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Embedded load-bearing laminated glass connections have gained popularity in recent years due to their me-
chanical performance and aesthetic appeal. However, there is a paucity of data on their structural behaviour
across a range of temperatures that may arise in building applications and there is also no simplified mechanics-
based model for predicting their load—displacement response. This study addresses these gaps directly through
experimental pull-out tests on steel inserts encapsulated in resin-laminated glass performed at various temper-
atures. The experimental results confirm that the response of the resin interlayer is time / temperature-dependent
which therefore significantly affects the connection behaviour. In particular, both the stiffness and strength of the
connection decrease with increasing temperature. Similarly, temperature also governs the failure mechanism of
the connection. Specifically, temperatures at or below ambient indoor temperature (-10 °C and + 22 + 2 °C)
result in glass fracture whereas at + 50 °C the connection fails due to insert delamination. The numerical (FE)
simulations of these tests show that a complex stress/strain state is set up in the vicinity of the embedded insert
which correlates well with the experimentally observed failure mechanisms at different working temperatures.
Finally, the insights gained along with the data generated from the experimental and numerical work were used
to develop a simple analytical tool that predicts the pull-out load-displacement response of the embedded
connection at different temperatures and load durations.

1. Introduction undesirable high glass stress concentrations in the bolthole region where

the glass exhibits reduced strength due to the additional drilling-induced

The growing trend for transparency in contemporary architecture
has fuelled the demand for load-bearing glass applications in the
building industry. Given the inherent brittleness of glass [1], one of the
most significant engineering challenges that arise is the development of
glass connections that can transfer considerable loads in a material that
is susceptible to stress concentrations in a visually unnoticeable fashion.

A large variety of connections for glass structures are now available
that can be broadly grouped into mechanical or adhesively bonded as-
semblies [2,3]. The consensus is that adhesive joints outperform their
bolted counterparts [4] in terms of structural efficiency, because they
achieve a more uniform load distribution compared to bolted connec-
tions (i.e. loads are transferred over a larger area) which generate

flaws and the reduced effectiveness of tempering [5,6].

Among the adhesive connections, a new type has recently emerged
known as embedded laminated glass connections [7-18] that has
significantly improved the strength and aesthetic quality of structural
glass connections. Such connections comprise a metal insert embedded
in a laminated glass component through films of a transparent adhesive
interlayer (i.e. SentryGlas or PVB) and are fabricated via the standard
autoclave lamination process. However, undesirable residual stresses
are set up in the embedded zone owing to the thermal cycle imposed on
materials with dissimilar coefficients of thermal expansion (glass and
metal) throughout the autoclave lamination process [16]. Titanium in-
serts are often used to alleviate these stresses [15] as titanium has a
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Fig. 1. Geometry and dimensions of specimens; section (a) and top view (b) [20].

thermal expansion coefficient similar to that of glass. Yet, these con-
nections are relatively expensive due to the relatively high cost of tita-
nium and the additional costs of the autoclave lamination process.

In order to address these issues, a variant of the embedded connec-
tion was proposed and assessed [19,20] where a steel insert is encap-
sulated in the laminated glass unit via a transparent cold-poured resin (i.
e. liquid optically-clear adhesive [21]). Compared to conventional
autoclave lamination, cold-poured liquid resin lamination does not
require high temperature and pressure (i.e. exothermic reaction), thus
eliminating the unwanted residual stresses and reducing manufacturing
expenses while being environmentally friendlier because of the lower
energy consumption.

As expected, the mechanical behaviour of the embedded laminated
glass connections is significantly influenced by the mechanical proper-
ties of the polymeric adhesive interlayer which in turn exhibits time and
temperature dependencies. Recently, pull-out tests executed on this new
variant (i.e. with transparent cold-poured resin) have demonstrated the
viability of this connection at ambient temperatures (+22 + 2 °C) and
revealed that the stiffness, strength and the failure mechanism of the
connection are highly influenced by the magnitude of the applied strain
rate in the interlayer [20]. However, its mechanical response at realistic
temperatures, above and below ambient is unknown.

This is a significant gap in knowledge because a limited number of
studies on conventionally laminated embedded connections have shown
that the stiffness and load-bearing capacity of the connection decrease
with increasing temperature [10,11,16,17]. It was also reported that the
failure mechanism of the connection is governed by glass fracture at
relatively low temperatures whereas failure of the adhesive interlayer
and delamination phenomena prevail as the temperature increases.
These findings therefore call for an experimental campaign to examine
the temperature impact on the mechanical performance of the liquid-
laminated embedded glass connections.

