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Abstract This paper presents a novel concept for
improving the long-term load-bearing performance of
reinforced glass beams (hybrid beams). The concept of
reinforcing glass beams using steel or other (ductile)
materials have been investigated over the last couple
of decades utilising the fracture pattern of annealed
glass to ensure a ductile behaviour. However, it is well
known that the long-term strength of annealed glass is
rather low due to so-called static fatigue leading to a
relatively poor performance for most hybrid-beams.
As an example will a hybrid beam based on annealed
glass exposed to 26 MPa permanent load fail in less
than a day according to a European code. The novel
concept suggested here utilises a combination of
annealed and fully tempered glass in an arrangement
where the tempered glass carries the long-term loading
whereas short-term loading is carried by the reinforced
annealed glass. The concept is based on the relaxation
of shear stresses in the PVB (polyvinyl butyral)
interlayer, material properties of PVB from different
authors have been compared, and a set of average
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parameters have been suggested. The main purpose of
the paper is to introduce the concepts and mechanisms
of such beams and provide a basis for further
optimisation.
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properties - Long term loading - Static fatigue -
Tempered glass

1 Introduction

The use of glass as a load-bearing building component
has gained an increasing interest over the last couple of
decades. One of the major challenges in the design of
glass structures is the brittleness and unfavourable
mechanism of failure. Load-carrying composite struc-
tural elements of e.g. Timber/glass and concrete/glass
have been suggested in the literature (e.g. Ber et al.
2016; Freytag 2004; Vallee et al. 2016). However,
most work have been published for Glass/steel com-
posites which have shown that a ductile, safe mech-
anism of failure can be achieved by bonding steel to
the glass analogously to reinforced concrete (Bos et al.
2004; Louter 2011; Nielsen and Olesen 2007, 2010;
Dlgaard et al. 2009; Veer et al. 2003; Wellershoff and
Sedlacek 2003). This concept has been intensively
investigated over the last two decades and papers
discussing the use, possible designs and mechanisms
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can be found in the literature, see e.g. Bedon and
Louter (2016), Cupaé et al. (2017), Martens et al.
(20164, b), Martens et al. (2018). The ductility in the
existing concept is relying on the fracture of annealed-
glass into relatively large pieces capable of keeping
the compression zone of the beam usable. However,
using only annealed-glass has a major drawback,
namely the decay in tensile strength known as static
fatigue as described by e.g. Brown (1969), Charles
(1958a, b) and incorporated standards such as EN
16612:2019. Assuming a stress of 26 MPa originating
from a permanent load on a beam consisting of
annealed glass will, according to EN 16612:2019,
have a life time of approximately 9 h as will be shown
later in this paper (see e.g. Figure 11). This poses a
problem since the beam needs to be designed for a
significantly reduced tensile strength in case of long-
term loading.

The tensile strength of tempered glass is governed
by the residual stresses, which are not subjected to any
decay over time. However, fracture of tempered glass
is still brittle, and furthermore, it fails in small
fragments due to the high strain-energy introduced
by the residual stresses, see e.g. Nielsen (2017),
Nielsen et al. (2009), Nielsen and Bjarrum (2017),
Pour-Moghaddam (2020). Obtaining a similar degree
of ductility by reinforcing a fully tempered glass
compared to an annealed glass beam is not possible.
This is due to the fragmentation of the glass and such
beams typically fail by local instability of the
compression zone in the glass beam, see e.g. Louter
et al. (2012). A combination of tempered glass and
annealed glass laminated together improves the result,
but does not provide the same degree of ductility
(Mgller and Andersen 2010) and still applies long-
term loading to the annealed glass.

