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Abstract

To validate the novel concept of
laminating a metal reinforcement to

a glass beam using a SentryGlas (SG)
interlayer, a series of bending tests has
been performed at 23, -20 and 60°C on
1.5 m SG-laminated metal-reinforced
glass beams. The beams consisted of
three glass layers with a stainless steel
box section laminated in between the
glass at the lower edge. The test results
showed high redundancy of the beam
specimens at all tested temperature
levels. However, the specific response of
the beam specimens varied at different
temperature levels. At 23°C the beam
specimens showed the highest residual
strength, whereas the residual strength
was reduced at both -20 and 60°C. This
difference in response was caused by a
difference in glass cracking behaviour
and the occurrence of plastic hinges in
the beams. These plastic hinges limited
the residual strength of the beam and
probably originated from a more brittle
response of the SG at -20°C and a
lower metal-to-glass bond strength of
the SG at 60°C. Since the SG-laminated
metal-reinforced glass beams showed
promising results, future research at TU
Delft will further explore the possibilities
of this concept.

Introduction

Within the ongoing research at Delft
University of Technology (TU Delft) on
reinforced glass beams [1], research
has now focused on the possibilities
of bonding a metal reinforcement to
a glass beam using a SentryGlas (SG)
interlayer. This ionoplast interlayer,
which has originally been developed
by Dupont for hurricane, vandalism
and burglary resistant glazing, offers
the possibility of laminating metal to
glass with significant bond strength.
The potential of this high metal-to-glass
bond strength has been exploited in
various projects, amongst which the
Apple Store stairs [2] and the Seele
staircase at Glastec 2007.

To validate the concept of laminating
a metal reinforcement to a glass
beam, a series of bending tests has
been performed on small scale (1.5
m) SG-laminated metal-reinforced

3=SentryGlas 4=interlayer

glass beams. Since SG is a visco-elastic
material, which strength and stiffness
is besides load duration dependent

on temperature level, the bending
tests have been performed at 23°C
(room temperature), -20°C and 60°C.
As can be seen in table 1, which lists
the material properties of SG at room
temperature, SG has a glass transition
temperature of ~55-60°C. At higher
temperature levels the strength and
stiffness of the SG will decrease and at
lower temperature levels its stiffness
increases and the SG might become
more brittle. The bending tests will
show whether these changing material
properties affect the structural response
of the SG-laminated metal-reinforced
glass beams.

Parallel to the bending tests, a series
of pull-out tests has been performed
on small SG laminates with a metal
insertion. These pull-out tests, which
have also been performed at 23, -20
and 60°C, show a clear reduction
in bond strength of 60% at 60°C
compared to 23°C. However, no
significant change in bond strength at
-20°C could be determined, since the
failure of the SG bond was probably
dominated by unfavourable stresses
caused by contraction of the metal
insertion, which reached its maximum
tensile strength. The full results are
presented by Louter at this conference
in[3].

Figure 1: M YW O
Exploded and assembled
view of the cross section
of the SentryGlas-lami-
nated metal-reinforced
glass beam specimens.
—

S5=temperature

6=redundancy.

The current paper on the bending
tests on SG-laminated metal-reinforced
glass beams forms an extension to the
preliminary results published by Louter
et al. in [4].

Property Unit SentryGlas
Tensile strength N/mm? 345
Elastic modulus N/mm? 300
Glass aluminum

shear strength N/mm? unknown
Glass transition o

temperature C ~55-60
Elongation at tear % 400
Density kg/m? 950
Coefficient

of thermal x 102 K 10-15
expansion
Table 1:

Material properties of SentryGlas at room tem-
perature derived from [5].

Manufacturing of the SentryGlas-
laminated metal-reinforced glass
beam specimens

Three series of five SG-laminated metal-
reinforced glass beam specimens have
been manufactured for this research.
All beam specimens were manufactured
according to the layout provided in
figure 1. The 1.5 m beam specimens
consisted of two outer glass layers of
6*125*1500 mm and an inner glass
layer of 10*115*1500 mm. A 10*10*1

|____Glass
6*125*1500mm

—— Glass
10*115*1500mm

—— SentryGlas Plus
1.52 mm

—— Stainless steel
10*10*1 mm

334

B

GLASS PERFORMANCE DAYS 2009 | www.gpd.fi



mm stainless steel reinforcement section
has been positioned at the edge of the
inner layer between both outer layers.
The specimens have been laminated
using a single sheet of 1.52 mm SG
between the glass layers. The metal
reinforcement has only been laminated
to both outer glass layers and not to the
inner glass layer. The beam specimens
have been manufactured using a
conventional vacuum bag lamination
technique, see figure 2.