Furthermore, while the above-mentioned existing literature provides
a very useful background for the experimental program and the asso-
ciated numerical modelling performed in the present study, none pro-
vides an analytical / empirical method for predicting the mechanical
response of embedded connections. As a result, real-world imple-
mentation of these connections usually requires extensive experimental
testing and laborious numerical (FE) simulations. There is therefore a
need for simple analytical / empirical models for predicting the me-
chanical response of embedded connections to support engineering
design tasks.

In this regard, the primary objectives of this paper are: (i) to inves-
tigate the temperature-dependency of the mechanical response of the
proposed liquid-laminated embedded connection and (ii) to provide a
simple analytical tool for predicting the connection behaviour. This is
achieved by extending the previously published work of Volakos et al.

[20]. In particular: the axial pull-out response of the proposed connec-
tion is assessed at two additional different temperatures (i.e. —10 °C,
+50 °C) via experimental tests (Sect. 2) performed on physical pro-
totypes; Finite Element (FE) simulations of these tests are then con-
ducted in Abaqus [22] in order to explore the resulting stress/strain state
within the connection at different temperatures (Sect. 3); finally, in Sect.
4, a new simple analytical model is introduced that can adequately
capture the pull-out behaviour of the connection while accounting for
the time and temperature dependent response of the interlayer.

2. Experimental investigations
2.1. Specimens and tests setup

The specimens (Fig. 1) comprise a double laminated glass unit in
which a steel insert is partially embedded through a transparent cold-
poured liquid resin interlayer. The nominal dimensions of the heat-
strengthened soda lime silica glass [23] panels and the 1.4404 stain-
less steel [24] plate insert are 300 x 400 x 6 mm and 140 x 200 x 2 mm
respectively. The insert is polished to a surface roughness of 0.2 mm
featuring rounded corners (R = 5 mm) at its embedded face to reduce
stress concentrations. In the interest of text coherence, the large faces of
the insert are labelled as ‘top-bottom face’, the small lateral faces as
‘side face’ and the remaining embedded face as ‘end face’. Lamination is
performed by means of a two-component, polyurethane-based, ther-
moset resin (Kodistruct LG [25]) produced by H. B. Fuller - Kommerling
with a nominal constant total thickness of 6 mm (tolerance of 4 0.3 mm)
i.e. 2 mm thickness between the glass and the insert. The resin cures
(exothermic reaction) at room temperature exhibiting a low shrinkage
value of 3.5 % that results in limited quantities of entrapped air (i.e.
bubbles) [20] and low residual stresses. The specimens fabrication was
performed by the H. B. Fuller - Kémmerling Liquid Composite Centre of
Excellence at TTEC GmbH (Bexbach, Germany) and followed the step-
by-step procedure described in [20].

The experimental campaign consists of a total of 6 pull-out tests. All
tests were performed at Cambridge University Structures Laboratory
using an Instron electro-mechanical testing machine fitted with a cli-
matic chamber (temperature accuracy + 1 °C, relative humidity accu-
racy + 3 %). The experiments were performed at two different constant
temperatures (-10 °C and + 50 °C) with 3 test repetitions for each
temperature. The temperature range (i.e. —10 °C - +50 °C) of the tests
was determined based on the temperature limits (i.e. —20 °C - +80 °C)
for practical purpose in civil engineering provided by ETAG 002 [26].
Additionally, the maximum testing temperature (i.e. + 50 °C) was
selected to represent a realistic scenario for typical building applications
(especially for temperate climates) and to exceed the glass transition
temperature (Tg ~ +48 °C, determined via DMTA tests [25]) of the resin
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Fig. 2. Photo of experimental setup.

where large changes in its mechanical response are expected (i.e. change
from brittle to ductile).

The tests were carried out in displacement control with a constant
crosshead displacement rate of 1 mm/min. For comparison purposes,
the tests performed at + 50 °C were executed at a constant relatively
humidity of 40 % controlled by the climatic chamber corresponding to
that measured during the tests at ambient laboratory temperature (422
+ 2 °C) reported in [20]. However, the tests at —10 °C were performed
without humidity control due to inability of the climatic chamber to
control the relative humidity at temperatures below + 15 °C.

A stiff steel base plate rigidly connected to the metal base of the
Instron machine was employed to clamp down the specimens by means
of two steel reaction bars (Fig. 2). The insert was pulled out through a
bolted connection rigidly fixed to the Instron crosshead. To prevent
direct contact of the glass with the steel reaction bars, intermediate

Climatic chamber

K: Transducer

Strain gauges

Pull-out specimen
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aluminium sheets (thickness 6.35 mm) were used.

