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Abstract

In contemporary architecture, there is a growing emphasis on structural transparency, often leading
to the consideration of design solutions that incorporate complete structural systems made from
materials such as structural glass. While glass is typically fragile and exhibits elastic deformations under
normal loads during its service life, unforeseen events can cause glass breakage. Load redistribution
requirements at the member and system level can be crucial in preventing potential structural collapse.
A new method for connecting beam components was developed in (Martens, 2018), with a focus on
ensuring structural safety for both individual components and the overall system. This method
improves transparency and preserves a seamless visual appearance of the statically indeterminate
beam through the utilization of Cast-In-Place (CIP) bonding technology. CIP bonding technology
permits on-site lamination, offering a solution for installing large laminated glass components in
locations challenging to be reached and accommodating sizes that exceed the dimensions of standard
production and transportation capabilities. This paper places particular emphasis on the numerical
study of the in-plane behaviour of a novel steel reinforced glass frame prototype conceived to be
(partly) constructed using UV-curable beam-column connections. For that purpose, a series of non-
linear 3D Finite Element (FE) simulations is performed in Abaqus. Specified interlayer properties used
in the simulations relate to SentryGlas®, which is used for beams and columns, whereas UV-curable
resin is used for beam-column connections. Sensitivity analyses are performed assuming various
stiffnesses of the UV-curable resin. The numerically simulated behaviour of the novel frame prototype
is compared to the experimental results of an equivalent simply supported beam. The results indicate
that the effect of the considered beam-column connections can significantly enhance the load-carrying
capacity of the steel-reinforced glass frame system.
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Introduction

Overcoming challenges related to dimensions, production, and transportation of glass pieces is crucial
for constructing large structures built in structural glass. The continuity of reinforcement, which can
be bonded to glass to provide post-fracture capacity (Martens et al., 2016), represents an additional
challenge towards the safety of such structures. A new modular system approach to connecting steel-
reinforced beam components into a continuous beam system was introduced as a solution to those
challenges, emphasizing transparency and structural safety at individual component and system level
(Martens, 2018). This method utilizes in-situ welding of steel reinforcement and Cast-In-Place (CIP)
bonding technology to enhance transparency and maintain a seamless visual appearance of laminated
glass beams. CIP bonding technology facilitates on-site lamination, crucial for installing large laminated
glass components in challenging or inaccessible locations. Different variations of CIP connections and
their mechanical performances have been investigated in the literature (Martens, 2018); (Volakos et
al., 2021, 2023).

To provide additional load-carrying capacity to portal frames, beam-column connections need to
possess a certain rotational stiffness and strength. Various solutions for moment-resistant beam-
column joints have been explored in literature (Belis et al., 2009; Huang, 2017; Pejatovic et al., 2022;
Prautzsch & Weller, 2016; Snijder et al., 2014; Weller et al., 2010). However, the literature lacks
comprehensive studies of the stiffness, strength and ductility performance of such connections, as well
as numerical and analytical prediction models. The previously described innovative concept can be
extended to two-dimensional structures, such as portal frames, where the robustness can be achieved
through a similar construction technique at locations of beam-column joints. In previous work, the
authors of this paper have explored the rotational characteristics of a beam-column connection
prototype reinforced with steel bars (see (Pejatovi¢ et al., 2024)), addressing the effect of the
lamination technology on the rotational characteristics of the connection prototype. It was concluded
that the connection realized through the CIP technique can achieve a substantial post-fracture and
rotational capacity when designed with a well-balanced combination of structural and material
parameters.

The current paper numerically investigates the effect of the CIP beam-column connections on the in-
plane behaviour of a novel steel-reinforced frame prototype, as illustrated in Fig. 1. The frame can be
built using welding of reinforcing steel and a combination of autoclave-laminated and cast-in-place
(CIP) lamination technique. In this concept, the frame consists of a reinforced beam and columns,
which are laminated in the autoclave process by e.g. SentryGlas® interlayer. The beam and columns
are transported to the construction site and there connected by welding of the reinforcing bars and
additional glass panes bonded by CIP lamination. It should be noted that the welds need to be realized
sufficiently distant from the glass to prevent potential thermal fractures caused by local heat in the
heat-affected zone. The length of this zone has been chosen to be equal to the height of the beam.
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2.1.

To validate the results of these simulations, a testing program will be conducted by the authors in the

future.
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Fig. 1: Concept of a novel steel-reinforced glass frame.

Numerical study

Finite element (FE) model

To numerically simulate the in-plane behaviour of the frame prototype under a vertical force, a 3D FE
model was created in Abaqus (Abaqus/CAE User’s Guide). The view on the outer and inner panes with
the reinforcement is illustrated in Fig. 2(a)-Fig. 2(b), respectively, with the dimensions, the cross-
section, indications about the elements of the frame (beam, column and connections) and glass
interruptions. Due to symmetry, only a half of the frame is modelled. The frame is subjected to a
vertical imposed displacement (&) in the middle of the beam, in a displacement-control simulation,
and an equivalent force (F) is obtained from the reactions at the bottom of the columns, where the
frame is vertically restrained by pinned boundary conditions. The frame is additionally laterally
supported against buckling. In real structures, the frame is typically laterally supported by facade and
roof panels. Table 1 summarizes material models and specified material properties used in this
numerical study. Glass is considered as a linear-elastic material with a possibility of cracking, which is
modelled by the reducing element approach (REA). This model assumes that after the principal tensile
strain (1) in a finite element exceeds a prescribed value (€1,-=f4¢t / Eg = 45/70000 = 0.64 %o), the
element cracks, after which it loses strength and stiffness. For more information on this model one can
refer to (Pejatovic et al., 2022). Reinforcing steel is modelled as an elastic-plastic material with a yield
strength of 680 MPa and tensile strength of 840 MPa, on the basis of uniaxial tensile tests on steel bars
with dimensions 10 x 10 mm, reported in (Pejatovi¢ et al., 2024). Welds are conceived in the form of
full tee and corner joints. Such welded sections possess strength equal to or greater than that of the
original sections, ensuring the full plastic capacity of the bars can be utilized without risk of failure at
the welds. SentryGlas® in the beam and columns, and UV-curable interlayer in the connections, are
modelled using linear-elastic material behaviour, as a simplification. To investigate the effect of
different stiffnesses of the UV-curable interlayer, the elastic modulus of Eint,UV = 10 MPa, 50 MPa and
100 MPa is assumed. The interface between all the materials is modelled assuming perfect bond.
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3D FE model
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Fig. 2: 3D FE model: view on the (a) outer and (b) inner glass panes with the reinforcement.

