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Abstract Among amultitude of functions, the façade
is responsible for providing sufficient thermal insula-
tion and supplying the building interior with enough
natural light. For the latter, transparent glazed areas are
essential. However, compromises in terms of the glass-
to-wall ratio are often necessary since large glazed
areas lead to overheating in summer and heat loss in
winter. A novel type of highly insulating translucent
glass brick made from annealed glass and filled with
aerogel granulate was developed recently as an alter-
native in this regard. The bricks are not supposed to
replace the transparent glass areas, but to offer a translu-
cent alternative for part of the otherwise opaque wall
areas. This paper focuses on the structural behaviour
of walls composed of such aerogel-filled glass bricks.
The components of such a brick and their functions
are described. Moreover, two prototype systems for
supporting the bricks in translucent walls are intro-
duced—one with interlocking connections and pre-
stressed wires, the other with interlocking connections
and edge clamping. Both systems are analysed in finite
element simulations from a structural point of view
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under out-of-plane loading. The resulting global defor-
mations as well as occurring stresses in different com-
ponents are analysed.Basedon thefindings, advantages
and limitations of the different systems are highlighted
and suggestions for improved alternative systems for
translucent walls with insulating aerogel-filled glass
bricks are made.

Keywords Glass brick · Structural behaviour ·
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element simulation · Façade engineering · Silica
aerogel

1 Introduction

Glass is an essential material in today’s facades due to
its unique properties. When used as glazing for win-
dows or façade elements, its transparency allows views
from the interior of a building to the exterior environ-
ment and vice-versa. Moreover, it permits the natural
light to enter the interior of buildings. From a thermal
point of view, however, window and façade glazing has
its limitations. State-of-the-art triple insulating glass
units with low-emissivity coatings reach heat transfer
coefficient values of around 0.5 W/(m2·K), which in
most situations is higher than the thermal transmit-
tance values of the surrounding insulated wall struc-
tures. Large windows often lead to higher heating, ven-
tilation and air conditioning (HVAC) energy demands
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230 V.-A. Silvestru et al.

due to overheating during summer and heat loss dur-
ing winter. This often leads to compromises in terms
of window-to-wall ratio in residential and office build-
ings. While for the views between inside and outside,
transparency is necessary, for daylight transmission,
translucency is sufficient.

For situations with lower thermal requirements, in
which the building interior should be provided with
natural light, but at the same time, privacy should be
ensured, solutions with glass blocks or channel shaped
glass were used in the past. Glass blocks are regulated
in (EN 1051-1 2003) and generally consist of two pre-
heated glass parts with molten edges joined together
and enclosing an air cavity. They can reach heat trans-
fer coefficients of 3.0W/(m2·K). Channel shaped glass
is regulated in (EN 572-7 2012) and some examples
of facades with such glass can be found in (Pilking-
ton Profilit 2009). Both of these glass types are made
from cast glass. Another application of cast glass for
semi-transparent facades is in the form of solid bricks,
which are not thermally insulating. Such bricks were
used in the past for monumental structures like the
AtochaMemorial inMadrid (Göppert andPaech 2004),
and more recently the Qaammat Pavilion in Green-
land (Oikonomopoulou et al. 2022). In the past ten
years, extensive research was conducted at TU Delft
on such solid bricks made from cast glass, many of
the results being published in the doctoral thesis by
Oikonomopoulou (2019). An iconic façade built with
solid bricks is that of the Crystal Houses in Amsterdam
(Oikonomopoulou et al. 2018b). For all of these façades
or façade-like structures with solid bricks and most of
the related research, the connections between the bricks
were realised with adhesives (Oikonomopoulou and
Bristogianni 2022) or mortar (Fíla et al. 2019). Also for
walls built withmore conventional glass blocks, mortar
was mostly used between blocks in the past. In terms of
wallsmadeof dry-stackedglass bricks, limited research
and projects are available. Examples are the façade of
the Optical House by Hiroshi (2013) and, although not
a wall, the glass arch bridge prototype designed by Sni-
jder et al. (2016).Other examples are the suggested pro-
totypes for interlocking cast glass components poten-
tiallymade from rawor recycledmaterials, as described
in Oikonomopoulou et al. (2018a). More recently, a
hybrid glass block system was developed and inves-
tigated by Nathani (2021) and Sonar (2022). Suit-
able materials for use between interlocking cast glass

blocks were assessed by Dimas et al. (2022). How-
ever, only limited previous investigations by finite ele-
ment simulations on the structural behaviour of facades
or components made of dry-stacked glass bricks or
glass blocks are available. A study on the behaviour
of three interlocking glass blocks with osteomorphic
geometry, dry-stacked upon each other with soft inter-
layers in-between, and loaded in shear was conducted
by Oikonomopoulou et al. (2018a) to assess the influ-
ence of the block geometry, especially its height and
the amplitude of the interlocking parts, on resulting
stress peaks and failure modes. Aurik et al. (2018) used
a 2D finite element analysis to assess local stresses
occurring in a glass masonry arch made of dry-stacked
glass blockswith soft interlayers in-between. Finite ele-
ment investigations on dry-stacked bricks are also not
available from conventional brickwork, which gener-
ally uses mortar at least between different horizontal
brick layers. Moreover, available experimental investi-
gations on dry-stacked solid glass bricks are generally
limited to compressive tests andout-of-plane shear tests
on assemblies made from a reduced number of blocks,
as performed for example by Oikonomopoulou (2019),
but do not include physical tests on walls made of such
blocks under out-of-plane surface loads, as it would
result through wind.

