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A

Timber with its natural appearance and glass with its transparency may be appealing
material for architects and users of modern buildings. Glass is a brittle material,
but it is about six times stiffer than timber. Combined appropriately, the materials
could form different types of composite products, e.g. beams or shear walls, that
can be included in the load-carrying structure of buildings. e knowledge on load-
carrying timber/glass components is limited. e intention of this research has been
to contribute to the knowledge required for the industry to be willing to produce
timber/glass components for the market.

e thesis includes experimental testing accompanied with complementary nite
element simulations, which provide more details and information about the test
results. Tests were performed on small-scale specimens with a bond area of 800 mm2

as well as on I-beam and shear wall prototypes. For the small-scale specimens tested
in standard climate, three different adhesives were used for the bond line between
timber and glass. ese specimens were tested in both tension and shear. In addition,
one of the adhesives was used for small-scale shear specimens which were exposed
to different humidity levels before the tests were performed. e 4 m long I-beam
prototypes designed with a web of glass and wooden anges were tested in four-
point bending. e shear wall prototypes were tested by applying either a vertical
load, a horizontal load or a combination of these, all being applied in the plane of
the shear wall.

Of the three adhesives used in the small-scale testing, an acrylate adhesive had
the largest strength, both in tension and in shear. e study on the effect of humidity
was performed with this adhesive. is study indicates that the adhesive properties
do not change dramatically in indoor climate. is adhesive was also used for twelve
of the fourteen tested I-beams. e results from the beams show that a signi cant
redundancy is obtained; the load at the nal failure was around 240 % of the load
when the rst crack in the glass web appeared. e shear walls were glued using the
acrylate adhesive and for a few cases a 2-component silicone based adhesive. e
results from the shear wall tests showed the shear wall to behave in a much more
brittle manner, without any noticeable redundancy.
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e work behind this thesis has been performed within a research project dealing
with the combination of timber and glass in structural building components. e
official name of the project is ’Glas och trä i samverkan – Innovativa Byggprodukter
med Mervärde’ (In English: ‘Glass and Timber – Innovative Building Components
with Added-Value’).

e research in the project is divided into three different subprojects or work
packages. e present work is part of the work package Adhesive joints and mechanical
behaviour of components. e other two research work packages comprise Energy and
environment and Design and architecture.

e project has nancing from the European Union’s structural fund for regional
development, managed by Tillväxtverket. In addition, nancing is provided by the
participating research organisations Glafo AB, Linnæus University and Lund Uni-
versity as well as Sika Sverige AB and Pilkington Floatglas AB, which have provided
material for the tested specimens.

In the work behind this thesis, several people have been involved, most of all
my supervisor Erik Serrano, but also the other participants in the same subproject,
Bertil Enquist and Magdalena Sterley, and with more general issues also my co-
supervisor Anders Olsson. e work of the other subprojects mentioned above
has given me a broader perspective on the issues of timber/glass components.
Acknowledgments goes out to each one, mentioned or not, for their respective
contribution.
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Appended papers

Paper I L. Blyberg, E. Serrano, B. Enquist and M. Sterley. Adhesive joints for
timber/glass applications – Part 1: Mechanical properties in shear and
tension. Manuscript submitted for publication, 2011.

Paper II L. Blyberg, E. Serrano, B. Enquist and M. Sterley. Adhesive joints
for timber/glass applications – Part 2: Test evaluation based on FE-
analyses and contact free deformation measurements. Manuscript sub-
mitted for publication, 2011.

Paper III L. Blyberg and E. Serrano. Timber/Glass adhesively bonded I-beams.
In Glass Performance Days, Conference Proceedings, 2011.†

† Orally presented during the Glass Performance Days conference in Tampere, 17-20 June, 2011

Author’s contribution to appended papers
e experimental tests which the papers are based on have been determined by what

is required from the project. e more detailed design of the specimens and the test
methods have been discussed within the subproject and the author has been part
of these discussions, at least regarding the small-scale specimens (Paper I and II).
During these discussions, the author has performed some nite element simulations
on preliminary designs as supporting material for further developments.

e author has evaluated the results and written the papers, with some sug-
gestions from the other members of the subproject. e main ideas behind the
complementary nite element simulations in Paper II and III are the author’s own.