Bending test setup at 23, -20 and
60°C

The three series of beam specimens
have been tested in four-point bending
at either 23, -20 or 60°C. For each
temperature level the test equipment
differed, but in all test setups the spans
were the same; namely a support span
of 1400 mm, a load span of 400 mm
and a lateral support span of 550 mm,
see figure 3.

The bending tests at room
temperature (23°C) were performed at
a Zwick Universal 100 kN test machine
which was provided with an additional
support frame for the beam specimens.
The beam specimens were loaded in a
first test run at a rate of 2 mm/minute
until initial failure occurred. Upon initial
failure the load was removed in order
to investigate the fracture pattern.
Afterwards the specimens were loaded
in a second test run at a rate of 5 mm/
minute. During the tests the inflicted
force and the displacement of the
crosshead have been measured.

The bending tests at -20°C have
been performed at an Instron 1195
test machine, which has been provided
with a custom made insulated wooden
climatic chamber, see figure 4. The
wooden chamber has been cooled
with vaporized liquid nitrogen. The
test temperature, which was controlled
by opening or closing a valve, was
manually targeted at -20°C (£5°C).
During the bending tests the load was
applied at a rate of 2 mm/minute.
During the tests the inflicted force and
the displacement of the crosshead has
been measured. Prior to the bending
tests the beam specimens were
conditioned for 1 week in a fridge
at -30°C (£3°C). The conditioning
temperature has been selected 10
degrees lower than the test temperature
to compensate for any heat gain during
transport and mounting of the specimen
in the test setup, which took about 5
minutes per specimen.

The bending tests at 60°C were
performed in a climatic chamber at
Ghent University. Prior to the bending
tests the beam specimens were stored
for at least 36 hours at 60°C in the
same climatic chamber, see figure 5.
Since both conditioning and testing
took place in the same chamber no
temperature difference occurred
in transporting and mounting the
specimens in the test setup. In the test
setup the load was applied manually

Figure 2:

Manufacturing of the
SentryGlas specimens
using a vacuum bag
technique.

Figure 3: a =400 mm
Bending test setup b =550 mm
¢ = 1400 mm _
| glass beam |
| 5 @) l
a
«—>
b
>
A C >
-« Ll

Figure 4:

Bending test setup

with a wooden climatic
chamber, which has been
cooled with vaporized
liquid nitrogen to -20°C.

Figure 5:

Climatic room at Ghent
University. Condition-
ing and testing at 60°C
within the same space.

testing

N

conditioning
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unit 23°C -20°C 60°C
Initial failure load kN 11.7 16.1 9.1
st. dev. kN 1.1 1.8 1
rel st. dev. % 9.5 1.2 1
Initial failure stress* N/mm? 50.0 68.8 38.
st. dev. N/mm? 4.8 7.7 5.6
rel. st. dev. % 9.5 1.2 14.4
Crack height** % / height 73 62.4 80
st. dev. % / height 1.8 10.0 4.9
rel. st. dev. % 2.5 16.1 6.1
Residual strength kN 17.5 15.4 14.3
st. dev. kN 0.5 0.9 0.5
rel. st. dev. % 2.8 5.6 3.7
Rel. res. strength *** % / initial 150 96.4 159.1
st. dev. % / initial 12.0 7.7 22.7
rel. st. dev. % 7.7 7.9 14.2

* calculated at the lower edge of the glass; **(crack height / beam height)
* 100%, *** (residual strength / initial strength) * 100%

using a hydraulic jag. The inflicted Figure 6:
force and the displacement, which
was measured at mid-span using

an extensometer (LVDT), have been

recorded.

Load-displacement
diagram and cracking
sequence of the beams
tested at 23°C.

Bending test results

The results of the bending tests are
presented in figures 6, 7 and 8, which
show both the load-displacement
diagrams and an indicative cracking
sequence marked as “a) initial failure”
to “d) final stage.” This cracking
sequence is also referred to in the load-
displacement diagrams. Table 2, shows
the average numerical test results. The
following sections will discuss the results
by temperature level.