A novel type of insulating aerogel-filled glass brick
was recently developed to be used for exterior walls
(Ganobjak et al. 2023). Due to the aerogel filling it
is translucent and reportedly reaches a thermal con-
ductivity of 53 mW/(m·K) and a heat transfer coeffi-
cient of around 0.365 W/(m2·K). Due to its insulating,
non-transparent but translucent properties, it is consid-
ered suitable for applications with increased demand
for daylight and at the same time requirements for glare
protection and privacy. Its envisioned application is not
to replace transparent window or façade glazing ele-
ments, but to provide an alternative for the surrounding
wall area that allows an increased daylight transmit-
tance (see schematic illustration in Fig. 1a). Amock-up
element was manufactured to illustrate the use case as
wall element in a facade (see Fig. 1b). The performance
of walls built with the novel type of insulating glass
bricks, however, has not been investigated yet from a
structural point of view. This paper presents first results
in this regard based on finite element simulations. The
focus is set on out-of-plane loads resulting from wind.
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Fig. 1 Application example
of the novel type of
insulating aerogel-filled
glass bricks in walls:
(a) schematic example of a
wall with the novel
insulating glass bricks, and
(b) mock-up of a translucent
insulating brick wall
element

Fig. 2 Translucent and insulating aerogel-filled glass bricks: (a) image showing a half-brick assembled on top of a full-brick and
(b) exploded assembly drawing showing the different components and dimensions of the single full-brick and half-brick

2 Systems and materials

2.1 Description of the translucent and insulating glass
brick

Two brick geometries were assumed for the simula-
tion of walls with the novel type of insulating glass
bricks—a full-brick and a half-brick. An image of a
half-brick assembled on top of a full-brick is shown
in Fig. 2a, while the components of the two bricks are
illustrated in Fig. 2b. The full-brick had dimensions of
length × width × height of 500 mm × 150 mm ×
85 mm, while the half-brick had a different length of
only 247.5 mm. Each brick consisted of two laminated
glass layers separated by spacer elements. The lami-
nated glass layers were made of 2 × 12 mm annealed

float glass. Annealed glass was preferred to thermally
tempered glass since it allows for mechanical process-
ing. Hereby, larger panels can be first laminated and
afterwards cut into size and edge-processed. For the
PVB interlayers, a thickness of 1.52 mm was assumed
in the simulations. PVB was chosen since there was
no need for the higher stiffness provided by Sentry-
Glas interlayers. General details on the properties of
the materials used for the laminated glass can be found
in Haldimann et al. (2008) and Schneider et al. (2016).
The spacers with a resulting width of 99 mm were
made of a two-component epoxy resin (Esprit Com-
posite Epoxid-Kristallharz EC 141). The dimensions
provided in this section for the brick components are
according to those used for the assumptions in the per-
formed simulations. For the above-mentioned physical
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prototype shown in Fig. 2a, slightly different dimen-
sions were used (e.g., the resulting width of the spacers
was 102 mm instead of the 99 mm used in the simula-
tions). The epoxy resin was previously used for casting
transparent objects, like jewellery, and had no previ-
ous applications in facades. It was chosen for the brick
prototypes mainly based on its high clarity and low
viscosity.

The geometries of the different spacers are illus-
trated in Fig. 3. The complex geometries of the spac-
ers resulted from optimizations regarding assembly of
the bricks and thermal performance. Three different
spacer geometries were used—(1) spacer A at the ends
of the full-brick and at the interior end of the half-brick,
(2) spacer B in the middle of the full-brick, and (3)
spacer C at the exterior end of the half-brick. The spac-
ers B were cast separately in silicone rubber moulds
and were bonded afterwards to the laminated glass lay-
ers (see Fig. 4a–c). The spacers at the ends of the bricks
(spacers A and C) were cast directly between the lami-
nated glass layers, which were positioned in a silicone
rubber mould on their shorter edges (see Fig. 4d–f).
First, the spacer at one end of the bricks was cast and
let to cure, and then the bricks were flipped by 180° and
the spacer at the opposite end was cast. To cover the
space defined by the laminated glass and the spacers,
1.5 mm thick plates made of PMMAwere used. More-
over, a 0.5mm thick layermade of the same epoxy resin
as used for the spacers was cast on the interior face of
each of the PMMA plates to ensure tightness between
the spacers, the glass and the PMMA. For these thin
layers, the epoxy resin was poured through the open-
ings of the end spacers (spacers A and C), first on the
interior surface of one of the PMMA cover sheets, and
then on the other, after curing and turning the bricks
upside-down. The interior space of the bricks was then
filled with tapped aerogel granules (Lumira LA1000
from Cabot). This material has a visible light trans-
mittance of over 90% per cm and a thermal conduc-
tivity of around 18–23 mW/(m·K) according to Cabot
(2000). The openings, through which the aerogel was
filled, were finally sealed with transparent tape. A wall
sectionmade of such aerogel-filled bricks including the
spacers and the gaps between bricks reaches a U-value
of approximately 0.4 W/(m2·K), which is lower than
the U-value of a state-of-the-art triple IGU with down
to 0.5 W/(m2·K).

For a previous version of the full-brick, with the
same length of 500 mm and consisting as well of four

12 mm thick annealed float glass layers, the compres-
sive strength was investigated experimentally (Ganob-
jak et al. 2023). The brick was positioned as it would be
used in a brick wall and the force was applied through
plywood layers to avoid local stress peaks. A force of
3042 kN was recorded before failure, corresponding to
a compressive stress of 126.75 N/mm2 in the glass for
the given glass area. Considering the weight of one full
brick of approximately 5.8 kg, bearing the self-weight
can be regarded as non-problematic for walls made of
such bricks and reasonable storey heights.

2.2 Assembly and support systems for the translucent
walls

Two systems for supporting walls made from the novel
type of insulating glass bricks were considered for the
investigations discussed in this paper. The first sup-
port system was based on a mesh of horizontal and
vertical pre-stressed stainless steel wires with a diam-
eter of 3 mm. The horizontal wires were positioned
between different layers of bricks and absorbed occur-
ring horizontal out-of-plane loads acting on the walls
(e.g., wind), through contact with the protruding pins
of the spacers A in both full-bricks and half-bricks. The
vertical wires were positioned between adjacent bricks
of the same layer and through the holes in spacers B of
bricks from layers above andbelow.They absorbedhor-
izontal out-of-plane loads acting on the walls through
contactwith the spacersB in the full-bricks. For the sec-
ond support system, an alternative without wires was
considered. Edge clamping of wall elements on two or
four sides, as it is used for glazing units or façade pan-
els, was assumed. Between the clamping strips, gaskets
made of EPDM or silicone were assumed. Sketches
of the two support systems with their components are
shown in Fig. 5. The system with wires would pro-
vide the advantage of potentially allowing for less wide
posts, while the system with clamping would allow a
further simplification of the spacer geometries.