The total applied load and the crosshead displacement were recorded
during testing. In addition, six transducers (three on each glass panel)
were installed to measure the relative displacement between the steel
insert and the glass and strain gauges were applied to the outer glass
surface in the vicinity of the end face of the insert where large stress
concentrations were expected to occur (Fig. 3).

Additionally, 4 thermocouples (temperature accuracy + 1 °C) were
used to monitor the temperature before and during the tests. Specif-
ically, two thermocouples were applied on the glass surface (one on each
glass ply) and on the protruding part of the steel insert (one on each side)
respectively. In all cases, loading commenced after all thermocouples
had reached the intended temperature.

2.2. Experimental results and discussion

2.2.1. Load-relative displacement behaviour

Fig. 4 shows a summary of the experimental results in the form of the
load-relative displacement responses of all the tested specimens. Firstly,
a qualitative comparison among the curves shows that regardless of the
working temperature, the typical load-displacement response exhibits
an elasto-plastic behaviour. However, the initial linear response, the
strength and the failure mechanism of the connection are all markedly
influenced by the temperature. It is in fact known that polymeric in-
terlayers demonstrate softening with increasing temperature which ex-
plains the gradual connection stiffness reduction in the initial stage of
the curves as the working temperature rises. In addition, temperature
also influences the adhesion quality between the interlayer and the
substrates with debonding/delamination phenomena being more prev-
alent in warm moist conditions. This explains the experimentally
observed transition of the connection failure mechanism, from brittle
(glass failure) at relatively low temperatures (-10 °C and + 22 + 2 °C
[20]) to ductile (insert delamination) at higher temperatures (+50 °C).

In more detail, the —10 °C tested specimens demonstrated an initial
linear response up to approximately an applied load of ~ 95 kN
featuring a mean stiffness (slope of load-relative displacement curves) of
about ~ 960 kN/mm. This initial linear response was followed by a
plastic behaviour due to yielding of the steel insert, until an ultimate

Instron base

(2)

Fig. 3. Scheme of experimental setup (a) along with photo (b) of transducers and strain gauges.
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Fig. 4. Experimental load-relative displacement curves for each specimen tested at —10 °C, +22 + 2 °C [20] and + 50 °C.

Table 1
Primary test results at different temperatures.
Temperature
—-10°C +22+2°C +50 °C

Mean strength (kN) 137.55 115.65 22.42
Strength standard deviation (kN) 6.49 4.44 2.40
Average initial linear stiffness (kN/mm) 960 265 35
Failure mode Glass Glass Delamination

average applied force of ~ 138 kN (ultimate relative displacement =~
0.2-0.6 mm) where one of the glass panels failed (Table 1).
Accordingly, the specimens tested at + 22 + 2 °C [20] exhibited an
initial linear response (average stiffness of ~ 265 kN/mm) up to
approximately 50 kN which was followed by a plastic behaviour up to
failure (average load-bearing capacity of ~ 116 kN and ultimate
displacement ~ 1.2 mm) due to breakage of one of the glass panels. In
this instance, the stiffness reduction in the initial linear stage is the result
of the progressive relaxation of the resin interlayer (i.e. time-dependent
response) in conjunction with the initiation of yielding of the steel insert

-10°C Plastic deformation

(@

+22 +2°C

(b)

at approximately ~ 95 kN (based on the FE results and experimental
observations).

Finally, the + 50 °C tested specimens demonstrated an initial linear
response until an average maximum applied force of ~ 22 kN where
delamination of the insert initiated leading to gradual decrease of the
connection load-bearing capacity. The connection exhibited an average
initial linear stiffness in the order of ~ 35 kN/mm featuring a reduction
of ~ 96 % and =~ 87 % with respect to that of the —10°Cand + 22 + 2°C
tested specimens respectively.

From Table 1, it can be seen that the strength standard deviation of
the connections tested at —10 °C and + 22 + 2 °C that demonstrated
glass failure is greater than that tested at + 50 °C (insert delamination)
because of the relatively high probabilistic dispersion of the glass frac-
ture strength (characteristic bending strength of heat-strengthened glass
=70 MPa [23]).