Results at 23°C

The beam specimens tested at room
temperature showed linear elastic
response until initial glass failure (stage
a) occurred at an average load of 11.7
kN, see figure 6, which corresponds
with a global tensile bending stress of
50.0 N/mm?. A rather dense V-shaped
crack occurred in the glass, which on
average travelled 73% of the beam
height leaving a compression zone of
about 35 mm uncracked. The initial
crack generally occurred in only one
glass layer leaving the other glass layers
undamaged.

As the specimens were reloaded
during the second test run additional
cracking occurred (stage b), repetitively
causing a drop in load. Furthermore, the
cracks started to extend towards the
compression zone, thereby gradually
causing a reduction in height of the
compression zone. The combination
of this reduction of the compression
zone and plastic deformation of the
reinforcement section caused a gradual
reduction of beam stiffness (stage ),
as is shown by the load-displacement
diagram.

Although the beam specimens were
severely cracked they were still able to
carry increasing loads up to an average
value of 17.5 kN, which is about 150%
of the initial failure load. Although the
beam specimens had not collapsed at
a displacement of 50-55 mm, the tests
were stopped since at this point the

Table 2:

9.1 Average results of three

3 series of 5 bendling tests
4.4 at 23, -20 and 60°C.
8.9

5G-beams at room temperatuwne

25

Load kN]

2
Indicative bending stress [MPa)

o 10 20 30 40 50 & 70 80
Displacement [mm]

a. Initial glass failure at 11.7 kN (50.0 MPa);

[#] ]
A dense V-shaped crack occurs.
b. Additional cracking;
c. Additional cracking and crack propagation;

i {’-'
o o)
The compression zone remains uncracked.
compression zone height reduces.

d. Final stage; test stopped, limit of test rig reached;
The beam shows an evenly distributed crack pattern.

Overview and close up of a beam tested at 23°C.
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deformation limit of the test setup was
reached (stage d).

After removing the specimens from
the test setup the specimens were
visually inspected. The specimens were
extensively cracked, but the cracks
were more or less evenly divided along
the length of the beam. No significant
debonding or delamination at the metal
reinforcement was observed.

Results at -20°C

The beam specimens tested at
-20°C showed an average initial failure
load of 16.1 kN, see figure 7, which
corresponds with a global tensile
bending stress of 68.8 N/mm?. Similar
to the room temperature tests an initial
V-shaped crack occurred which on
average travelled 62% of the beam
height (stage a). The crack generally
occurred in only one glass layer leaving
the other glass layers uncracked. As
loading was continued the residual
strength remained limited to 96%
of the initial failure strength. Some
additional cracks occurred (stage b),
which often ran through multiple glass
layers. The cracks gradually started to
extend towards the compression zone
and at a displacement of about 20 mm
one of the more severe cracks started
to open up (stage c). This specific crack
ran through all glass and SG layers. The
SG showed brittle failure without any
plastic deformation capacity. Due to the
large crack opening displacement the
beam started to develop a plastic hinge.
The metal reinforcement started to yield
and the applied load stabilized at an
average of about 14 kN, see figure 7.
Although the beam specimens had not
collapsed at a displacement of 70 mm,
the tests were stopped, since at this
point the deformation limit of the test
setup was reached (stage d).

After removing the specimens
from the test setup the specimens
were visually inspected. In general the
beams showed less cracks than the
beams tested at room temperature.
Furthermore, they were clearly cracked
up in two parts, see figure 7. The
beams showed debonding of the metal
reinforcement along 10-15 c¢cm on either
side of the major crack.

Results at 60°C

At 60°C the beam specimens showed
an average initial failure load of 9.1 kN,
see figure 8, which corresponds with

a global tensile bending stress of 38.9
N/mm?. Upon initial failure a V-shaped
cracked occurred (stage a), which on
average travelled 80% of the beam
height. After a drop in load the load
increased again and briefly exceeded
the initial failure load by 60%. Some
additional cracks occurred (stage b).
The cracks started to extend towards
the compression zone and the beam
stiffness gradually decreased. The
applied load stabilized at an upper
loading level of about 14 kN, see figure

Figure 7:

Load-displacement
diagram and cracking

SG-beams at -20 degrees €

sequence of the beams
tested at -20°C.