Additional work presented
In addition to the work presented in the appended papers, two other studies
performed within the project are brie y presented. In the rst, a study on the effect
of humidity on the properties of one adhesive bond, the author’s contribution has
been to take part in the discussions on the design of the test series and evaluate
the test results. In the second, a study of the behaviour of shear wall elements, the
author’s contribution has been to take part in the development of the prototype,
perform FE-analyses in order to design the test setup and evaluate the test results.
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1 I

1.1 Topic introduction

Different materials have different advantageous and disadvantageous properties.
ere are several ways to reduce the unfavourable characteristics of a material and

thereby acquire a product better suited for constructional use.
Timber is a highly anisotropic material with more or less defects, such as knots,

which reduce the material strength. ere are various kinds of engineered wood
products where parts or smaller pieces of the timber are joined together. Fibre-
reinforced polymers is another type of engineered material, where high strength and
stiffness bres are embedded in polymeric resins.

Another method is the one employed in composite, or built-up, struc-
tures – different materials are used for different parts of a structural component.
Timber-concrete composites is an example of this, where for example a concrete
slab is connected on the compression side of a timber beam to improve strength
and stiffness. Another example is wooden I-beams with anges of sawn timber or
laminated veneer lumber and a web of board material such as oriented strand board
or plywood.

Both timber and glass are materials with aesthetically pleasing properties, timber
with its natural appearance and glass with its transparency and light-permittivity.
An appealing idea may be to nd an appropriate method to combine them to
overcome the drawbacks and utilise the bene cial mechanical properties. Glass, with
its characteristic transparency, has a stiffness about 6 times larger than that of timber
but is a very brittle material. It is shown, in the literature review and Paper III, that
reinforcing the glass with timber can provide redundancy in structural components,
e.g. beams.

1.2 Outline of the thesis

First, a brief overview of the materials timber and glass is given in Chapter 2 and
then follows a literature review of research on timber/glass adhesive bonds and
components.

Chapter 3 gives an overview of the research presented in the appended papers
and also an overview of two other studies performed within the project; tests on the
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effect of humidity on the properties of the adhesive bond (one adhesive) and tests
on shear wall elements. e last chapter comprises a discussion on future work.

1.3 Aim and limitations
e aim of the research behind this thesis has been to contribute to the knowledge

about the possibilities of structural timber/glass composites required for the Swedish
market to be inclined to produce and use such products in modern architectural
buildings. is has been done in terms of a study on possible adhesive types for
timber/glass applications as well as implementing the technology on structural
element level. Although the aim of the project itself is to produce knowledge for the
Swedish market, the fact that the research is published in English makes it available
for an international market.

e structural elements prototypes presented in this work is a beam with an I-
shaped cross section with a web of glass and wooden anges and a shear wall based
on a glass pane glued onto a wooden frame. e survey on adhesives is limited to
three types of which one was used in the study of the I-beams and the shear walls.
Only results relating to short-term loading in room temperature are included here.

Glass is, at times, referred to as structural once any load-distributing task of
the glass is studied, probably due to the history that glass is not used in the load-
carrying system in buildings. Structural sealant glazing mostly refers to that the
adhesive system carries the self-weight of the glass in the façade. To avoid ambiguity,
structural refers in this thesis only to the primary load-carrying system of buildings,
with the exception of references to the established concept of structural sealant
glazing.
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2 L

2.1 Timber
Timber, or wood, is an anisotropic material, i.e. the properties vary in different
directions. is is mainly due to the annual rings formed during the growth of a
tree. Idealised, wood is orthotropic with respect to a cylindrical coordinate system,
as depicted in Figure 2-1. Orthotropic materials have three different property
directions and for wood these are radial/tangential to the annual rings and along
the grain. However, the main difference in material properties exists along grain
versus perpendicular to grain. For the former direction, properties such as stiffness
and strength are much higher.

Owing to the natural character of wood, it is an inhomogeneous material with
variations and defects, such as knots and other aws, emerging from the growth and
life conditions of the tree. e wood formed when the tree is young has different
properties than the wood formed later on. In addition, more durable wood is formed
in the interior of the tree. If a tree is exposed to unsymmetrical loading, e.g. leaning of
the tree, wind conditions or heavy branches, reaction wood with different properties
compared to normal wood will be formed [7].

e bre structure of wood absorbs and emits moisture as the relative humidity
in the environment varies. e moisture content of the timber affects the mechanical
properties as well as the volume. An effect of the volume change is that shrinkage
due to drying can induce stresses. ese stresses may cause cracks, which reduce
the strength of a timber element. Since the orthotropic wood has far less strength
perpendicular to grain compared to along grain, one of the stress distributions that
should be avoided is tensile stress perpendicular to grain.