For both systems, the bricks were planned to be
assembled in a dry manner by placing 5 mm thick and
25 mm wide PVC sheets both in the horizontal and
in the vertical joints for avoiding direct glass-to-glass
contact. In two consecutive layers in vertical direction,
full-bricks laid on top of each other showed an offset
by half of their length. The force transfer between adja-
cent bricks from different layers was realized for both
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Fig. 3 Geometry of the different epoxy spacer types used in the full-brick and the half-brick: (a) spacer A with opening and protruding
pins used as side spacer in the full-brick and the half-brick, (b) spacer B with central column, throughout hole for vertical wires and
recess for interlocking, used as middle spacer in the full brick, and (c) spacer C with opening and recess for interlocking, used for
half-brick

Fig. 4 Main steps for casting the epoxy spacers: (a) rubber mould parts for casting epoxy spacers B; (b) example of an epoxy spacer B
removed from the mould after casting; (c) bonding of an epoxy spacer B to the two laminated glass layers; (d) rubber mould for casting
epoxy spacers A in-place; (e) laminated glass layers positioned in rubber mould for casting an epoxy spacer A; f overview of parallel
manufacturing of several full bricks
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Fig. 5 Schematic illustration of the considered assembly and support systems for the translucent glass brick walls: (a) system with
pre-stressed wires and (b) system with edge clamping

systems through interlocking connections ensured by
the spacer geometries with protruding pins and recess-
ing parts. For a façade application, the joints between
bricks would be sealed with silicone sealant (or grout)
near the exterior and the interior surfaces of the walls,
to ensure weather tightness. This would require a small
offset of the PVC layers towards the interior of the
bricks.

When building with glass, a damage of components
made of thismaterial needs to be considered.A replace-
ment of damaged single bricks in the two introduced
assembly and support systems is not easy, but possi-
ble. Having the bricks assembled in framed elements
(both for the system with wires and for that with edge
clamping), a replacement of a single brick could be
done by removing one such framed element, and then
removing all dry-stacked glass brick layers down to
the damaged one. Since also the silicone sealant neces-
sary for weather tightness between bricks would need

to be removed for disassembling and replaced after-
wards, and depending on the position of the damaged
brick, the replacement process might require substan-
tial labour.

3 Methods

3.1 Uniaxial tensile and compressive tests on epoxy
resin used for spacers

There are no previous structural applications of the
epoxy resin used for the spacers in the bricks. There-
fore, uniaxial tensile and compressive tests were con-
ducted to determine its mechanical properties under
room ambient conditions (around 20 °C and 50% rela-
tive humidity).

For the tensile tests, coupon specimens of Type 1A
with a thickness of 4mmweremanufactured according
to (EN ISO 527-2 2012). The specimen geometry and
the test setup are shown in Fig. 6a. The specimens were
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Fig. 6 Test setups and test specimen geometries used for investigating thematerial behaviour of the spacer epoxy resin under (a) uniaxial
tensile loading and (b) uniaxial compressive loading

cast in silicone moulds by mixing the two components
in a ratio of 2:1 between resin and catalyst. The test
specimens cured under room ambient conditions for
seven days before testing. The tests were conducted
under displacement control on a Zwick/Roell univer-
sal testingmachine. Twodifferent displacement rates of
1 mm/min and 10 mm/min were used. Sheets of sand-
paper with grit size P100 were bonded on the specimen
surfaces in the clamping area to improve the grip. The
forcewasmeasuredwith a 10 kN load cell, while for the
displacements a digital image correlation (DIC) system
was used in addition to the traverse displacement. The
front surfaces of the specimens were covered first with
awhite flat paint and afterwards, a black speckle pattern
was applied with an airbrush system. The DIC strain
and displacementmeasurementswere conductedwith a
VIC-3D 9 system from Correlated Solutions, Inc. with
two FLIR 12.3 MP cameras equipped with Rodagon
lenses with a focal length of 80 mm. Five specimens
were evaluated for each of the two displacement rates.
First, three cycles up to a force of 800Nwere conducted
andafterwards the specimenswere tested to failure.The
Young’smodulus, themaximumengineering stress and
the corresponding engineering strain (ultimate strain)
were evaluated for this last cycle. TheYoung’smodulus
was evaluated as linear regression between engineering
stresses of 5 MPa and 20 MPa, corresponding approx-
imately to 10% and 40%, respectively, of the failure
stress. The stresses were calculated with the measured

initial cross-sections,while the strainswere determined
based on a virtual extensometer applied over a length
L0 � 75 mm of the specimen part with constant width.

For the compressive tests, prismatic specimens with
a height of 20 mm and a square cross-section with an
edge length of 10 mm were cast. The chosen geometry
was based on the indications in (EN ISO 604 2002).
The specimen geometry and the test setup are shown
in Fig. 6b. The tests were conducted on the same uni-
versal testingmachine under displacement control with
displacement rates of 1 mm/min and 10 mm/min. The
forcesweremeasuredwith a 200 kN load cell, while the
displacements were measured with a touching exten-
someter between the load application and the support
plates until 4 mm compression, corresponding to 20%
of the initial height of the specimens. Some of the tests
were continued beyond this compression value after
removing the extensometer. The Young’s modulus, the
maximum engineering stress and the corresponding
engineering strain were evaluated for the compressive
test specimens. The stresses were determined based on
the initial measured cross-sections, while the strains
were calculated based on the extensometer measure-
ments. The Young’s modulus was determined as linear
regression between engineering stresses of 20MPa and
40 MPa. Three specimens were evaluated for each of
the two displacement rates.
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Fig. 7 Models used for the finite element simulations on a single glass brick: (a) components, boundary conditions and loading, and
(b) different mesh densities

3.2 Finite element simulations on single translucent
glass brick

Finite element simulations were conducted in the
computer-aided engineering software (Abaqus/CAE
2021) on a single translucent full-brick in order to
assess different finite element types andmesh densities.
The objective of this study was to reduce the computa-
tion time for the simulations at wall-level. The bricks
were modelled as one single part with partitions for
assigning the different materials. The components of
a brick in the model as well as the applied boundary
conditions and loading are illustrated in Fig. 7a. One
brick included the two laminated glass packages con-
sisting of two glass layers and a PVB interlayer each, a
spacer element composed of all the spacers in a brick

and the PMMA cover plates, and vertical and horizon-
tal PVC sheets with a thickness of 2.5 mm along all
glass edges. The aerogel granulate was not included in
the model, since it was not expected to have a signifi-
cant influence on the structural behaviour of the glass
bricks and glass brick walls. In addition, an eventual
load transfer between the two laminated glass layers
through the cavity was considered to have an insignifi-
cant contribution and was neglected. The properties of
the different materials as used in the simulations are
provided in Table 1. For the epoxy resin, a yield stress
of 50N/mm2 was defined in addition to the elastic prop-
erties. The table also includes materials that were only
used in the simulations at wall-level (see Sect. 3.3).

