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The method of fiber optic strain measurement based on Rayleigh signal analysis enables the detection of the deformation
behaviour of glass laminates for the purpose of modelling its load-bearing characteristics. With distributed fiber optic
sensors, which consist of a diameter of 0.16 mm, it is possible to determine strain patterns on both glass surfaces and its
interlayers. The sensors used in tensile and bending tests on monolithic as well as laminated glass supplement the
deformation measurements taken with strain gauges and inductive displacement sensors. The study describes the results
of the principal applicability of fiber optic strain sensors to evaluate the structural behaviour of laminated glass and
provides the basis to define a model for the material characteristics of viscoelastic interlayers.
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1. Introduction

Laminated glass consists of at least two glass panes and one or more polymer interlayer. The interlayer is made of
polymer plastics, which is primarily intended for shock resistance and splinter binding in case of glass breakage, DIN
in relation to EN ISO 12543-1 (2011). Additionally, it determines the load-bearing capacity in some scenarios, for
example in case of impact loads. The stiffness of the laminated glass depends on the shear transmission and the
elasticity of the various layers, Schneider (2016).

Compared to glass as an isotropic and linear elastic material, the polymer interlayer shows a more complex material
behaviour. The challenge there lies in the translation of the thermo-mechanical parameters derived from small test
specimens to the actual building component scale, due to considering type and duration of the mechanical and thermal
stress, Kraus (2019). According to Rosler (2016), non-linear viscoelastic material behaviour can be specified as
various biaxial hypotheses of effective stress. The planar stress field, which initially only depends on the strain, has
to be developed according to loading rate and temperature. However, the material models used in numerical
calculations have to be experimentally validated in component tests.

In case of bending tests, values of rotation, curvature and surface strain are determined by any bending differential
equation with pre-identified deformation, cross-sectional stiffness and bearing conditions. However, if the analysed
structure is not clearly captured by one theory, such as plate or sandwich theory, it is not possible to derive deformation
values at any certain location. Since the material properties of the interlayer can only be measured indirectly during
component testing, a distributed system providing gradient values complements any discrete-location measurements.

For both, verification and further development of existing material and structural models, innovations in the field of
measurement technologies are required. In addition to inductive displacement sensors and strain gauges, which are
generally applied at discrete measuring points, fiber optic sensors are used in tensile and bending tests. A gradient-
based system of measuring surface strain at the various interfaces of laminated glass enables an expanded
representation of the load-bearing behaviour and the determination of material properties of viscoelastic interlayers.
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Table 1: Symbols used in the study.

Symbol Description Unit
e Distance between the middle axis of the m
glass panes including the thickness of the
interlayer
h Sum of the thickness of all layers in the m
composite panel
X Location on the measurement section m
z Variable of layer thickness m
ds Thickness of the glass pane m
dr Fiber diameter m

Ag Cross-Sectional area of the glass panes
f Frequency Hz
Af Frequency shift Hz
1 Radiance W/sr
F Force N
AT Temperature difference K
E, Young’s Modulus of the glass pane N/m?
I, I, Area moment of inertia of several glass m*
panes
Elt Effective bending stiffness Nm?
&4 Surface strain on the bottom pm/m
€ Surface strain on the top pm/m
€y Fiber strain on the bottom pm/m
€Fo Fiber strain on the top pm/m
T Shear correction factor -
V. Connection factor -

2. Locally distributed fiber optic strain measurement

2.1. Fields of application

Fiber optic sensors are currently used for strain measurement in various areas of structural analysis. For example, in
curved laminated glass, strain is determined at equidistant points along a measurement section using fiber Bragg
grating sensors, Fildhuth (2016). With a diameter of approximately 0.2 mm, these thin, transparent glass fiber sensors
represent an advanced measuring technique compared to strain gauges, especially if the measuring points are located
in a short distance apart.