2
Indicative bending stress [MPa]

Displacement [mm]

a. Initial glass failure at 16.1 kN (68.8 MPa)

A V-shaped cracks occurs.

o (o]

Ve i

b. Additional cracking.

A small compression zone remains uncracked.

N

YL 2

c. Additional cracking and crack propagation.
A plastic hinge starts to develop.

d. Final stage; test stopped, limit of test rig reached.
The beam has cracked in two parts.

Overview and close up of a beam tested at -20°C.

8 (stage ). At a displacement of 70
mm the tests were stopped since the
deformation limit of the test setup
was reached (stage d). At the end

of the loading procedure the load-
displacement diagram shows some
sudden increases in load (see figure
8), caused by a rapid increase of the
applied displacement rate. These load

peaks, however, should be disregarded
in the further analysis of the test results.
Visual inspecting of the beam
specimens showed debonding or
delamination of the metal reinforcement
along several centimetres on either
side of the crack origins, see figure 9.
Furthermore, the specimens showed less
cracks than the beams tested at room

B
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Figure 8:

Load-displacement
diagram and cracking 25

S5G-beams at 60 degrees C

sequence of the beams
tested at 60°C

Load peaks are a result of test {100
procedure and should be disregarded |,

o~

'“"\.‘_.. J Ja0

1\.
]
Indicative bending stress [MPa]

a. Initial glass failure at 9.1 kN (38.9 MPa)
AV-shaped crack occurs

GW

B
B

—
)

b. Additional cracking.

Also some delamination of reinforcement occurs.

—

]

c. Additional cracking and crack propagation.
Multiple plastic hinges start to develop.

d. Final stage; test stopped, limit of test rig reached.

Beam has cracked in 3 parts, with 2 plastic hinges.

!

Overview and close up of a beam tested at 60°C.

temperature and were cracked up in
three parts, see figure 8.

Discussion

The results of the bending tests
performed at 23, -20 and 60°C on
SG laminated metal-reinforced glass
beams showed that laminating a
metal reinforcement to a structural

glass beam using SG is a feasible and
promising concept, which generates
a high level of redundancy even at
extreme temperature conditions. The
metal-to-glass bond, generated by
the SG interlayer, is strong enough
to transfer the forces between glass
and reinforcement once the glass
has cracked and the reinforcement

Figure 9:

Delamination of the metal reinforcement at
60°C.

is activated. However, significant
differences in the structural response at
23, -20 and 60°C have been observed.

At 23°C the beam specimens
performed best. They showed a residual
strength of 150% of the initial failure
strength and reached an average
ultimate loading level of 17.5 kN.
This loading level even exceeds the
theoretical post-failure strength of the
beam specimens, which is assumed to
be mainly generated by a tensile force
in the reinforcement and a compression
force in the uncracked upper glass
compression zone, see figure 10. When
we consider a maximum tensile strength
of 31.6 kN of the metal reinforcement,
adopted from figure 11, and a
theoretical maximum internal lever arm
between tensile and compression force
of 0.12 m (see figure 10), the theoretical
maximum moment capacity of the
beam specimens amounts 31.6*0.12
= 3.8 kNm, which equals a load of
15.2 kN within the used test setup.
The difference between the theoretical
maximum residual strength of 15.2 kN
and the determined strength of 17.5
kN must have been generated by an
additional load carrying mechanism. As
suggested by Bos in [6], an additional
load carrying mechanism is generated
by glass fragments overlapping local
cracks in the glass. Since the SG
interlayer acts as a crack barrier, a crack
will only affect one glass layer of the
beam laminate. The other layers will
remain (locally) uncracked and will
bridge the crack, thereby transferring
tensile forces through shear in the SG
interlayer. As long as cracks do not
coincide, which is initially prevented by
the crack stopping properties of the
SG interlayer, the overlapping glass
segments provide a significant additional
load carrying capacity. Furthermore,
due to the high bond strength of the
SG at room temperature, the beam
specimens did not show any debonding
of reinforcement. This enabled the
reinforcement to effectively arrest cracks
and to limit crack growth in the glass,
which enhanced the residual strength of
the beams.