Chamfers at the glass edges as well as eventual off-
sets of the PVC layers towards the interior of the bricks
were neglected in the models. The different spacers
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Table 1 Selected properties of the different materials used in the
translucent and insulating aerogel-filled glass bricks and brick
walls, as assumed in the simulations discussed in this paper

Material Density
(tons/mm3)

Young’s
modulus
(N/mm2)

Poisson’s
ratio
(−)

Annealed
glass

2.50E−09 70,000 0.23

PVB
interlayer

1.10E−09 1.5 0.48

Epoxy for
spacers

1.12E–09 2500 0.40

PMMA cover
sheets

1.19E−09 3000 0.40

PVC sheets
between
bricks

1.40E−09 2500 0.40

Clamping
gaskets

1.00E−09 1 0.48

Steel wires 7.85E–09 200,000 0.30

Steel frames 7.85E−09 210,000 0.30

in one brick and the PMMA cover plates were mod-
elled as one material with the properties of the epoxy
resin for two reasons: (1) their mechanical properties
do not differ significantly, and (2) due to the thin epoxy
resin layer poured on the PMMA cover plates, the
spacers and the plates could be assumed as bonded
together. Moreover, the spacer geometry was slightly
adapted/simplified compared to the real one to ease
the meshing and later in the simulations at wall-level
the contact definitions. The 2.5 mm thick PVC sheets
along the glass edges represent half of the layers used
between adjacent bricks. They were modelled directly
on the bricks, to allow the definition of a single contact
interaction between adjacent bricks in the wall simu-
lations. In the single brick simulations, the boundary
conditions were applied on reference points as if verti-
cal and horizontal wires would be used. Therefore, five
reference points (RPs) were defined and connected to
spacer surfaces: RP1-RP4 on the protruding pins of the
spacers A at the extremities of the brick and RP5 for the
hole in the spacer B in the middle of the brick. A load
simulating a wind pressure of 1 kN/m2 was applied on
one exterior glass surface.

All components of the full-brickweremodelledwith
solid elements. The following element types were con-
sidered: 8-node linear elements with reduced integra-
tion (C3D8R), 8-node linear elements with full inte-
gration (C3D8) and 20-node quadratic elements with
reduced integration (C3D20R). For each of these ele-
ment types three different global mesh sizes were eval-
uated—10 mm, 5 mm and 2 mm—as illustrated in
Fig. 7b. For comparing the results obtained with the
different element types and mesh sizes, global defor-
mations,maximumprincipal stresses in the glass layers
and Mises stresses in the spacers were evaluated.

3.3 Finite element simulations on translucent glass
brick walls

Finite element simulations were conducted on translu-
cent glass brick walls with the two support systems
introduced in Sect. 2.2. The full-bricks were mod-
elled as described in Sect. 3.2 with 8-node elements
with full integration (C3D8) and a global mesh size of
10 mm. Only in the area of the protruding spacer pins,
the mesh was refined to 2 mm for improved contact
behaviour. The half-bricks were modelled in a similar
way as the full-bricks. Gaps in the interlocking con-
nections between spacers of different bricks, which are
resulting frommanufacturing tolerances and are neces-
sary for assembling, were neglected in the simulations.
These gaps resulting between protruding spacer pins
and recessed spacer parts had dimensions of around
0.5 mm to 1.0 mm in case of the realised mock-up. For
the interaction betweendifferent bricks, contact proper-
tieswere defined as follows: (1) hard contact that allows
separation in normal direction, and (2) friction with an
assumedcoefficient of 0.1 in tangential direction.These
properties were defined both between the interlocking
spacer parts of bricks positioned on top of each other,
and between the PVC sheets belonging to adjacent,
dry assembled bricks. This type of interaction allowed
transferring forces between these parts only by com-
pression, while in case of tension gaps would result.
The modelling assumptions in terms of supports for
the two considered systems—with pre-stressed wires
and with edge clamping, respectively—are illustrated
schematically in Fig. 8.
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Fig. 8 Boundary conditions, load application, and contact definitions for the considered assembly and support systems for the translucent
glass brick walls: (a) system with pre-stressed wires and (b) system with edge clamping

For the support system with wires, the wires were
modelled as linear beam elements (B31) with a diam-
eter of 3 mm and a mesh size of 2 mm. Such ele-
ments proved to allow amore stable convergence of the
simulations compared to truss elements. For the mate-
rial properties, stainless spring steel wire was assumed
according to (EN 10270–3 2011). The wires were sup-
ported at both of their ends by fixing all their transla-
tional degrees of freedom and the rotation around their
ownaxis. The contact between thewires and the defined
spacer surfaces (see sketch in Fig. 9)wasmodelledwith
tie constraints to facilitate convergence in the simula-
tions. The pre-stress of the wires was applied through
predefined fields by cooling the wires by 47 °C. This
led to a pre-stress of around 150 N/mm2, correspond-
ing to around 10% of the assumed ultimate strength

of 1,500 N/mm2 for the wires. The frame elements
around the brick wall were modelled as well. How-
ever, only for the bottom frame beam contact to the
brickswas defined,while in the other directions a gap of
10mmwas left based on the assumption that this would
be necessary for eventual thermal elongations. There-
fore, these beams are included only as reference for the
deformation of the brick wall. The frame parts were
supported by fixing all translational degrees of free-
dom of their exterior surfaces. The assumption of rigid
frames is correct when the frames can be connected to
existing slabs and columns or walls, but otherwise their
real stiffness and resulting deflections would need to be
considered.