The suggested concept consists of laminated
annealed- and tempered glass utilising the viscous
properties of the laminate to redistribute the long-term
loads to the tempered glass. The concept is illustrated
in Fig. 1 where it is seen that the load is only
introduced in the tempered glass and then transferred,
by shear in the laminate, to the annealed glass. The
reinforcement is bonded adhesively to the annealed
glass alone, not transferring load between tempered-
and annealed glass. All load-transfer between tem-
pered and annealed glass will therefore take place
through the viscous (PVB) interlayer. This indicates
that the shear stresses in the (viscous) interlayer will

reduce over time (relaxation) and only (if any) a minor
part of the long-term load will be carried by the
annealed glass.

However, in case of sudden change in load such as
wind gusts or even fracture of the beam, the viscous
interlayer will be transferring shear stresses again and
the beam will work with combined action to resist the
short term load and in case of fracture, activate the
reinforcement through the annealed glass. This is
illustrated in Fig. 2 where it is seen that the annealed
glass part of the beam over time (of constant load)
moves towards the initial position, leaving the tem-
pered glass carrying the long-term loads alone.

The present paper considers some preliminary
experimental and numerical investigations into the
possibilities for creating such beams. The scope of the
paper is to justify a plausible concept, not providing an
optimal beam design for a specific given condition.

2 Design of a concept beam

According to Nielsen and Olesen (2010), @lgaard
et al. (2009) areinforced glass beam can be assumed to
have four principal failure modes: Anchorage failure,
Under-reinforced failure, Over-reinforced failure and
Normal-reinforced failure. Anchorage failure is usu-
ally due to bonding failure in the glass/steel interface
and is a rather common type of failure, which typically
occurs when the yield strength of the reinforcement is
too high. In that case, the shear stresses transferred by
the adhesive become too large and bonding failure
occurs before yielding of the reinforcement. An under-
reinforced beam fails due to lack of reinforcement
strength and in an over-reinforced beam, failure occurs
in the compressive zone. A normal-reinforced beam is
the preferred behaviour of the beam where the
reinforcement yields after glass fracture without
adhesive failure setting an upper limit for the yield
stress of the reinforcement, thus providing a safe
ductile design.

These principles are still valid for the proposed
beam design considering the so-called post-fracture
limit state as currently discussed for the new eurocode
on structural glass, see Feldmann and Di Biase (2018).
In the post-fracture limit state, the tempered glass
should be neglected in the design due to fragmentation
and only the pure annealed glass beam with reinforce-
ment is active. However, in the serviceability limit
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Fig. 2 Principal behaviour Initial position
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the proposed concept. Note
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only adhesively bonded to
the annealed glass
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state, long term loading is carried by the tempered
glass.

The above described failure modes should be
accounted for in the post-fracture limit state. For the
proposed concept, this indicates that disregarding the
tempered glass, the beam should be designed as a
reinforced annealed glass beam. This can be done by
the method provided in e.g. Nielsen and Olesen
(2010). Assuming the tempered glass to carry a load
similar to the reinforced annealed glass beam, two
plies of 4 mm tempered glass were used in the design
as shown in Fig. 3.

These plies of tempered glass were laminated with
a thick PVB layer (nominal thickness of
8 x 0.38 mm = 3.04 mm) to the sides of the annealed
glass and the reinforcement was afterwards adhesively
bonded to the annealed glass alone using a two

Short term Long term
loading loading
,,,,,,, kma,,,,,,,,,,,,, | ____zero deflection

component epoxy (DELO-DUOPOX® ADS840) with
an intended thickness of 0.5 mm.

3 Experimental test of concept beams

The design concept was investigated experimentally
using a load-controlled (dead weight) four-point
bending test. Six 1000 mm long glass beams were
tested, one reference beam without steel reinforcement
and five with steel reinforcement. The dimensions, as
described in Fig. 3, for the glass beams are given in
Table 1 where CBa is the abbreviation for Composite
Beam number “o”. Furthermore, the applied load, F,
along with the dimensions of the statically system, L,
and L, as shown in Fig. 7 is provided in the table along
with the strain measured initially, €y, and after, €.,q
in the annealed glass and the loading time (7ime). The