Going further, fiber sensor technology based on Rayleigh signal analysis represents the next step, since it provides
individual strain values for the distance between the Bragg gratings. The theoretical measuring point distance lies in
the range of less than 1 mm and enables quasi-continuous strain and temperature profiles. Glass fiber sensors with this
measuring method are also applied for analysing reinforced concrete components, especially in the determination of
surface strains with large gradients, in the early localisation of cracks and in the detection of bond stress between
reinforcing steel and the concrete matrix, Schmidt-Thré (2016). They are also used in systems monitoring
delamination and stress peaks in fiber composite components, Duffner (2019) and Rajan (2017).

2.2. Rayleigh signal analysis and determining the strain coefficient

In commercially available glass fibers, a coherent optical frequency domain reflectometer is used for the
characterisation of the intensity curve of the Rayleigh scattering. Production-caused fluctuations in the refractive index
of the fiber core lead to fluctuations in the intensity of the Rayleigh scattering, Samiec (2011). The intensity is
described as a function of the frequency of the backscattered light for each defined fiber section with constant
characteristic frequency patterns. Changes in external conditions, such as temperature or load-induced stress, results
in a variation of the fiber length and a shift in the frequency pattern. The frequency shift is converted into strain and
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temperature values using the corresponding correlations. Figure 1 shows the strain of the refractive index profile and
the associated shift in the frequency pattern.
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Fig. 1 Left: Longitudinal section through the glass fiber sensor with a characteristic profile of the refractive indices under force F and
temperature AT induced stress. Right: Shift of the frequency pattern when the glass fiber is stretched.

After converting the frequency signal, the non-linear relationship between frequency shift and temperature difference
is specified by using a fourth-order polynomial. The coefficients of the polynomial are defined experimentally
according to Froggatt (2006). The surface strain under static load is determined by the linear relationship between the
measured frequency signal and the fiber strain, expressed by a strain coefficient.

The strain coefficient is determined by a tensile test with three test specimens made of float glass referred to EN 572-
2 (2012) with a size of 40 mm by 250 mm and a thickness of 5 mm. Uniaxial strain gauges are applied parallel to the
bonded fiber. The measuring section of the fiber is positioned at the same height as the strain gauges. Figure 2 shows
the experimental set-up and the curve of recorded surface strain values in tensile tests using strain gauges and fiber
optic sensors in intervals of 25 time steps and a measuring rate of 1 Hz.
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Fig. 2 Determination of the strain coefficient in the tensile test. Left: Test setup with fiber optic sensor and strain gauge. Right: Strain
measured with strain gauge and associated frequency shift of the fiber optic sensor.

The cyanoacrylate adhesive applied, Weiss Chemie (2016), generates a stiff, and elastic connection between glass
surface and fiber optic sensor. The difference in displacement between glass fiber and the adhesive matrix is
insignificant, with an expected expansion spectrum of around 500 pm/m. In cyclical, path-controlled tensile tests with
a rate of 0.01 mm/min and a maximum load up to strains of 405 um/m, compressive stresses in the fiber in the range
of 4 pm/m remain even after relieving due to the irreversible slip between fiber coating and adhesive down to 6 um/m.
Using linear flaw distribution in the expansion spectrum, this corresponds to a deviation of approximately 1.5 %.
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The strain coefficient is expressed by the quotient of strain-to-frequency. The tensile tests find it to be 6.61 um/(GHz
m). This agrees with the strain coefficient determined on aluminium samples for the pure glass fiber, which is 6.58
um/(GHz m), deviating by just 0.45 %, Frogatt (2006). Under tensile stress, this means that 99.6 % of the strain is
transferred from the glass surface to the glass fiber.