For the support system with clamping along the
edges of the brick wall, gaskets with a width of 18 mm
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Fig. 9 Contact definitions for the glass bricks in the considered assembly and support systems for the translucent glass brick walls

and a thickness of 12 mm were assumed along the
edges on both the front and the back of the bricks at
the supported wall edges. The gasket material was con-
nected with tie constrains to the frame elements, which
were also modelled for these systems. The connection
between gaskets and the corresponding glass surfaces
were modelled as well with tie constraints to facilitate
convergence of the simulations. Between frame ele-
ments and glass bricks, contact was only modelled for
the bottom frame beam, while for the other frame ele-
ments a gap of 10 mm was assumed between them and
the brick, similar to the systemwith pre-stressed wires.
All the frame elements were supported at their exterior
surfaces by fixing all translational degrees of freedom.

Out-of-plane loading, as it would result due to wind,
was modelled as pressure with p � 1.0 kN/m2 on one
of the glass brick wall surfaces. The self-weight was
neglected in the present investigations for all simula-
tions to reduce the complexity in terms of closing and
separating contacts (convergence issues). An addition
of the self-weight would further reduce the resulting
out-of-plane deformation.

A glass brick wall element size with a width of
around 1.0 m and a height of approximately 2.5 m was
considered, corresponding to the size of the mock-up
element shown in Fig. 1b. For the system with pre-
stressed wires, alternatives with only vertical wires,
only horizontal wires and both vertical and horizontal
wires were considered. Moreover, simulations without
pre-stress and such with a pre-stress of 150 N/mm2

were conducted. For the system with edge clamping,
clamping only along the horizontal edges, only along

the vertical edges, and four-sided clamping were con-
sidered. In addition, one system with clamping along
the horizontal edges and pre-stressed vertical wireswas
included. Moreover, a second brick wall size with the
same height and a width of around 2.5 m was inves-
tigated for the systems with four-sided supports and
two-sided support along the vertical edges. A matrix
with an overview of the different simulations is given
in Table 2.

4 Results and discussion

4.1 Mechanical properties of epoxy resin used
for spacers

In both investigated support systems for the translu-
cent brick walls, dry interlocking connections were
used between the different layers of bricks. These con-
nections were realised through the designed spacer
geometries. Therefore, themechanical properties of the
selected epoxy resin were of interest. The stress vs.
strain relationships obtained from the tests conducted
under uniaxial tensile loading and uniaxial compres-
sive loading at room ambient conditions are shown
in Fig. 10a and b, respectively, as engineering val-
ues. Under tension, the epoxy resin exhibited an almost
linear stress vs. strain behaviour before reaching ulti-
mate stress values of approximately 50 N/mm2. With
higher displacement rate, slightly higher stress values
were reached. The stress vs. strain behaviour under
compressive loading was almost linear before yielding
occurred. Yield stress values of around 75N/mm2 were
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Table 2 Matrix of investigated models for translucent walls with the novel type of glass bricks

Model name Support system Width (m) Height (m) Wires/clamping

01-W-1.0 × 2.5-v Wires (W) 1.0 2.5 Vertical in every joint

02-PW-1.0 × 2.5-v Pre-stressed wires (PW) 1.0 2.5 Vertical in every joint

03-W-1.0 × 2.5-h Wires (W) 1.0 2.5 Horizontal in every 2nd joint

04-PW-1.0 × 2.5-h Pre-stressed wires (PW) 1.0 2.5 Horizontal in every 2nd joint

05-W-1.0 × 2.5-v-h Wires (W) 1.0 2.5 Vertical and horizontal

06-PW-1.0 × 2.5-v-h pre-stressed wires (PW) 1.0 2.5 Vertical and horizontal

07-EC-1.0 × 2.5-he Edge clamping (EC) 1.0 2.5 2-Sided clamping (horizontal)

08-EC-1.0 × 2.5-ve Edge clamping (EC) 1.0 2.5 2-Sided clamping (vertical)

09-EC-1.0 × 2.5-ve-he Edge clamping (EC) 1.0 2.5 4-Sided clamping

10-EC-PW-1.0 × 2.5-he-v Edge clamping + pre-stressed
wires (EC-PW)

1.0 2.5 2-Sided clamping (horizontal) +
vertical wires

11-PW-2.5 × 2.5-h Pre-stressed wires (PW) 2.5 2.5 Horizontal in every 2nd joint

12-PW-2.5 × 2.5-v-h Pre-stressed wires (PW) 2.5 2.5 Vertical and horizontal

13-EC-2.5 × 2.5-ve Edge clamping (EC) 2.5 2.5 2-Sided clamping (vertical)

14-EC-2.5 × 2.5-ve-he Edge clamping (EC) 2.5 2.5 4-Sided clamping

Fig. 10 Engineering stress versus engineering strain curves obtained from material tests on epoxy specimens under (a) uniaxial tensile
loading and (b) uniaxial compressive loading

Fig. 11 Uniaxial compressive test specimen made of epoxy resin at different stages of a test carried until 50% compressive strain
(different light exposure due to removal of extensometer between 20 and 30% compression)
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Table 3 Selected
mechanical properties of the
spacer epoxy resin as mean
values based on the uniaxial
tensile and compressive
tests

Parameter Tensile loading Compressive loading

Loading speed (mm/min) 1 10 1 10

Number of specimens (−) 5 5 3 3

Young’s modulus (MPa) 2569 2647 2114 2612

Maximum stress (MPa) 47.6 50.9 73.5 95.8

Corresponding strain (%) 2.8% 2.5% 5.0% 5.7%

reached for a displacement rate of 1 mm/min, while
with the ten times higher displacement rate, around
30% higher values were obtained. Large plastic strains
were noticed under compressive loading after yield-
ing. The curves in Fig. 10b extend only until com-
pressive strains of 20–25%, at which the extensome-
ter was removed. However, for some specimens the
tests were continued afterwards. Figure 11 shows one
such specimen at different stages of a test carried out
until 50% compressive strain. It can be observed that
a bulge resulted in all directions before reaching 10%
strain.Afterwards, this bulge grewuntil ultimate failure
occurred between 40 and 50% strain due to transverse
tensile failure.