Fig. 3 Experimental design by b,
of the glass beam (length of -+ Dimensions:
beam, L = 1000 mm)

tempered glass by, is the thickness of the annealed (float) glass,
b;, is the thickness of the PVB interlayer,
annealed glass by, is the thickness of the tempered glass,
hal bs, is the width of the steel,

PVB interlayer hy, is the height of the tempered glass,
hy, is the height of the annealed (float) glass,
hg, is the height of the adhesive layer,

Adhesive hs, is the height of the steel
bk f Steel
A%y =
o
Table 1 Parameters for the experimental tests. CB1 is a first not available. CB5 was tested without reinforcement, but
pilot test and is excluded in the results. In CB2 troubles with otherwise similar to the other beams

the gluing was experienced and reliable measurements of 4, is

CB1 CB2 CB3 CB4 CBS5 CB6
by [mm]* 18.55 18.62 18.58 18.56 ~18.6 18.62
b; [mm]® 23 3.1 2.3 242 ~2.15 1.2
b, [mm]* 3.88 3.78 3.72 3.86 ~3.8 3.85
by [mm] 18.58 18.56 18.35 18.48 N/A 18.68
h; [mm] 90 90 90 90 90 90
hy [mm] 84 84 84 84 84 84
h, [mm]* 0.51 - 0.61 0.52 N/A 0.59
hy [mm]* 6.3 541 5.44 6.23 N/A 6.24
0, [mm]°® 32 32 32 32 32 32
F [kN] 2.25/4.71 4.71/5.69 5.69 5.69 5.69 5.69
L;, [mm)] 200 200 300 200 300 200
L, [mm] 40 40 40 40 40 40
€rare X 1074 - — 2.86 —3.26 — 3.61 — 4.1 —3.63
€eng X 1074 - — 135 - 1.97 —2.05 — 1.87 - 238
Time (h) 192.25 192.64 190.2 260.7 190.57 163.5
Temp (°C) - 27 to 35 27 to 34 30 to 36 ~31 28 to 36
Notes Pilot test (not shown Troubles with Reference, no

in results) gluing. reinforcement.

“The beams were delivered as laminated and the thickness of the individual glass plies could not be measured everywhere

The thickness of the interlayer (PVB) was found by measuring the total thickness of the beam at the middle (lengthwise), subtracting
the glass plies and divide by the two interlayers. Variation of this is found along the beam length due to thinning of the PVB close to
the ends

“Thickness of the adhesive layer was found by subtracting the height of the annealed glass and the steel from the total beam height
dVariations in height of steel is due to grinding and sandblasting to fit the parts
°Allowable displacement of the tempered glass relative to the annealed glass due to the loading aggregate as sketched in Fig. 4

The notation 4.71/5.69 indicates a change in load from 4.71 to 5.69 kN to accelerate the tests. For test CB2 the load was increased
after 144 h. For the pilot (CB1) the load was increased stepwise (2.25 to 3.75 to 4.71) over more than a week to find the load level

temperature in the experiment was elevated to speed were observed and Temp in the table provides the max.
up the tests, however, relatively large fluctuations and min. temperatures observed.
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Fig. 4 Set-up of the long-term test. Left: sketch of setup, Right: aluminium blocks for adding loads only on the tempered glass

The long-term experiment on CB1 did not go as
planned, which is why only limited useful results
could be drawn from that experiment. This was mainly
due to how the steel reinforcement was adhesively
bonded to the annealed glass, and how the support
conditions were applied.

The test set-up for the long-term loading experi-
ment is shown in Fig. 4 (left). The glass beams were
placed on timber supports and to support the tempered
glass alone, aluminium plates were placed under each
tempered glass pane. A steel cage was hung on the
beam using two steel rectangles and a steel rod. To add
load to the tempered glass alone, aluminium blocks
where 9, had to be larger than the maximum displace-
ment that can occur in the tempered glass, see Fig. 4
(right), were used.