2.2.2. Failure mechanisms

Two discrete failure modes were observed during testing that
correlate to the working temperature. At + 22 + 2 °C [20] and —10 °C,
the strength of the embedded laminated connection was governed by

+50 °C

Delamination initiation

(©)

Fig. 5. Failure mode of —10 °C (a), +22 + 2 °C (b) [20] and + 50 °C (c) temperature tested specimens.
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Fig. 6. Scheme of glass crack pattern at —10 °C and + 22 + 2 °C [20] tested specimens (a) and of insert delamination at + 50 °C tested specimens.

breakage of one of the glass panels (Fig. 5). Yet, in both instances, the
steel insert demonstrated considerable plastic deformation in the region
of the boltholes leading to significant ductility before the brittle glass
failure of the connection. From Fig. 5 it is also evident that the crack
pattern of the specimens tested at —10 °C is similar to that of the
specimens tested at + 22 + 2 °C, except that the former produces a
larger and denser (i.e. smaller fragments) crack pattern, due to the
higher elastic strain energy that is stored and released at failure. The
energy release rate in the connections tested at —10 °C caused the glass
fragments to detach from the specimens at failure, whereas at + 22 +
2 °C the interlayer held all the glass fragments together after fracture.
Careful observation of the crack pattern indicates that, for both tem-
peratures the glass fracture originated in the region of contact between
the aluminium sheets and the glass (Fig. 2). In this area, high direct
compressive stresses were generated in the glass produced by the reac-
tion forces which resulted in the formation of vertical (bearing) cracks (i.
e. parallel to the loading direction, Fig. 6). These vertical cracks
instantly propagated towards the embedded area, gradually deviating
until becoming nearly perfectly horizontal (i.e. orthogonal to the
loading direction) at the glass surface located close to the end face of the
steel insert. Additionally. the development of vertical (flexural) cracks
was observed at the embedded glass zone close to the top glass edge
which are attributed to the eccentricity between the reaction forces and

Applied Displacement rate

Aluminium Sheet
BC: Ux=Uy=Uz=0

Embedded Area

Symmetry Axis
BC: Uz=Rx=Ry=0

@

Fig. 7. Boundary conditions (a) and mesh detail (b) of the numerical (FE) model.

the applied load (Fig. 6).

The failure mechanism of the + 50 °C tested specimens (Fig. 5) was
characterised by delamination of the steel insert starting at a relatively
low applied force (19-24 kN). Consequently, no signs of macroscopic
yielding were detected in the steel inserts at this temperature. During
testing it was evident that the debonding of the insert commenced at one
of the rounded corners at the end face of the insert (Fig. 1) and gradually
propagated over the entire embedded region. This eccentric delamina-
tion pattern (i.e. with respect to the loading direction) resulted in a
slight rotation of the steel insert (Fig. 6).

3. Numerical (FE) investigations
3.1. Numerical (FE) model

In order to further examine and understand the experimental results,
3D Finite Element analyses of the tests were undertaken in Abaqus [22].
A brief description of the numerical (FE) model is herein provided but
further details can be found in [20].

The numerical (FE) simulations were conducted as quasi-static ana-
lyses accounting for geometrical and material non-linearities. The total
analyses time was divided into approximately 250 steps/increments
regardless of the examined temperature. This resulted in a maximum

Embedded steel insert

N

> sk

Interlayer

(b)
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Table 2
Prony Series parameters (Go= 36.39MPa) of the resin interlayer at different
temperatures.

Temperature
-10°C +20°C +22°C +24°C +50 °C
Term Gi/Go 7i(s)
Index
@
1 2.00E- 1.79E + 5.86E + 2.77E + 1.32E + 2.00E +
03 11 05 05 05 01
2 3.10E- 4.44E + 1.45E + 6.86E + 3.27E + 4.96E +
03 10 05 04 04 00
3 1.02E- 1.75E + 5.73E + 2.71E + 1.29E + 1.96E +
02 10 04 04 04 00
4 3.79E- 2.67E + 8.75E + 4.13E + 1.97E + 2.99E-
02 09 03 03 03 01
5 1.26E- 2.39E + 7.82E + 3.69E + 1.76E + 2.67E-
01 08 02 02 02 02
6 7.87E- 9.74E + 3.19E + 1.51E + 7.18E + 1.09E-
01 06 01 01 00 03

time step of about 4 s and 0.5 s for the FE simulations at —10 °C / +22 +
2 °C and at + 50 °C respectively.

To lower the computational cost, half of the connection (Fig. 7) was
modelled utilising the symmetry along the x-axis (i.e. loading direction)
and applying the relevant boundary conditions (BC). Additionally, the
model was further simplified by disregarding the bolted connection
(Fig. 2) and thus imposing a forced displacement rate (i.e. 1 mm/min
parallel to the x-axis) directly to the bolts. The steel reaction bars were
also omitted and were replaced by appropriate boundary conditions
applied to the free (top) face of the aluminium sheet. For the contact
between the steel insert and the bolts as well as between the glass panels
and the aluminium sheet, appropriate surface to surface contact in-
teractions were defined.

