G  cs  ,
2

cP

and

(9)

c s stand for the wave speeds and  is a material density. The wave speeds measured as

well as the material properties computed are presented in table 1.
Table 1. Material properties of the glass layer.



cP

cs

3

(kg/m )

(m/s)

(m/s)

E
(GPa)



Float glass

2486

5914

3506

75.11

0.23

Tempered glass

2486

5852

3433

72.53

0.24

The mechanical properties of the PVB interlayer are determined from traditional tensile tests. Due
to small thickness and viscoelastic material properties of PVB interlayer the above proposed nondestructive testing is complicated.

3 Numerical modelling
The experimental data acquired by employing procedures introduced in sections 2.1 and 2.2 can be
utilized as input data for finite element method (FEM) analysis model. The FE analysis was
performed using ANSYS v14.
3.1 FEM model and its validation tests
Modal analysis of glass panels without supports and pre-stress was selected for FE model
development and validation. FEA model consists of 50 000 8-noded hexahedral 3D solid elements (8
layers of elements through the thickness of the glass sheet). The FEA and experimental modal analysis
has been applied to a glass panel with dimensions 500mm × 200mm × 8mm. The samples are held by
a suspension system, constituted by soft elastic bands. These bands are designed to guarantee that the
highest rigid mode frequency is less than 10 − 15% of the first resonance frequency of the suspended
structure. This circumstance allows considering the systems as in free-free conditions. The classical
roving hammer impact test has been used to measure the frequency response functions and to
implement the peak-picking method. Preliminarily, a set of points are defined on a wire-frame created
on the structure and an accelerometer is fixed on one of these points. The method consists of
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measuring the frequency response functions between the response measured by the accelerometer and
the forced excitation provided by the hammer when the wire-frame points are sequentially hit. In the
present investigation, the samples have been schematized with a wire-frame consisting of 12 points
displaced in adjacent rectangular patterns. An impulsive excitation has been provided, along the
direction perpendicular to the plane of the structure, by means of a hammer AP TechTM AU01
provided with force transducer. The vibration response has been measured, along the same direction,
by means of an ICP (Integrated Circuit Piezoelectric) mono- axial accelerometer PCB TM 353B33.
The signal acquisition has been performed by a dynamic signal analyser (National Instruments TM
NIcDAQ 9174 and NI 9234), controlled by PC based virtual instrument (LabVIEW TM). Random
errors have been reduced by averaging out three subsequent measurements taken for each point. The
frequency response functions have been estimated as H = SXY /SXX, i.e. as the ratio of the crossspectrum of excitation and response signals over the auto-spectrum of the excitation signal (Figure 3).

Figure 3. FRF Magnitude vs frequency.

The values of the coherence function related to the impact tests, are above 98%, indicating low
levels of uncorrelated noise in the measured frequency response data. In Table 2 the values of the
natural frequencies obtained from FEM analysis and experimental tests are presented.
Table 2. Frequency values. FEM vs experimental.
Mode

Frequency, Hz
FEM model

Frequency, Hz
Experimental

1
2
3
4
5

172
267
477
571
930

172
266
477
569
930

One can be observed from Table 2 that the results obtained from experimental study and FEM
analysis are in good agreement.

Figure 4. Fundamental frequency and second harmonic.

The fundamental frequency and second harmonic are depicted in Figure 4.
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3.2 Modelling residual stresses in glass
Glass panel with size 200x500x8 mm and material properties described above was considered. In
order to apply pre-stress one side of panel was fixed (short side is fixed) i.e. console. The values of the
stress tensor obtained from experimental study (normal stresses 𝜎1 and 𝜎2 ) and from procedure
proposed in section 2.1.2 (shear stress 12 ) are mapped into FEA model by ANSYS throughout the
thickness in 57834 points (Figure 5).

Figure 5. Mapped stresses.

The results of modal analysis are given in Table 3.
Table 3. Frequency values, with and without pre-stress
Mode

Frequency, Hz
without pre-stress

Frequency, Hz
with pre-stress

1
2
3
4
5

27
145
171
461
480

28
150
174
476
489

In can be observed from Table 3 that in the case of considered boundary conditions (console type,
short side fixed) the influence of residual stresses on frequency values is remarkable. Application of
residual stresses increase the values of the frequencies. The modes corresponding to first two
frequencies are depicted in Figure 6.

Figure 6. Fundamental frequency and second harmonic for pre-stressed panel.

Figure 6 is obtained by applying console type boundary conditions where short side of the panel is
fixed.

4 Conclusions
6
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An approach for structural analysis the glass panels, incorporating residual stresses, has been proposed.
The normal residual stresses were determined experimentally in private company GlasStress Ltd. The
procedure for determining shear stress component of residual stress tensor has been developed. The
algorithm for estimating error of the measured residual stresses has been introduced. The finite
element model incorporating residual stresses has been developed. The remarkable influence of the
residual stresses on values of the natural frequencies has been observed. An approach proposed for
structural analysis can be applied for wide class of glass structures. Future study planned cover design
optimization of laminated glass composite panel [19-23].
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