The displacements were measured in both tempered
glass panes and the annealed glass, close to the
midspan of the beam, using linear potentiometers
(POT). Potentiometers were also placed at each end of
the annealed glass to monitor the behaviour of the
beam at the ends and to see if the loading on the beam
was indenting the support.

The shear transfer over time of the interlayers was
also investigated by measuring the strains at the top of
the annealed glass (compressive zone) and in the steel
(tensile zone) close to the midspan of the beam, using
strain gauges. The temperature in the room was also
monitored. Due to the temperature dependency of the
interlayer, temperature was kept relatively high to
accelerate the experiments. The temperature was
controlled between 27 and 36 °C. No specific time

for the duration of the experiment was decided before
the experiments were performed. Rather, the experi-
ment was stopped when the desired information about
the behaviour of the beam was obtained. The duration
of the experiments ranged from 160 to 260 h as shown
in Table 1.

3.1 Results

Figure 5 shows the normalized strains in the com-
pression zone of the annealed glass plotted against the
duration of the experiment for five of the test
specimens. As shown in Fig. 5 there was quite a
diversity on the strain development between the tests.
High temperature dependency was observed during
the experiments which correlates to the properties of
the interlayer. When the temperature in the room
increased, the interlayer became softer, which resulted
in smaller strains due to the increased creep/relaxation
of the PVB. As expected, the beams with thicker
interlayers had more and faster strain relaxation. Thus,
the properties of the interlayer are vital for obtaining
the desired behaviour of the glass beam. Soft and thick
interlayers will yield faster relaxation of the trans-
ferred shear stresses, which will result in lower
stresses in the annealed glass. Figure 5 shows that
when the load is removed, the strain in the top of the
annealed glass changed from compression to tension
(vertical lines in the plot). This is due to the tempered
glass plies trying to revert back to its original zero-
strain position. This could potentially lead to troubles
if the applied long-term load is high. Thus, this should
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be taken into consideration when designing such
beams, if high long-term loads are anticipated to be
removed quickly at some point in time it could
potentially lead to tensile stresses in the annealed glass
plies.

The results from the potentiometers at the midspan
of the beam showed results that were somewhat
expected. Figure 6 shows the displacements of the
three glass panes at midspan for the reference
specimen.

The displacements at mid-span of the beam showed
that the tempered glass panes displaced more than the

20 40 60 80 100 120 140 160 180
Time (hours)

200

annealed glass pane, as expected. However, when the
strain gauges showed a decrease in strains for the
annealed glass, the displacements where still increas-
ing. This is explained by the aluminium plates placed
as support conditions, allowing the annealed glass to
move rigidly downward. Thus, when the shear stresses
in the interlayers were high enough, the ends moved
slightly downward to release those stresses (the beam
tries to straighten out). The curvature of the beam
would thus decrease over time.



Table 2 Parameters for the

' Model (a) Model (b)
FE analysis
Eglnss (GPa) 70 70
Velass (_) 0.23 0.23
Eo; (GPa) 210 210
Vsteel (_) 0.30 0.30
L, (mm) 40 50
The columns rej,fer to the L, (mm) 900 900
load configurations
provided in Fig. 7. L, (mm) 300 -
Interlayer properties are Load F=5692 N p=2x 10°N/m?
ieﬁrﬁ;ed in Sect. 4.1 and Support Only on tempered glass Both steel and tempered glass
able

4 Finite element study of the concept

For further investigating the concept, a finite element
model was established. The modelling was carried out
using the commercial FE-software ABAQUS (v.
2019). Since only the response over time in the un-
failed state is wanted, both types of glass and the steel
is assumed to behave as linear elastic materials
(Table 2). The interlayer between the tempered glass
and the annealed glass is described by viscoelastic
properties as further described in Sect. 4.1. A rigid
interface between the steel and the glass is assumed,
which is the equivalent of a very thin adhesive layer
(h, — 0).