Solid brick elements were assigned throughout the entire model (i.e.
glass plies, steel insert/bolts, aluminium and interlayer). In particular,
reduced integration elements (i.e. C3D8R) were used in order to avoid
volumetric locking phenomena that may arise when modelling almost
incompressible materials as the resin interlayer (see Abaqus Analysis
User’s Manual). In addition, a rigid connection (perfect bonding) was
considered among the constituent materials (i.e. glass, insert and
interlayer) and hence the present FE study does not explicitly capture
delamination phenomena.

In order to ensure adequate accuracy of the numerical (FE) results
and taking into account the experimental findings as well as the results
of preliminary FE investigations (convergence study), a fine mesh size
(Fig. 7) was assigned over the embedded area and in the region of the
contact between the glass panels and the aluminium sheet as well as
between the bolts and the insert where localised stress intensification is
expected.

The glass and aluminium were modelled as linear elastic materials
with elastic modulus Egas = Egium = 70 GPa and Poisson’s ratio Vg =
0.2 [23] and vgum. = 0.30 [27]. The steel insert was modelled as elasto-
plastic material with elastic modulus E,,; = 200 GPa and Poisson’s ratio
Vsteel = 0.3 [24]. The yield and ultimate stress were set according to data
provided by the supplier as 320 MPa and 620 MPa respectively.

Based on research [25] performed by the product manufacturer (H.
B. Fuller - Kommerling), the time/temperature dependent material
behaviour of the resin interlayer can be sufficiently captured via the
generalised Maxwell (i.e. viscoelastic) model [28] which is mathemat-
ically represented by a Prony series:

G()=Go+ Y Ge €}
i=1
Where G(t) is the shear relaxation modulus (function of time), G, is

the long term shear modulus, n is the total number of Maxwell elements
(i.e. linear Hookean spring connected in series with a Newtonian
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Fig. 8. Shear relaxation modulus G(t) of the resin interlayer at different tem-
peratures and load durations.

dashpot) and G;, 7; are the shear modulus and relaxation time respec-
tively for each Maxwell term. The instantaneous shear modulus Gy, can
be estimated as:

Gy=Gut Y G @
i=1

In the current study, the Prony Series parameters of the interlayer
(Kodistruct LG), summarised in Table 2 at different temperatures, were
defined by the manufacturer (H. B. Fuller - Kommerling) and provided to
the authors after private communication. The shear relaxation modulus
(Eqg. (1)) of the resin at different load durations for each tested tem-
perature is shown in Fig. 8. Finally, in consultation with the manufac-
turer, the resin was modelled as isotropic with a Poisson’s ratio Vyes;, =
0.49 that is time and temperature independent.

3.2. Numerical results and discussion

3.2.1. Numerical (FE) load—displacement curves and stress/strain state

The numerical (FE) load-relative displacement response of the
connection at different temperatures shown in Fig. 9 (i.e. FEA Refer-
ence) is in good agreement with the experimental findings. Thus, the
suitability of the numerical simulations is verified which enables us to
examine the resulting stress/strain distribution within the connection.

Firstly, the FE simulations at —10 °C and + 22 °C (Fig. 10 and Fig. 11)
indicate that the distribution of the maximum principal stresses in the
glass at the experimental failure loads, closely corresponds to the glass
crack pattern resulting from the physical tests (Fig. 5) considering that in
brittle materials, cracks are usually formed normal to the direction of the
maximum principal stresses. In particular, tensile stresses orthogonal to
the loading direction (6,) are produced in the vicinity of the top glass
edges at the outer and inner glass surface where vertical (flexural) cracks
were formed due to the eccentricity between the reaction forces and the
applied load (Fig. 6). Accordingly, tensile stresses in the loading direc-
tion (o,) are present in the region of the end face of the insert that
correspond to the experimentally observed horizontal cracks in this
region.

Comparison between Figs. 10 and 11 shows that unlike the FE
simulation at —10 °C, the FE specimen at + 22 °C experiences large
stress concentrations at the maximum failure load (~ 120 kN) which are
located at the inner glass surface in the vicinity of the end face of the
insert.

Accordingly, as seen in Fig. 12, the FE analysis results at + 50 °C
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Fig. 10. Amplified deformed shape (b), (c) and maximum principal stress field distribution and direction at the outer (a) and inner (d) glass surfaces of FE specimen

analysed at + 22 °C at failure load (~ 120 kN) [20].

correlate well with the experimental observations indicating that the
delamination of the insert nucleates at the corner rounded edge of the
interlayer where strain intensification occurs.