Table 1: Material models and specified material properties used in the numerical study based on (Callewaert et al., 2012)
(Pejatovic et al., 2022); (Pejatovic et al., 2024)).

E v
Material Material model
[MPa] [-]
Glass Reducing element approach 70000 0.23
SentryGlas® interlayer Linear-elastic 119.8 0.49
UV-curable interlayer Linear-elastic 10-50-100 0.49
Stainless steel bars Elastic-plastic 180000 0.3

Numerical results

Normalized numerical force-displacement (F - §) curves for different stiffnesses of the UV-curable resin
(Eint,uv) at the location of beam-column connections are presented in Fig. 3. The curves are normalized
by the failure force (F, 3rs7) and the corresponding displacement (8,,3p57) from the 3-point bending test
from the equivalent bending test on the simply supported beam with similar dimensions and
mechanical properties of the materials (for more details about this test one can refer to (Martens,
2018)). Firstly, one can observe a good agreement between the numerical and tested behaviour for
the simply supported beam, represented by the solid and dashed red lines, respectively. This means
that the REA can be successfully used to simulate the post-fracture performance of such type of
structures. On that basis, frames with different Ej.;uv are simulated and the corresponding curves are
plotted in grey lines. One can notice that the initial slope, the force at first crack and at failure in the
case of frames increase with larger Eintyv compared to the case of a simply supported beam. The larger
Eint,uv provides better interaction between steel reinforcing bars and glass panes at the location of the
beam-column connections, providing the connection with the larger rotational stiffness and a certain
strength, hence increasing the load-carrying capacity of the considered frames (at least 50 % compared
to the equivalent beam), as reported in Fig. 3.
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Fig. 3: Numerical results: force-displacement (F - §) curves normalized with the ultimate values from the 3-point bending
test, for different stiffnesses of the UV-curable resin (Ej,uv) at the location of beam-column connections.

Fig. 4(a)-Fig. 4(c) respectively depict damage patterns in the outer glass panes (cracked elements are
represented by red colour) for the considered stiffnesses of the UV-curable interlayer. In all the cases,
first cracks occurred in the mid-span of the beam. Regarding the failure of the frame, one can observe
that the plastic hinge obtained in the middle of the beam is followed by a more pronounced damage
pattern at the location of the connection for the larger stiffness. The stiffer interlayer transfers higher
stresses from steel to glass, whereas a more flexible interlayer has a limited stress transmission
capability. In particular, Fig. 4(c) indicates that the failure mode of the frame for the stiffer interlayer
is crushing of the glass in the beam-column connection, due to the excessive concentration of
deformations. On the other hand, Fig. 4(a) suggests limited damages in the glass connection due to
the lower stiffness of the interlayer.
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Fig. 4: Numerical damage patterns at first crack and at failure for the stiffness of the UV-curable interlayer (Eintuv) equal to
(a) 10 MPa, (b) 50 MPa and (c) 100 MPa. Red colour represents cracked finite elements.

3. Conclusions

This paper presents a numerical study of the in-plane behaviour of a novel steel-reinforced glass frame
prototype with UV-curable beam-column connections. A connection methodology emphasizing
structural safety and enhanced transparency with steel welding and Cast-In-Place (CIP) bonding
philosophy was used for the beam-column as a technique that may facilitate on-site lamination,
addressing challenges in installing large laminated glass components. To numerically simulate the in-
plane behaviour of the frame prototype under a vertical force, a 3D FE model was created in Abaqus.
To account for cracking in glass, the reducing element approach (REA) was used. To investigate the
effect of different stiffnesses of the UV-curable interlayer, an elastic modulus Eintyv of 10 MPa, 50 MPa
and 100 MPa is assumed. Based on the obtained results, the following conclusions can be made:
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The simulated prototype's behaviour indicates a significant enhancement in load-carrying capacity
compared to the tested equivalent simply supported beam for any stiffness of the UV-curable
interlayer. The larger Ei.:uv provides better interaction between steel reinforcing bars and glass
panes at the location of the beam-column connections, providing the connection with the larger
rotational stiffness and a certain strength, hence increasing the load-carrying capacity of the
considered frames (at least 50 % compared to the equivalent beam)

The initial slope, the force at first crack and at failure in the case of frames increase with

larger stiffness of the UV-curable interlayer;

Regarding the failure mode of the frame, it was found that the plastic hinge obtained in the middle of
the beam is followed by a much more pronounced damage pattern at the location of the connection
in the case of a larger stiffness of the UV-curable interlayer;

This study is performed neglecting any debonding of the interlayer. The effect of debonding might be
critical and hence might yield lower enhancement of the load-carrying capacity. This issue will be
addressed in the future work by the authors.
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