Two different load configurations were considered
for the beam, (a) four-point bending and (b) uniformly
distributed load. Load configuration (a) serves for
comparing to experiments while (b) is more relevant
for typical engineering purposes.

In order to test the concept at long term loading, the
load is applied instantaneously and kept constant over
the loading time.

Due to symmetry, only one quarter of the beam is
modelled. The elements used were 20 node hexahedral
continuum elements (C3D20) and approximately 30
elements were used over the height of the beam as
indicated in Fig. 10. Due to the very small variations
through the width of the beam, the tempered glass and
the interlayer was modelled using one element through
the thickness. In order to keep elements with an
approximate side ratio of 1:1 three elements were used
through the thickness of the annealed glass. The 30
elements used over the height were enough to secure
convergence of the results.

4.1 PVB interlayer properties

For the investigated concept, the behaviour of the
interlayer is essential and five experimental studies on
the PVB interlayer found in the literature was used as
the basis for the material parameters used. The
relaxation functions for these studies are shown in
Fig. 8.

Often designers and engineers do not have relax-
ation functions for the specific PVB used in a structure.
Fitting all the data into an average curve is shown as
the solid black line in Fig. 8 which will be assumed to
be representative for the PVB interlayers in general.
This line is then fitted by a Prony series (solid red line)
to provide material data input for the finite element
analysis. The Prony series providing the relaxation
function, G(¢), can be written as:

G(t) = Z Gie @ (1)

where 7 is the time and G; and t; is provided in Table 3.
The behaviour of the PVB is found by assuming that
all relaxation is due to shearing (the bulk modulus, K,
will be constant) and a Poisson’s ratio of 0.45 is
assumed.

Many materials, including PVB, changes viscoelas-
tic properties with temperature which is therefore
necessary to account for. The simplest procedure for
this is to introduce a temperature dependent time-
scale, a so-called shifted time or reduced time. If it is
possible to make e.g. relaxation curves for a single
material at different temperatures coincide by this it is
named a thermorheologically simple material. This
has been done in order to generate Table 3 (and Fig. 8)
from the references given in the table using the WLF
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Fig. 7 Static system and cross-sectional force distribution for the load configurations (a) and (b)

(Williams-Landel-Ferry) equation (Williams et al.
1955).

4.2 FE analysis results—model (a)

Model (a), as shown in Fig. 7, considers the same
supports and loads as the experiments. Furthermore,
the interlayer properties are modelled at 30 °C using
the WLF constants given in Table 3(B) in order to
represent the experimental conditions. The supports
are, in this case, only applied to the tempered glass as
was done in the experiments. From this analysis the
strain at the top surface (compression) of the annealed
glass was — 3.16 x 10 *att = 0and — 0.83 x 107
at t = 200 which is in the same order of magnitude as
experimentally found and provided in Table 1.

An increase of ~ 0.4 mm maximum deflection
after the 200 s for the annealed glass was found
numerically. In the experiment, approximately
0.3 mm was found (see Fig. 6).

It has to be emphasized that further experimental
(and numerical) work needs to be done in order to
develop models that can provide accurate results for
design, however, the tendencies provided from the
numerical models are comparable to the experimental
work and are therefore considered useful for investi-
gating the plausibility of the concept.

4.3 FE analysis results—model (b)

For model (b), with a distributed load and both
tempered glass and steel supported an analysis to
demonstrate some potential of the concept was
provided.

The graphs given in Fig. 9 provides the reaction
forces (top), stress (middle) and center deflection
(bottom) for the beam as a function of time (logarith-
mic). From the top plot it is seen, as expected, that the
total load applied provides a constant total reaction
force, however, it is interesting to note that the
reaction force from the annealed glass is decreasing
over time while the reaction force from the tempered
glass takes over. Indicating that the long-term loading
is increasingly carried by the tempered glass.

