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Summary Laminated glass beams and plates are widely used in phtdavapplications. One feature of these structures is &iveha

thin and compliant polymeric layer for embedding solar<dlh this paper a three layered beam with glass skins and/enpak core
is applied as a model structure to evaluate the mechanioglepies of encapsulant. Robust relationships betweemgrémum

deflection, the transverse shear strain of the core layetttsndpplied force in a three-point-bending test of lamidajkass beam
samples are derived. Three-point-bending tests for lamihglass beams with core layers from different polymeridemals are
performed. The experimental data for the maximum deflearercompared with the derived expressions.

INTRODUCTION AND MOTIVATION

Typical solar modules consist of a transparent front glagsjn polymeric interlayer and a thin polymeric back sheet.
One purpose for this back glass is to protect the photo@esgmiconductor against environmental influences, such as
moisture. Since solar cells are usually made of brittle dud $ilicon wafers, they are embedded in a compliant poly-
meric encapsulant. Materials like ethylene-vinylacef@i), polyvinylbutyral (PVB) or thermoplastic silicon&tomer
(TPSE) are examples of polymers that can be used for emtgpddiar cells [5]. Important parameters that influence the
load bearing capacity are the thickness and the materipepties of layers.

To examine the load transfer between the layers as well asi¢whanical behavior of the encapsulant, a three-layered
beam with glass skins and a polymeric core can be used as d staa¢ure. In this paper we present results of structural
and experimental analysis of laminated glass beams withlegers from different polymers applied in the photovaltai
industry. In addition to previous works [1, 4] we analyse ilaated beams applying three structural mechanics models.
We start with the first order shear deformation theory (FSBJ derive expressions for the bending and the transverse
shear stiffness of the beam. Then we develop a layer-wiseyw{eWT) assuming that the deformation of layers can be
described by the beam equations. We derive closed formieotutor the maximum deflection and the transverse shear
strain of the beam under three-point bending. To verify $sumptions of FSDT and LWT we perform a finite element
analysis with solid type finite elements. We perform the expental analysis of beams with core layers from different
polymers used in the photovoltaic industry including EVA/BPand TPSE.

STRUCTURAL AND EXPERIMENTAL ANALYSIS

First Order Shear Defor mation Theory
Consider a laminated beam, Figure 1 a). The maximum defteistio

Fa® Fa
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The first term in Eq. (1) is the deflection according to the Beili-Euler beam theory, while the second term is the
contribution due to transverse shear deformation. The tggyis the use of Eq. (1) is to compute the bending and the
shear stiffness of the beam from the properties of the dolesiis. To designate the properties of the core and skimdaye
let us apply the subscripts ¢ and s, respectively.Adbe the Young modulugy; the shear modulus arid the thickness
of the layeri, i = ¢, s. The bending stiffness of the composite beam can be compstaalows [3]
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whereh = 2hs + h. is the beam height aridis the beam width. The transverse shear stiffness can bewtechas [2]
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L ayer-wise type beam theory

For very low values of the shear modultis and/or the thickness of the core layer, the first order shefarohation beam
(plate) theory may fail to describe the deflection accuyatedeed, if the shear modulds. approaches to zero for a fixed
value ofh,, then according to Eq. (3) the shear stiffness of the beanpappes to zero and the second term in Eq. (1)
tends to infinity. Let us discuss results applying a layeseaype beam theory that includes the relative axial digptent

of the glass layers as an independent degree of freedom. d@kienoim deflection can be computed as follows

Fa® Fa F (sinhﬂ(l—a)—sinhﬁl
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Figure 1. a) Geometry and loading of the beam; b) Measured and cadclilaximum deflection

where
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The first two terms in Eq. (4) coincide with the solution acing to FSDT (1) ifl;, = I'. Thereforel';, has the meaning
of the transverse shear stiffness of the laminated glass.b&he value off , according to LWT is close to the value of
I" given by Eq. (3). The third term in Eq.(4) provides a corractio the FSDT for beams with low shear stiffness of the
core.

Three point bending tests

In order to analyze elastic load-deflection behavior of teatéd glass beams, flexural testing was performed for 10
specimens for each encapsulant material at room temperafthie support span was 384 mm and the radius of the
supports and bending fins was 8 mm. Interlayer thickness ei@srdined after lamination for each of the specimen. The
laminate beams have been stored at room temperature for4®bours before testing. Flexural testing in the threaypoi
bending mode was performed usingaick Z050 universal testing machine with a cross head spedd® aim/min.

In Fig. 1 b) load vs. deflection curves for the measuremerdstancalculated deflections from Eq. (4) are shown. While
good agreement can be achieved for glass beams with réyattifeEVA and TPSE interlayer, deflections for glass beams
with soft PVB interlayer are overestimated. One explamatoy this discrepancy is an essential rate dependence of the
material behavior of amorphous PVB. Therefore, a viscoielazaterial model should be used to describe both the &nsil
and the bending tests. In contrast, cross linked EVA and TéRSiEot show strong viscoelasticity.

CONCLUSIONS AND RECOMMENDATIONS

The aim of this paper was to perform the structural and thegxgntal analysis of laminated glass beams with core
layers from different polymeric materials. The outcomes rbust relationships between the maximum deflection, the
transverse shear strain of the core layer and the applie@ fiora three-point-bending test of laminated glass beam
samples. To analyze the deformation of beams with thin antptiant core layers the FSDT and the LWT are evaluated.
The applicability ranges of these beam theories is detexuhlny the parametet. For beams with EVA and TPSE core
layers the results of simulations agree well with the experital data. For materials like PVB a viscoelastic material
model and the LWT are required to predict the behavior of lseaccurately. Further investigations to elaborate the rate
dependence of the material behavior in both the tensile @andihg tests should be performed. With the help of the
derived expressions mechanical characteristics of paligritgerlayers in laminated glass can be determined. Thaltse

of provide a motivation for the use and further developméitite layer-wise plate theories to analyze the deformatfon o
the real solar modules.
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