Figure 2-1. Idealised material orientations of timber. e radial and tangential directions are
marked r and t, respectively, on the cross-sectional surface.
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2.1.1 Timber in structural applications
Timber has been used as a construction material, as Desch and Dinwoodie [7]
writes, ‘since the early days of recorded history’. In 1874, a restriction to use struc-
tural timber in higher buildings in Sweden came into force [6], but in regulations
valid from 1994 this has been replaced with performance requirements.

Today there are several examples of multi-storey buildings with a load-carrying
timber structure, in Sweden as well as internationally. In addition, various kinds of
larger glued laminated structures exist; in Sweden, the older examples include the
railway stations of Malmö, Gothenburg and Stockholm, all built in the 1920s.

To reduce the disadvantageous properties of timber and obtain larger sizes,
various kinds of engineered wood products have been developed. ese are products
with increased homogeneity, reduced in uence of the strength-reducing defects
and improved shape stability, e.g. glued-laminated timber, laminated veneer lumber
(LVL) and oriented strand boards (OSB).

2.2 Glass

Float glass is produced by pouring molten glass onto a bed of molten tin. As a result
of this process, the two sides of a glass sheet are somewhat different. Krohn et al. [18]
has found that the exural strength of oat glass is larger on the ‘air side’ compared
to the ‘tin side’. By fractographic analysis, signi cantly larger aws were detected on
the tin side compared to the air side and as an explanation for this Krohn et al. refers
to that mechanical damage may occur during the oat glass process. Due to the
molecular structure of glass there is no plastic behaviour in glass [9] – it is perfectly
elastic until it fails.

Annealed glass is simply oat glass produced with a cooling process slow enough
to avoid stresses in the glass, but glass can be made more load resistant by inducing
compressive stresses on the surface. Due to aws and other imperfections, the actual
tensile strength of glass is much lower than the theoretical one obtained from
the property of the interatomic bonds or the molecular forces [9]. As noted by
Donald [8], fracture in ‘brittle solids’ is most likely to initiate at the surface, due to the
imperfections present there. Strengthened glass is obtained by inducing compressive
stresses at the surface, a higher load can be applied before the tensile stress exceeds
the tensile strength.

Most common of the strengthened glasses used in building applications is
thermally strengthened glass. e stress distribution is obtained by rst heating the
glass enough to make it soft and then rapidly cool it down. Since the surface is cooled
down rst, shrinkage and hardening occur here rst. en when the inside cools
down and thus shrinks, compressive stress is induced at the surface. [23] e stress
distribution obtained from thermal strengthening is approximately parabolic [8], as
illustrated in Figure 2-2. ermally strengthened glass is referred to as safety glass
because it breaks into small cuboid pieces as opposed to ordinary annealed glass
which can break into large and sharp pieces.
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Figure 2-2. Typical stress distribution along the thickness direction of a thermally strengthened glass,
proportions according to the ones given in [8].

Laminated glass is another type of glass which may be used in building contexts.
It consists of two or more glass panes with an interlayer material, such as a sheet of
PVB (polyvinyl butryl) resin. Laminated glass can be considered a safety glass, even
if ordinary annealed oat glass is used for the glass panes, since the interlayer material
can hold the broken pieces together in case of glass failure [14]. Even if PVB- lms
are the most commonly used interlayer material for laminated glass, there are other
materials as well. Some are used in speci c applications, such as EVA (ethylene vinyl
acetate) for the solar industry [26]. But there are also materials intended to be used
instead of PVB- lms in, for example, façade glazing. Stelzer [25] presents a study
on an ionic polymer (ionomer) interlayer which is claimed to be 100 times stiffer
and ve times stronger than PVB- lms.

2.2.1 Glass as load-carrying material
Traditionally, glass in buildings is used for windows and more recently also for
façades. When adhesives are used to bond the glass panel in the latter application
it is often referred to as structural sealant glazing (SSG). e adhesive in these
applications is mainly silicone sealants.