Table 3 provides selected mechanical properties
determined from the tests as average values. The dis-
placement rate dependency of the Young’s modulus
proved to be small under tensile loading, while vary-
ing a little more under compressive loading. For the
maximum stress, the ultimate stress was considered
under tensile loading, while under compressive load-
ing the yield stress is given in Table 3. Higher stress
values were reached under compression after yielding
and before failure due to transverse tension, however,
the strain values at which these stresses occurred are
beyond those interesting for practice. In the case of
the interlocking spacers parts used for connecting the
glass bricks, the tensile strength in the protruding pins
is expected to be the limiting criteria.

4.2 Finite element mesh study for single glass brick

For the simulations on a single glass brick under
a pressure load of 1.0 kN/m2 acting on one of the
exterior glass surfaces, the overall displacements (see
Fig. 12), the maximum principal stresses in the glass

(see Fig. 13) and the Mises stresses in the spacers (see
Fig. 14) were evaluated. Despite the very low values
resulting for all these outputs, the study allowed to
assess suitable finite element types and mesh sizes for
the simulations at wall level. Further, the stress plots
indicated the location of higher stresses in the glass lay-
ers an in the spacers. For the glass, the highest stresses
occurred in the inner glass sheet of the loaded laminated
glass in the area of the middle spacer B as a hogging
effect. For the spacers, the highest stresses occurred in
the protruding pins of the spacers A.

From the Figs. 12, 13 and 14, it can be noticed that
by using the coarsest discretisation with 8-node solid
elements with reduced integration and a mesh size of
10 mm, the displacements were overestimated, while
the stresses were underestimated both in the glass and
in the spacers. Even a mesh size of 5 mm did not
lead to satisfying results with this type of elements.
In case of the finest discretisation with 20-node solid
elements with reduced integration, the most accurate
results would be assumed. However, for the Mises
stresses in the spacers, singularity points led to higher
values than for all other models.

For the simulations at wall-level, a mesh size of
10 mmwith 8-node solid elements with full integration
was chosen.Despite leading to slightly lower stresses in
the glass and in the spacers compared to models with
the same mesh size and 20-node solid elements with
reduced integration, this was considered acceptable for
comparing the different brick wall support systems to
each other. For the single brick, this compromise led to
an approximately four times shorter computation time.
The computation timewith the finest discretisation was
around 1,100 times longer. Moreover, a mesh refine-
ment to a size of 2 mmwas used in the areas of the pro-
truding spacer pins for more accurate results in these
zones.
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Fig. 12 Maximum displacement contour plots of the single brick under a surface load of 1.0 kN/m2 obtained with different mesh
element types (C3D8R, C3D8 and C3D20R) and different mesh sizes of (a) 10 mm, (b) 5 mm and (c) 2 mm

Fig. 13 Maximum principal stress contour plots of the glass in the single brick under a surface load of 1.0 kN/m2 obtained with different
mesh element types (C3D8R, C3D8 and C3D20R) and mesh sizes of (a) 10 mm, (b) 5 mm and (c) 2 mm
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Fig. 14 MaximumMises stress contour plots of the spacers in the single brick under a surface load of 1.0 kN/m2 obtained with different
mesh element types (C3D8R, C3D8 and C3D20R) and mesh sizes of (a) 10 mm, (b) 5 mm and (c) 2 mm

4.3 Structural behaviour of translucent glass brick
walls

This section presents and discusses the results obtained
from simulations of translucent glass brick walls with
the different support systems described in Sects. 2.2
and 3.3. Table 4 provides an overview of global defor-
mations, maximum principal stresses in the glass and
maximum Mises stresses in the epoxy resin spacers
resulting under an out-of-plane load of 1.0 kN/m2. For
some of the models, as specified in the table, the whole
load could not be applied due to convergence issues.

For better qualitative and quantitative visualisation
of the deformation behaviour of the glass brick walls
with the different support systems, deformation plots
are provided for the 1.0 mwide elements in Fig. 15 and
for the 2.5 m wide elements in Fig. 16. The deforma-
tions were plotted with a scaling factor of 100. In case
of the 1.0 m wide elements with wires, deformation
contour plots are shown in Fig. 15a only for the alter-
natives with pre-stress. From the results in Table 4 and

the plots in Fig. 15, it can be observed that the occur-
ring maximum deformations are rather small for all the
investigated systems, not exceeding 1/300 of the span.

The highest displacements resulted for the systems
spanning over the height of the glass brick walls,
namely those with only vertical wires (models 01 and
02) and that with edge clamping along the horizon-
tal edges (model 07). These were also the systems
for which results were only obtained for a pressure
of 0.2 kN/m2. In both cases, the convergence issues
were due to difficulties in finding equilibrium under
the occurring displacements with the given complex
contact interactions. The deformation plots are not
symmetrical in height direction because of the contact
defined between bricks and frame only at the bottom.
At the top, the movement of the bricks was not lim-
ited because of the assumed gap of 10 mm. In case of
the system with vertical (pre-stressed) wires, most of
the displacement was a rigid body movement of the
glass bricks relative to the frame. For the system with
edge clamping along the horizontal edges, the displace-
ments resulted due to gaps opening gradually between
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Table 4 Selected results from the performed simulations on translucent walls with the novel type of glass bricks loaded by a surface
load of 1.0 kN/m2

Model name Applied pressure load
(kN/m2)

Maximum
deformation
(mm)

Maximum principal
stress in glass
(MPa)

Maximum Mises stress in
epoxy spacer
(MPa)