2.3. Conversion of fiber strain to surface strain

Due to the distance between the fiber axis and the glass surface, measured strain values have to be adjusted in the case
of variable strain through the height of cross-section. Starting from a full transfer of the strain between the glass fiber
and the glass surface, the surface strain is determined by linear interpolation. The two limit states of constant stress
and variable stress in the glass layer are considered with a maximum gradient. As shown in Figure 3, the correction
results in the ratio of the edge expansion. If the expansion ratio changes over the measuring section due to various
bond properties between the layers, the correction is given as a function of the expansion ratio depending on the
measuring location.
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Fig. 3 Correction of the measured strains depending on the stress states in the glass. a) Pure tension — no correction, b) Mixed state, c) Pure
bending.

Geometric analysis gives equations 1 to 3, which provide corrected strain values based on the values measured from
the fiber axis and coordinate system defined in Figure 3. The strain at the top edge, &,, results from equation 2, whereas
the bottom edge strain &,, comes from equation 3.

£(x,2) = (£ru () — 0,0 (X)) g — 5.0 ()
£ () = (£ () = £1,0 () 3z = €10 () @)
£u(0) = (Eru() = 6,0 (X)) parats — £, (%) 3)

A higher strain gradient means that the deviation between measured and surface strain values increases. If the ratio of
top strain, €r,o, to bottom strain, &r,, changes along the length of the fiber, the values are corrected along the entire
measuring section.

3. Bending tests

3.1. Four-point bending test on monolithic glass panes

The strain coefficient determined in the tensile test is validated in a four-point bending test on three monolithic glass
panes with a thickness of 10 mm. The size is defined with 250 mm by 1,100 mm, which results in beam-like bending
with negligibly low bending stresses in the transverse direction, Blank (1990). The linear elastic material behaviour
of float glass as well as their simple numerical model are suitable for assessing whether the previously calculated
strain coefficient holds up. The load is operated with a rate of 0.2 mm/min up to a maximum deformation of 10 mm
in the middle of the field. For the strain measurement, a fiber-optic sensor is installed as a loop on the top and bottom
of the glass pane. The four measurement sections are shown in Figure 4 with the arrangement of the sensor as well as
the results from linear calculation using the finite element method (FEM) by the software RFEM.
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Fig. 4 Four-point bending test on monolithic glass panes. Left: Experimental setup with inductive displacement transducer and fiber optic
sensors. Right: Plots of the numerical calculation for stress and strain at glass surface along the longitudinal axis.

Due to the large sensor length of 5.2 m, including measuring sections and loops, there is a fluctuation in the strain
values in the range of approximately 15 pum/m, which is compensated for using sliding median analysis. Figure 5
shows the strain at the top and bottom in the middle of the bending beam with a load of 685 N as an example, with
the associated 10 mm deformation in the centre. The maximum strain values measured in this test are +460 pm/m and,
with slight deviations in the tensile zone of around 10 pm/m, correspond to the calculated strains.
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Fig. 5 Comparison of the strain gradient between four-point bending test and numerical calculation (FEM) for a load of 685 N and a resulting
deformation of 10 mm in the middle of the field.

After converting the measured values in the fiber sensor to the level of the glass surface, the measured strain shows
fine agreement with the values got of numerical calculation. Both, the strain coefficient found in the tensile test as
well as the cyanoacrylate adhesive are therefore suitable for use with fiber sensor technology in order to be able gain
accurate, quantifiable data of surface strains on glass panes in the measured expansion range.

3.2. Four-point bending test on laminated glass panes

Correctly determining the load-bearing behaviour of laminate and composite constructions rests on ascertaining both
the mechanical properties of the materials used as well as applying a suitable bending theory. According to Sackmann
(2008), the shear modulus is best established experimentally in a four-point bending test. The calculation of the shear
modulus is predicated on the measured deformation and the surface strain in the centre of the beam. This is done by
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the differential equation of the composite beam while maintaining the Bernoulli hypothesis of flat cross-sections for
each individual layer according to Stamm (1974).