Due to the creep behaviour of silicone sealants, the long-term strength is only
about 10 % of the short-term strength [9]. Even if the silicone adhesive bond often
acts as the primary fastening of glass façades, there is often a secondary system which
prevent the glass sheets from falling down in case of adhesive failure.

Other areas where glass is used and where a strong connection is needed are
astronautical and automotive industries. In these areas epoxy and acrylic adhesives
are used. Haldimann et al. [9] mention a renovation of the head office of the Austrian
IBM in Vienna in 2001 as an example where a stiff adhesive was used to bond the
glass façade to the underlying metal structure. [9]

For example Huveners et al. [13] have studied glass façades acting as stabilising
elements. In [23], other applications of glass used as a load-carrying material may
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be found, e.g. glass stairs and a glass column.
An aspect to consider when planning to use glass in load-carrying structures is

what type of glass to use. If a glass element breaks, it is desirable to avoid both sharp
pieces which may cause injuries and a complete collapse of the structure.

2.2.2 Post-breakage reinforcement of glass structures
In laminated glass, the interlayer material holds the broken glass sheet together,
thus enables a post-breakage capacity. It is noted in e.g. [9] that the load resistance
increases with an increasing amount of tempering of the glass while the post-
breakage capacity decreases since when fully tempered glass fails, it shatters into
numerous small pieces.

Kreher [15] note the same phenomenon, but with timber to reinforce the broken
glass. Kreher states that ordinary annealed oat glass, as a result of its failure mode,
has the highest remaining load-carrying capacity. Another possible concept, noted
by Kreher, is to use timber as load introducing material at supports and at joints
between components.

e principle of reinforcing glass structures with other materials is also noticed
in e.g. [19] and [22], where steel is used to reinforce glass beams and provide
redundancy in case of glass failure.

Another aspect to consider is the possibility of intentional damage to the glass.
Niedermaier [21] notes this aspect and presents results from tests of a horizontally
loaded shear wall element with a wooden frame and a laminated 1 glass panel. ese
results show that the shear wall has remaining load capacity after a pendulum has
damaged the glass panel. Also Nijsse [23] note this problem and suggests a solution
where three glass sheets are laminated so that the two exterior sheets can be damaged,
while the structure still can carry load by the middle layer and the interlayer material
holding the outer broken glass sheets together.

2.3 Timber/glass composites

2.3.1 Adhesives for timber/glass applications
Cruz et al. [1, 2] tested several adhesive types for timber/glass applications, e.g. poly-
urethane (Sika ex 265), silicone (SG-20), super ex polymer (Sista Solyplast SP101)
and methacrylate (SikaFast 5211). e last one is a two-component adhesive, while
the others are one-component. From shear tests with a constant loading rate of
15 µm/s on specimens with a bond area of 400×100 mm2, the super ex polymer
adhesive is reported to have the best balance between strength and ductility. It is
shown that the load capacity of polyurethane adhesive bonds for some specimens
is at least as high as for the polymer adhesive, but there is a large variation in the
results.

¹ Detail obtained from [17].
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Hamm [10] tested four different adhesives; two different polyurethanes and
two different epoxies. Shear tests were performed at a loading rate of 11.2 µm/s
and the specimens had a bond area of 54×35 mm2. e adhesives were tested after
several climatic cycles with varying temperature and humidity. A one-component
polyurethane adhesive ( Jet-Weld TS-230) was found to perform best based on
considerations of strength, stiffness, ductility and ability to withstand the climate
cycles.

Niedermaier [21] studies the creeping properties in tension tests of silicone and
polyurethane adhesives. e specimens had a bond area of 50×12 mm2 and were
tested in tension at a load level of 30 % of the ultimate strength in short-term tests.
It is reported that, at least after 5000 hours, there was no apparent convergence of
the strain neither with silicone nor with polyurethane.

Another method is used for example in [12], where blocks of acrylate, epoxy
or similar materials are included, in addition to the adhesive bond, in timber/glass
composite elements to help distribute compressive forces into the glass sheet.

2.3.2 Examples of timber/glass components
Beams

Both Cruz et al. [3] and Hamm [11] have studied I-beams with anges of wood
and a web of glass. e ange of these I-beams had two separate wooden parts,
as shown in Figure 2-3. Experimental tests in terms of four-point bending were
performed in these studies. Cruz et al. tested two 3.2 m long I-beams, one with the
super ex polymer and one with the silicone adhesive mentioned in Chapter 2.3.1
and Hamm presents results from eight 4 m long beams with the polyurethane
adhesive (Chapter 2.3.1). Both these references report that the load can be increased
after the rst crack has appeared. In the study of Cruz et al., the increase was 77 and
86 % for the super ex polymer and the silicone, respectively, while Hamm reports
an increase of around 200 %.