01-W-1.0 × 2.5-v* 0.20 1.16 1.13 49.54

02-PW-1.0 × 2.5-v* 0.20 0.96 0.97 42.02

03-W-1.0 × 2.5-h 1.00 0.68 0.46 62.15

04-PW-1.0 × 2.5-h 1.00 0.50 0.46 49.67

05-W-1.0 × 2.5-v-h 1.00 0.55 0.55 58.04

06-PW-1.0 × 2.5-v-h 1.00 0.41 0.51 41.18

07-EC-1.0 × 2.5-he * 0.20 6.59 0.38 5.05

08-EC-1.0 × 2.5-ve 1.00 0.15 0.60 4.56

09-EC-1.0 × 2.5-ve-he 1.00 0.12 0.49 3.48

10-EC-PW-1.0 ×
2.5-he-v

1.00 2.06 3.60 26.90

11-PW-2.5 × 2.5-h 1.00 3.35 1.99 80.72

12-PW-2.5 × 2.5-v-h 1.00 1.88 1.40 83.18

13-EC-2.5 × 2.5-ve 1.00 3.59 3.16 24.71

14-EC-2.5 × 2.5-ve-he 1.00 2.54 2.21 16.82

*These models did not converge up to a load of 1.0 kN/m2 and therefore the provided results are for lower loads

the different brick layers on the opposite side to the
loaded one. Only the lever resulting through the com-
pressed glass brick edges and the pressure/friction in
the interlocking spacers resisted the bending deforma-
tion. A combination of these two supporting systems
(model 10) was investigated as well and showed sig-
nificantly better results: the edge clamping impeded
the rigid body displacement, while the vertical wires
were more efficient for resisting the bending together
with the compressed glass brick edges compared to the
interlocking connections alone.

The 1.0 m wide systems spanning over the width
of the glass brick walls, namely those with only hori-
zontal wires (models 03 and 04) and the one with edge
clamping along the vertical edges (model 08) behaved
significantly stiffer according to the obtainedmaximum
deformations. This was on the one hand due to the
shorter span andon theother handdue to the lower num-
ber of possible gap openings between bricks.Moreover,
the offset by half of a brick between layers contributed
to the increased stiffness. The systems spanning in two
directions with vertical and horizontal wires (model 05

and model 06) and the one with four-sided edge clamp-
ing (model 09) led to a further decrease of the resulting
deformations, as expected. The effect of the pre-stress
applied on the wires on the deformations of the walls is
shown by the results in Table 4. A deformation reduc-
tion of around 25% could be achieved for these systems
with the pre-stress level of 150 N/mm2.

For the 1.0 m wide elements, both for the systems
spanning over thewidth of thewalls and for those span-
ning in two directions, the edge clamping resulted in
slightlymore than three times lower deformations com-
pared to the pre-stressed wires. However, one should
consider that most of the deformation for the systems
with wires occurred as a relative rigid body movement
of the glass bricks relative to the frame. Interestingly,
for the 2.5 m wide wall elements, the systems with
edge clamping exhibited slightly higher deformations
compared to those with pre-stressed wires.

In addition to the deformations, the occurring
stresses in theglass layers and in the spacerswere evalu-
ated. Besides the values provided in Table 4, stress con-
tour plots obtained from the simulations on 1.0 m wide
elements are provided for the glass layers in Fig. 17
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Fig. 15 Global deformation contour plots for the different models of 1.0 m wide glass brick walls (a) with pre-stressed wires and
(b) with edge clamping under a surface load of 1.0 kN/m.2 (scaling factor of 100)

and for the spacers in Fig. 18. The location of the bricks
exhibiting maximum stresses is pointed out, along with
the location of the maximum stresses in the respective
bricks.

The maximum principal stresses in the glass lay-
ers reached quite low values. For the 1.0 m wide ele-
ments, the maximum values were reached for the sys-
tems spanning over the glass height, despite the models
01 and02only converged up to a load of 0.2 kN/m2. The
system with vertical wires and edge clamping along
the horizontal edges (see model 10 in Table 4) reached

the highest values with 3.60 N/mm2, which is still sig-
nificantly lower than the tensile bending strength of
annealed float glass. For the investigated 2.5 m wide
elements, the size of the maximum principal stresses
in the glass increased slightly compared to the corre-
sponding 1.0 m wide elements. However, the values
were still significantly lower than the strength of the
glass. The location of the maximum stresses were in
most cases in the inner glass layer of the laminated
glass on the side facing away from the load. The posi-
tion of the brick exhibiting the maximum values in the
wall elements depended on the support system and was
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Fig. 16 Global deformation contour plots for the different models of 2.5 m wide glass brick walls (a) with pre-stressed wires and
(b) with edge clamping under a surface load of 1.0 kN/m.2 (scaling factor of 100)

located rather at the bottom or at the top of the wall for
systems spanning in one direction and more towards
the middle of the wall for systems spanning in two
directions.

For the spacers, the Mises stresses were evaluated.
The resulting values were significantly higher for the
systems with wires (see Fig. 18a) compared to those
with edge clamping (see Fig. 18b). The position of the
bricks exhibiting the maximum values corresponded
well to the bricks exhibiting the highest glass stresses.
The locations of themaximumMises stresseswere very
isolated. For the system with wires, this corresponded

to the contact points in which the wires touched the
spacers. For the system with only vertical wires the
maximum Mises stresses were in the inner hole of a
spacer B, while for the systems with only horizon-
tal wires and that with wires in two directions, the
maximum Mises stresses occurred in the recesses of
the protruding pins of spacers A. For the 1.0 m wide
elements, the maximum stresses in the spacers were
reduced by pre-stressing the wires (see Table 4). The
size of the maximum stress values for the systems
with wires exceeded in some cases the tensile strength
of 47.6 N/mm2 and in case of the model 11, even
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Fig. 17 Maximum principal stress contour plots for the glass layers with the highest stress from the different models of 1.0 m wide
glass brick walls (a) with pre-stressed wires and (b) with edge clamping under a surface load of 1.0 kN/m.2

the compressive yield strength of 73.5 N/mm2 deter-
mined for the epoxy resin with a displacement rate
of 1 mm/min in the conducted tests. For the systems
with edge clamping, themaximumMises stresses in the
spacers occurred in the protruding parts of the spacers
ensuring the interlocking connections. Their size was
significantly lower compared to the systemswithwires.
For the 1.0mwide elements the difference was approx-
imately by a factor of ten; however, this difference was
lower for the wider wall elements.