3.2.2. Load-transfer mechanisms

To further interpret the mechanical response of the connection and
better explain the resulting stress fields, the load-transfer mechanisms
are here briefly recalled. More details are provided in [20].

The load applied to the steel insert is transmitted to the glass panels
through the interlayer via the Shear and the Tensile load transfer
mechanisms (Fig. 13a):

In the region of the latter mechanism (i.e. end face of steel insert),
due to the incompressibility (ex + &, + &, =~ 0) of the resin and the high
level of confinement (e,~ 0), the interlayer experiences large out-of-
plane contraction (ey ~—¢&x) (Fig. 13b) that results in out-of-plane

bending of the glass panels, thereby producing direct tensile stresses
(ox) at the inner surface of the glass (Fig. 13c). Additionally, in this re-
gion the stress state of the adhesive interlayer is characterised by a high
tensile hydrostatic component which may lead to cohesive failure
especially in case of polymeric interlayers that are susceptible to cavi-
tation phenomena (i.e. formation of voids/bubbles in the bulk of the
adhesive) [16].

In this regard, the high stress concentrations observed at the inner
glass surface in the region of the end face of the insert especially for the
FE specimen at + 22 °C (Fig. 10) are the result of the superposition of the
tensile glass stresses (o) generated by the Shear and the Tensile (i.e. due
to local bending of the glass) load-transfer mechanism.

However, for the FE specimen at —10 °C this localised stress inten-
sification is minor (Fig. 11). This can be rationally explained by the fact
that for a given applied load, the relative displacement between the
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Fig. 11. Amplified deformed shape (b), (c) and maximum principal stress field distribution and direction at the outer (a) and inner (d) glass surfaces of FE specimen

analysed at —10 °C at failure load (=~ 140 kN).
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Fig. 12. Distribution and direction of the maximum principal strain field in the interlayer in the vicinity of the connection of the FE specimen analysed at + 50 °C at

failure load (~ 24 kN).

insert and the glass (Fig. 4) is markedly higher for the specimens at + 22
+ 2 °C compared to the —10 °C ones due to the lower resin stiffness
(Fig. 8). As a result, the interlayer at the end face of the insert develops
higher axial strain (¢,) which according to the Tensile mechanism
(Fig. 13b) yields greater out-of-plane bending of the glass panels. This is
also explicitly confirmed by the experimental (strain gauges) measure-
ments of the strain in the loading direction (ex) at the outer glass surface
in the region of the end face of the insert. Specifically, Fig. 14 shows that
in the case of the —10 °C tested specimens, tensile strains arise which
increase almost linearly with increase of the applied load up to failure.
However, in the case of the + 22 + 2 °C tested specimens, in the
beginning of the tests (relatively low applied load), tensile glass strains
are developed that rise with increase of the applied load but with a lower
rate compared to the —10 °C tested specimens. As the load increases,
these strains start to decline with some strain gauges reporting even
compressive (i.e. negative) strains close to the maximum failure load
which indicates large out-of-plane bending of the glass in this region.
To further examine the impact of the Tensile mechanism (Fig. 13) on
the connection behaviour, a ‘contactless’ configuration (Fig. 15) was
numerically (FE) analysed featuring a 2 mm clearance between the

interlayer and the end face of the insert to eliminate adhesion as well as
load-transfer between them.

In the first place, by comparing the FE load-displacement curves
obtained from the two different FE configurations (i.e. Reference and
Contactless, Fig. 9), it is observed that the contribution of the Tensile
load-transfer mechanism rises with increase in temperature. This is
ascribed to the reduction in interlayer stiffness as the temperature rises
(Fig. 8). Namely, as the resin softens, for a given applied load, larger
relative displacement is developed (Fig. 4) resulting in greater resin
axial strain (ey) at the end face of the insert (Fig. 13), and therefore
amplifying the contribution of the Tensile mechanism. However, overall
from Fig. 9 it is concluded that regardless of the working temperature
the load transferred via the Tensile mechanism is in fact negligible
especially for relatively thin inserts because the area of load-transfer of
the Tensile mechanism (end face) is comparatively too small in relation
to that (top/bottom faces) of the Shear mechanism.