The middle plot shows the first principal stress
(where max. moment is present) in the annealed glass
and the tempered glass and it is seen that the stress in
the annealed glass is decreasing while the principal
stress in the tempered glass is increasing. It is also
worth noting that the effective stress in the steel is
decreasing as well. Since the major part of the stress in
the steel is longitudinal it must be interpreted as the
normal force in the steel is decreasing as well. This
indicates that the needed shear transfer in the adhesive
between the steel and the annealed glass is also
decreasing to the benefit for the lifetime of such beam.
The bottom plot shows that while the tempered glass



increases its deflection (approaching a limit) the
annealed glass decreases its deflection over time.

In Fig. 10 the cross sectional displacements for
model (b) is shown. It is seen that the behaviour is as
expected where the tempered glass takes and increas-
ing part of the load and the annealed glass moves
towards zero load conditions. From this figure (and the
previous), it is also seen that the annealed glass is
never reaching a maximum principal stress of more
than 26 MPa. Utilising a higher short-term strength of
the annealed glass would provide a more efficient
design.

5 Discussion

For the results presented in Fig. 9 a reduction from
26 MPa (att = 1 s) to 11 MPa (at t = 10 yr) is seen.
Considering a traditional reinforced glass beam con-
sisting of annealed glass, the stresses would not be
redistributed. In this case the stress would be 26 MPa
during all 10 years. Using the following theory

(Beason and Morgan 1984) we can calculate an
equivalent stress, .4, that can be compared to the
26 MPa.

1
t=ty n

1
- / a(t)"dt
Iy

r

%o (2)
n = 16isatypical value

Ggq =

where

for annealed glass

To simplify the calculations we approximate the
stress over time as plotted in Fig. 9 with a straight line
in a semi logarithmic plot in the interval &
[1s; 10 year] and furthermore assume a constant stress
during the first second of loading. The stress as a
function of time becomes:

O<t<l1s
t>1s

26 for

o(t) = { 26 — 0.767 - log, (1) for (3)

Inserting (3) in (2), using n = 16 and performing

the integration for changing values of #; the following
plot is obtained.
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Fig. 11 Evolution of equivalent stress. Equivalent constant stress applied in a given time, #. Green line represents the time-dependent

strength of annealed glass

The characteristic time dependent strength, ! frimes OF
annealed glass accoding to EN 16612:2019 can be
calculated as:

frime = fo - 0.663 - 776 (4)

where ¢ is the time in hours, fy = 45 MPa is used as the
characteristic short term strength of annealed glass for
producing the curve in Fig. 11.

In a traditional design, the annealed glass is not
capable of redistributing the stresses from the long
term loading and the beam has to carry the designed
long-term load (in this case 26 MPa). The new concept
redistributes the long-term loading and for a perma-
nent load of e.g. 26 MPa (initially) it is seen from
Fig. 11, that the stress in the annealed glass (for the
new concept) is below the characteristic glass strength
according to EN 16612. Furthermore, it is seen that the
lifetime (until first crack) of the traditional design
would, with the applied load, be less than one day.

6 Conclusion

Although the suggested concept needs further inves-
tigation, the potential seems evident from the

! Only the time-dependency (k;,oq) from the expression in EN
16612:2019 is considered here.
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investigations carried out in the present paper. The
experimental work clearly demonstrates the tenden-
cies for transferring long-term stresses from the
annealed glass to the tempered glass as the compres-
sive strains are lowered over time. The same was
observed for the deflections of the tempered glass,
which increased over time, as expected for the
concept.

The numerical model showed a reduction from
26 MPa to approximately 20 MPa after 1 h and
further down to 13 MPa after 1 year and 11 MPa
after 10 years. This reduction results in a considerable
decrease in damage (due to static fatigue) in the
annealed glass. The reduction of stress over time is
increasing the life-time of the beam and in the
presented case, the stress stays below the time-
dependent strength of the annealed glass. It should
be emphasized here that the calculations provided in
this paper were not optimised with respect to material
usage. An optimization parameter would be to allow
the annealed glass an initial stress of its short-term
tensile strength.
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