Based on the findings from the conducted simula-
tions, it can be overall concluded that systems spanning
over the width of the wall elements and systems span-
ning in two directions behaved well in terms of defor-
mations. Systems spanning over the height of the ele-
ments, either only with wires or only with edge clamp-
ing along the horizontal edges, showed higher deforma-
tions and convergence issues in the simulations. A sys-
temwith combined edge clamping along the horizontal

edges and vertical wires, however, might be a suitable
solution in case it is aimed not to use vertical mullions.
One should also consider that the conducted investi-
gations did not consider the self-weight of the glass
bricks, which would have a positive effect on reducing
the occurring deformations under out-of-plane load-
ing. As mentioned previously, some of the simulations
exhibited convergence issues. Considering the complex
contact interactions between the glass bricks, the use of
the explicit solver might be more suitable for such sim-
ulations than the implicit solver used for the investiga-
tions in the current paper. However, a proper validation
of assumptions necessary for using the explicit solver
for quasi-static problems (e.g., time scaling and mass
scaling) is only considered feasible through experimen-
tal results. Such were not available for the investigated
situations or similar ones.

In terms of resulting stresses, the simulations
showed that glass failure is rather unlikely to occur due
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Fig. 18 Mises stress contour plots for the epoxy spacers with the highest stress from the different models of 1.0 m wide glass brick
walls (a) with pre-stressed wires and (b) with edge clamping under a surface load of 1.0 kN/m.2

to out-of-plane loading for the investigated configura-
tions. The weakest elements in the glass bricks proved
to be the epoxy resin spacers, especially the parts ensur-
ing the force transfer to the wires and the protruding
pins ensuring the interlocking connections. Consider-
ing that higher loads than the pressure of 1.0 kN/m2

assumed in these investigations might occur and that
the properties of the epoxy resin used for the spacers
would very probably degrade with higher service tem-
perature, experimental investigations on the structural
behaviour of the spacers and optimizations of its geom-
etry are necessary.

5 Outlook on optimization possibilities
for the translucent brick walls

The conducted finite element simulations showed the
suitability and relatively good structural performance
of some of the investigated support systems for translu-

cent walls made from the novel aerogel-filled glass
bricks. At the same time, the findings indicated exist-
ing optimization possibilities of which some are high-
lighted in this section.

The annealed float glass sheets used in the current
version of the bricks are 12 mm thick. Since only low
stress values were observed in the simulations, even-
tually the glass thickness might be reduced, especially
if the walls are only self-bearing and not intended to
carry loads from the main structure (e.g., slabs). A
reduced thickness of the glass would actually improve
the thermal performance of the bricks and is expected
to only lead to a very limited increase of out-of-
plane deformations. Moreover, the aerogel-filled glass
bricks are translucent, not transparent. Therefore, also
the optical quality requirements for the glass are not
extremely high. Annealed glass from end-of-life win-
dow or façade glazing could be considered for reman-
ufacturing into such glass bricks, even if it exhibits
surface scratches.
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The current size of the bricks was chosen to repro-
duce the appearance of conventional brickwork. Larger
(higher) single bricks are however worth considering.
This would reduce the number of brick layers and gaps
between them for the same wall height, hereby also
reducing the length of thermal bridges. However, this
would eventually also lead to increased stressing of
the interlocking spacer parts. Regarding the spacer,
various optimizations are possible from a structural
point of view. Depending on the chosen support sys-
tem, the geometry of the spacers could be optimized
to more efficiently transfer the loads. More important,
the epoxy resin currently used needs detailed investiga-
tions regarding behaviour at high service temperatures
and its durability under the expected environmental
conditions. Eventually alternative materials or mate-
rial combinations inspired from available spacer sys-
tems for insulating glass units might prove to be solu-
tions that are more suitable. Moreover, the behaviour
of the single brick as well as of the brick walls needs to
be investigated under temperature changes in a future
step. At single brick level, temperature changes might
lead to different thermal elongations of the glass layers
and the epoxy resin spacer and, as a consequence, to
either delamination between these materials or shear
cracks in the glass. Depending on the air tightness of
the aerogel-filled cavities, temperature changes might
also lead to pressure changes in these cavities and, as a
consequence, to stresses in the sealing tapes. At brick
wall level, temperature changes will lead to an increase
or decrease of the pre-stress in the wires for the respec-
tive systems. Future investigations of the single brick
under temperature changesmight also lead to necessary
adaptations and optimizations of the spacers.

6 Conclusions

The results discussed in this paper allowed assessing
the structural performance of different support systems
for wallsmade of translucent aerogel-filled glass bricks
loaded by out-of-plane loads. The findings led to the
following conclusions relevant for further development
of such systems:

• The epoxy resin used for the spacers in the aerogel-
filled glass bricks had a similar stiffness under tensile
and under compressive loading at room ambient con-
ditions. However, while it showed a brittle failure in

the uniaxial tensile tests, it behaved ductile in the
compressive ones.

• The finite element studies on a single glass brick
showed that with linear solid elements with reduced
integration a very fine mesh was necessary for rea-
sonable results, while with linear solid elements with
full integration, such results were obtained also with
a significantly coarser mesh.

• Walls made of translucent aerogel-filled glass bricks
and spanning over the wall height showed a rea-
sonable deformation behaviour when edge clamping
along the horizontal edges combined with vertical
wires were used as support system. The deforma-
tions were significantly higher and the simulations
showed convergence issues when only one of the
two support systems was used.

• Walls made of translucent aerogel-filled glass bricks
and spanning over the wall width or spanning in
two directions showed a reasonable deformation
behaviour both for support systems with wires and
for support systems with edge clamping under the
applied pressure load of 1.0 kN/m2.

• For all investigated support systems, only low maxi-
mum principal stress values below 4N/mm2 resulted
in the annealed float glass layers. The spacer ele-
ments exhibited high local stresses, which for some
support systems with wires exceeded the strength
determined in the experiments for the assumed epoxy
resin.

Careful attentionwas given to the assumptionsmade
for the performed simulations. Nevertheless, physical
experiments at wall assembly level would be useful in
a future step for further validating the simulation find-
ings, as well as for assessing the influence of manufac-
turing tolerances.
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