Contrarily, the FE results revealed that the Tensile mechanism has a
significant effect in terms of the resulting stress/strain state within the
connection. Specifically, for the FE specimens at + 22 °C and + 50 °C
that exhibited high stress and strain intensification in the region of the
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Fig. 14. Axial strain (ey) at the outer glass surface in the vicinity of the end face of the insert at —10 °C and + 22 + 2 °C tested specimens.
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Fig. 15. Scheme of ‘contactless’ configuration.

end face of the insert, it is found that the maximum principal tensile
stress and strain of the Contactless configuration exhibit a reduction of
about 42 % and 24 % respectively with respect to the Reference one

(Fig. 16).
4. Analytical investigations
4.1. Analytical model

A simplified analytical model (Fig. 17) is herein introduced that can
sufficiently capture the time and temperature dependent characteristics
of the load-displacement response of the connection observed in the
experimental and numerical investigations.

This simplified analytical model does not account for the plastic
behaviour of the steel insert and also neglects the contribution of the
Tensile mechanism (Fig. 13) to the total load transfer based on the
aforementioned numerical (FE) results (Fig. 9).
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Fig. 17. Schematic representation of analytical model.

Therefore, it is conservatively assumed that the applied load is only
transferred through shear stresses over the top and bottom embedded
surface (Shear load-transfer mechanism, Fig. 13) of the steel insert. In
this regard, by assuming a uniform distribution of the shear stress/strain
over the embedded zone, the following simplified expression can be
derived:

F = Aot 3

Where F is the total applied force, Ay (2 x 100 mm x 200 mm) is
the sum of the insert surfaces subjected to shear stresses (top/bottom
faces in Fig. 1) and 7 is the shear stress in the interlayer.

For the simple case of a linear elastic isotropic interlayer material Eq.

(3) can be expressed as:
F = AusGy (€]

Where G is the shear modulus of the interlayer and y is the applied

10

shear strain in the interlayer.

Accordingly, for an isotropic viscoelastic material, the shear stress
7(t) resulting from an applied shear strain history can be evaluated by
means of the Generalised Maxwell model in the form of a convolution
integral via the Boltzman’s superposition principle [28] as:

!
o) = / Gt —5)7(s)ds ®)
0

Where G(t) is the shear relaxation modulus (Eq. (1)) and y(t) is the
applied shear strain history in the interlayer.

Consequently, for a viscoelastic interlayer material Eq. (3) takes the
following form:

ol
F(t) = Aomp / G(t—s)y(s)ds (6)
0

By assuming linear elastic behaviour of the adherends (i.e. steel and
glass) and considering that the interlayer stiffness is comparatively too
low with respect to that of the adherends, the shear strain history y(t)
applied to the resin interlayer can be evaluated based on the relative
displacement between the insert and the glass §(t) by the following
relationship:

5(1)
him

() = ]

Where §(t) is the history of the applied relative displacement and hp
(2 mm) is the thickness of the interlayer between the insert and the glass
(Fig. 17).

By substituting Eq. (7) to Eq. (4), for a linear elastic isotropic ma-
terial, the total applied force (F) can be evaluated for a given applied
relative displacement § as:

o

F=A0mG—

hint (8)

Accordingly, for a viscoelastic material by inserting Eq. (7) to Eq. (6)
the following relationship is obtained:

5(s) ds

int

F(t) = Ay /0 Gli—s) ©)
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each specimen tested at + 22 + 2 °C.

As expected, unlike the case of a linear elastic material (Eq. (8)), the
expression derived for a viscoelastic material (Eq. (9)) is a function of
time which indicates that the overall mechanical response of the
connection depends highly on the applied load duration.

4.2. Analytical results and discussion

From Fig. 8, it is noticed that at —10 °C and + 50 °C the resin shear
relaxation modulus G(t) is constant and equal to the instantaneous Go
and long term G, shear modulus respectively for load durations relevant
to that of the pull-out tests (i.e. < 30 min). Therefore, for both

Table 3

isplacement curves at —10 °C (a) and + 50 °C (b).

temperatures, the interlayer material response is considered to be linear
elastic and thus Eq. (8) can be utilised for the analytical evaluation of the
connection load-displacement behaviour.

Specifically, Fig. 18 shows that in the case of the —10 °C tested
specimens, the analytical estimation is in satisfactory agreement with
the experimental and numerical (FE) load—-displacement curves until a
maximum applied force of approximately 95 kN, with analytical and
average experimental values of the initial linear stiffness being around
730 kN/mm and 960 kN/mm respectively. At this load level (95 kN) the
steel insert starts to yield locally and thus the actual applied shear strain
in the interlayer y(t) is no longer directly proportional to the measured
relative displacement between the insert and the glass §(t) (Eq. (7).