At -20°C the residual load carrying
capacity was significantly less than
at room temperature. At room
temperature the beams showed
a residual strength up to 17,5 kN,
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Compression

Lever arm
between
compression
and tension
force

Tension <

Figure 10:

Schematic representation of the main post-failure load carrying mecha-

nism.

whereas at -20°C the residual strength
stabilized at a load of about 14 kN. This
difference is caused by a difference in
cracking behaviour. Whereas the beam
specimens tested at 23°C showed an
evenly distributed crack pattern along
the length of the beam, the beams at
-20°C clearly showed concentrated
crack growth and the development of a
plastic hinge, see figure 7. The capacity
of this hinge was limited by the tensile
capacity of the metal reinforcement,
which started to yield and caused
the applied load to stabilize around a
value of 14 kN. At this loading level
the applied bending moment amounts
3.5 kNm. If we assume an internal
lever arm, see figure 10, of 0.115 m,
which has been observed during the
tests, this bending moment generates
a tensile force in the reinforcement of
3.5/0.115 = 30,4 kN, see figure 10. As
can be seen in figure 11 this loading
level is well within the yielding stage of
the reinforcement and approaches its
maximum tensile strength.

The occurrence of the concentrated
crack growth and the plastic hinge
might have been caused by the

increased brittleness of the SG at -20°C.

Due to its increased brittleness the
SG could less effectively function as a
crack barrier, thereby enabling cracks
to growth through the full width of the
beam laminate. This effect might have
been further enlarged by a high energy
release upon glass failure, due to a
relatively high initial failure strength of
the -20°C beam specimens, see table 2.
Also at 60°C the residual strength
of the beams is less than at room
temperature. Again this is probably
caused by a change in properties of the
SG. At 60°C the bond strength of the
SG decreased [3], which caused local
debonding of the reinforcement section
along several centimetres on either
side of a crack origin. Due to this local
debonding of reinforcement the cracks
could not be arrested as effectively as
at room temperature. Furthermore,
the cracks in the glass could open up
further than at room temperature and,
although not as severe as at -20°C,

multiple glass hinges started to develop.

As can be seen in figure 8, the beams

L
o

(2] w
w [=]

125 mm

L]
[=]

Force [kN]

ol

=y
o

-
(=]

Figure 11:

Displacement

Force-displacement diagram of a tensile test on the metal reinforcement.

cracked up in three parts due to the
presence of two plastic hinges. The
plastic hinges limited the load carrying
capacity of the beams, which stabilized
at a load of 14.3 kN.

Besides a difference in post-failure
response, the beam specimens also
showed a significant difference in initial
failure strength. The room temperature
beams showed average initial failure
strength of 11.7 kN, whereas the -20
and 60°C specimens showed an initial
failure strength of 16.1 kN and 9.1 kN
respectively. Although this difference is
theoretically in line with an increased
stiffness of the SG at low temperature
levels and a decreased stiffness at
increased temperature levels, its seems
unlikely that the SG has contributed this
significantly to the difference in initial
load carrying capacity. Since the elastic
modulus of SG, which is 300 N/mm?
at room temperature (see table 1), is
relatively low compared to the Young’s
modulus of glass, which is 70000 N/
mm?, the SG contributes to the initial
load carrying capacity only to a limited
extent. It seems more likely that the
difference in initial strength originates
from a difference in sub-critical crack
growth in the glass which is dependent
on temperature level [7].

Conclusions

The bending tests performed at 23,
-20 and 60°C on SentryGlas-laminated
metal-reinforced glass showed that
laminating a metal reinforcement to a
structural glass beam using SentryGlas

(SG) is a feasible and promising concept.

Even at extreme temperature conditions
the beams showed a high level of
redundancy. However, the structural
response of the beam specimens

varied at different temperature levels.
At 23°C the beam specimens showed
the highest residual strength, whereas
the residual strength was reduced at
both -20 and 60°C. This difference in

response was caused by a difference

in glass cracking behaviour and the
occurrence of plastic hinges in the
beams. These plastic hinges limited

the residual strength of the beam and
probably originated from a more brittle
response of the SG at -20°C and a
lower metal-to-glass bond strength of
the SG at 60°C. Since the SG-laminated
metal-reinforced glass beams showed
promising results, future research at TU
Delft will further explore the possibilities
of this concept.
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