The derivation of the shear modulus is based on a constant value across the beam axis. This produces a beam bending
line without any turning points. However, the test results on composite beams show a change in curvature between
the support and load application points. This is due to a non-constant value of the shear modulus along the longitudinal
beam axis. Figure 6 shows, qualitatively, the bending line of laminated glass for the longitudinal axis with different
stiffness properties for the interlayers. As can be seen, the bending line for both stiff and soft interlayers shows no
change in curvature. In the case of interlayers with medium stiffness, however, the resulting stiffening on the supports
does indeed cause a change in curvature. There, the stiffening depends on the increased shear modulus that occurs as
a consequence of the larger differential deformation between the glass panes in the support area.

a)

b) l

Fig. 6 Bending deformation. a) Interlayer with medium stiffness. b) Interlayer with high or low stiffness.

Measuring the distributed surface strain at the composite interlayers in the axial direction allows for the gradation of
the shear transmission between the glass panes to be specified as a function of the shear modulus depending on the
axis location. The calculation is based on the geometrical linear sandwich theory and the ratio of the measured surface
strain compared to the deformation over the beam axis. The deformation line then results from numerical integration
of the curvature, which is given from the surface strain at the edges of the lower glass pane by using the bending
differential equation for geometrical linear calculation. The boundary conditions come from the geometry, support, as
well as deformation measured at the end and in the middle of the beam.

The effective bending stiffness, with the area moments of inertia I; and I, from the glass layers and the shear correction
factor I, results from equation 4.

Elyss =E,(I, + I, + T'ly) 4)
with

r=1[0..1]

Is = 2e*A;

Equation 5 results in the surface strain g(x) for a rectangular beam with the ratio of the distance between the load
application and the support axis of x/L.

£(x) = £,(x) = = (ﬁ) (5)

3
2EGb \ " r(x)he?

Figure 7 illustrations a composite beam with the size of 250 mm by 1100 mm and two glass panes with a thickness of
4 mm each. The interlayer of polyvinyl butyral (PVB) comes with a thickness of 0.76 mm. Additionally, it shows the
surface strain gradient of an equivalent monolithic beam made of float glass with a cross-sectional height of 8.76 mm
and the composite factor V.. As a result of the variable shear modulus being dependent on the shear displacement, the
composite stiffness also displays a variable trajectory along the beam axis.
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Fig. 7 Surface stress of four-point bending test and calculation as well as the determined connection factor.

The connection factor V; is defined according to Grif (2003) as the ratio of the calculated strain er(x) from a
monolithic glass cross-section equivalent to the laminated glass cross-section to the measured strain g(x) and is given
in equation 6.

n3 2
— h
Vs( ) er(x) 6 <3 +I'(x)he ) (6)

e(x)  (h+e)2\ h+er(x)

Equation 6 enables to determine the shear correction factor as a function of the fiber location. If, for instance,
implemented in software, this could also include the measured shear displacement as a function of the shear angle.
Because the correction factor and its derived modulus is now available as a function, it is possible to give an improved
description of the load-bearing behaviour compared to a shear modulus that only uses discrete surface strain values.

4. Conclusion

The quasi-continuous strain measurement with fiber optic sensors enables detection of the variable mechanical
behaviour of polymeric interlayers in laminated glass along longitudinal cuts. The material properties are first
determined in component tests and then, using differential equations, mapped to the sandwich beam with a maximum
deformation in the geometrical linear range. In addition to point-to-point measuring systems, such as strain gauges, a
distributed sensor system is therefore also suitable for quantifying the shear modulus of physically non-linear
interlayers.

Additional studies lead to the derivation of the material properties for polymeric interlayers under geometric non-
linearity with large deformations as well as to the development and validation of material models on sandwich panels
with a biaxial plane stress state according to Altenbach (1996). Furthermore, the influence of grading the interlayer
properties as a function of temperature and loading rate for the materials polyvinyl butyral (PVB), ethyl envinylacetate
(EVA), thermoplastic polyurethane (TPU), and SentryGlas® (SG) is examined.
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