Similarly, for the specimens tested at + 50 °C, the analytical pre-
diction (Fig. 18b) provides a good fit to the experimental and numerical
(FE) data up to the applied load where insert delamination commences.
In particular, the experimental and analytical initial linear connection
pull-out stiffness were estimated in the range of 35 kN/mm and 25 kN/
mm respectively that equates to an underestimation of about 29 %. This
is mostly attributed to the contribution of the Tensile mechanism to the
total load transfer which was considered negligible in the analytical
model, but can become more significant at relatively high temperatures
(Fig. 9).

Unlike —10 °C and + 50 °C, Fig. 8 shows that at 4+ 22 + 2 °C the resin
interlayer exhibits large relaxation for load durations relevant to that of
the pull-out tests (i.e. < 30 min). Hence, in this case the mechanical
response of the connection is time-dependent (Eq. (9)) and specifically it
is governed by the history of the relative displacement between the
insert and the glass §(t) summarised in Fig. 19 for each tested specimen.
In order to evaluate the connection pull-out response, these experi-
mental relative displacement time histories are first approximated by six
degree polynomials (Eq. (10), Fig. 19) and are then implemented in Eq.
9.

Determination (R?) and polynomial coefficients of the history of the relative displacement &(t)

Polynomial Coefficients

R? a b c d e f g
Spec. 1 0.9998 1.43E-16 —3.30E-13 2.89E-10 —1.19E-07 2.29E-05 —4.98E-05 2.89E-03
Spec. 2 0.9999 4.54E-17 —1.24E-13 1.22E-10 —5.34E-08 1.13E-05 2.09E-04 9.05E-03
Spec. 3 0.9995 —3.83E-17 6.69E-14 —3.08E-11 —2.81E-09 5.13E-06 1.47E-04 2.95E-03
Spec. 4 0.9998 —3.02E-17 6.76E-14 —5.50E-11 1.99E-08 —2.11E-06 8.07E-04 6.30E-03

11
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Fig. 20. Experimental and analytical load-relative displacement curves for each specimen tested at + 22 + 2 °C.

3(t) = at® +br’ +ct' +de’ + e’ +fi+g (10)

Where t is the time and q, b, ¢, d, e, f and g are the polynomial co-
efficients summarised in Table 3 along with the coefficient of determi-
nation (R?) for each polynomial fit.

The analytical predictions for each specimen tested at + 22 °C + 2 °C
are presented in Fig. 20. In general, it is observed that the connection
response is adequately captured within the examined temperature range
(+22 °C +£ 2 °C). In more detail, the experimental response of Specimen
1 (Fig. 20a) is better approximated by considering the resin properties
at + 22 °C while the behaviour of the other specimens is better captured
considering the interlayer properties at + 20 °C. Additionally, as ex-
pected the analytical model overestimates the connection response for
loads higher than about ~ 95kN. As mentioned above, at this applied
load level, local yielding of the steel insert commences and thus the
actual applied shear strain in the resin interlayer is significantly lower
from that calculated by Eq. (7).

Overall, it is concluded that the proposed simplified analytical model
(Eq. (8) and (9)) offers a satisfactory prediction of the connection
load-displacement response under pull-out loading. It does so with
significantly less effort and cost than 3D FE modelling or physical
testing, thereby providing a useful tool for early stage design of such
connections for real world applications.

5. Conclusions

In this study, the mechanical response of an embedded liquid-

12

laminated glass connection subjected to pull-out loading at different
temperatures was assessed by means of experimental tests, numerical
(FE) simulations and simplified analytical models.

Firstly, the experimental results showed that temperature has a
major impact on the structural behaviour of the connection. Specifically,
it was found that as long as the working temperature does not signifi-
cantly exceed the room temperature threshold (422 + 2 °C), the failure
mode of the connection is characterised by glass fracture whereas
beyond this limit delamination phenomena govern the connection fail-
ure mechanism. It was also shown that the insert can be sized to produce
a significant degree of plastic deformation in the connection prior to
reaching the ultimate load-bearing capacity which is desirable for robust
engineering design.

The numerical (FE) simulations conducted in Abaqus revealed the
resulting complex stress state within the connection which is charac-
terised by large stress/strain concentrations whose intensity also depend
on the working temperature. Overall, the numerical (FE) distribution
and direction of the stresses/strains correlate well with the experimental
measurements (i.e. strain gauges and load—displacement behaviour), the
experimental glass crack pattern and the location of the observed insert
delamination.

Finally, based on the experimental and numerical (FE) data, a simple
analytical tool was developed that offers satisfactory accuracy in pre-
dicting the pull-out load-displacement response of the connection,
thereby providing a preliminary insight of the connection performance
which can be a useful aid in the engineering design of these connections
for real-world applications.
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