Figure 2-3. I-beam design in [3] and [11].
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Hotel Pala tte in Switzerland is built with timber-glass composite girders to
support the roof [16]. ese girders have an I-section with anges of wood and a
web of glass. An adhesive referred to as ‘HGV 125 glue’ [20] was used. In [16] this
glue is speci ed as a hot melt polyurethane.

A test to establish the long-term deformation was performed on prototypes of
the hotel Pala tte girders. In this test, the ‘assumed maximum loads’ were applied
on the element. De ection is claimed to be stable at 12 mm after four weeks, except
for deformations caused by ‘day and night cycle temperature differences’. From
deformation measures on site, after the hotel was built, the de ection was shown
to be stable at 4 mm, i.e. one third of the de ection from the test. [20]

Kreher et al. [16] report that beams with ordinary annealed oat glass has
the highest remaining load-carrying capacity after failure, as noted previously in
Chapter 2.2.2. But for re-resistance, the upper anges of the beams for hotel
Pala tte were designed with dimensions sufficient to carry the load in case of glass
failure. erefore, the redundancy bene ts of ordinary annealed oat glass were
lessened and fully toughened glass was used, but it is claimed that if accounting
for the reinforcing effect of timber, the fully toughened glass could be changed to
heat-strengthened glass. [16]

A type of beam, somewhat different from the I-sectioned beams mentioned so
far, is presented in [12]. is beam consists of discontinuous I-sections of glass web
with vertical wooden members inserted between them. e main idea is that with
help of load introducing blocks (the system mentioned in the end of Section 2.3.1),
the glass sheets are allowed to act mainly as compressive diagonals. is type of
beams is referred to as ‘Viennese box-type trusses’. [12]

Other elements

Other timber/glass applications found in the literature constitute oor and wall
elements.

In [21] Niedermaier presents studies on a shear element; a glass sheet with a
glued-on wooden frame. Also Hamm [10] studies a timber/glass shear wall, but
also a type of plate or ‘plate beam’ (German Plattenbalken) with a rather large glass
sheet and a slim frame of laminated veneer lumber (Kerto-S) members glued at the
long sides of the glass sheet.

Cruz et al. [4] have constructed a type of timber-glass composite structural
wall/ oor element consisting of a wooden ‘skeleton’ covered on both the inside and
the outside with glass sheets. It is claimed that this is an advantage in terms of
durability since the timber and the adhesive are protected.
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3 O

3.1 Scope

To design timber/glass structural components, an appropriate joining technique is
required. Adhesive bonding with an appropriate adhesive could provide a sufficiently
uniform stress distribution at the transition between the materials. is is the main
idea in the present work. e work includes a study on a few adhesive types and the
design of test methods for testing the adhesive bond between timber and glass as
well as one study of timber/glass I-beams and one study of shear wall elements, as
examples of possible applications.

3.2 Adhesive bonds

Experiments for evaluating adhesive properties for timber/glass applications have
been performed on specimens with a bond area of 40×20 mm2. e adhesive bonds
were tested both in tension and shear with the specimens shown in Figure 3-1. ree
adhesives (see Table 3-1) with different properties such as stiffness and bond-line
thickness were included in the study. For each adhesive and type of test, 15 specimens
were tested. Both Paper I and II are based on these experiments.

Figure 3-1. Dimensions of adhesive bond specimens for tension (left) and shear (right).

9



Table 3-1. Adhesives studied in the bond-line testing.
Adhesive Components Main area of application
Silicone one structural sealant glazing
Acrylate two structural/semi-structural bonding
Polyurethane one load-carrying timber structures

In the shear test, the xture is designed such that the resulting shear force acts
along the mid plane of the adhesive bond line in the undeformed setup, see Paper I,
Figure 3.

In Paper I, the results include a traditional study of strength, failure type and
relative displacement measured with LVDTs, while Paper II comprises an extended
study with a non-contact optical 3D-deformation measuring system and nite
element modelling.

e optical measuring system enables deformation to be measured close to the
bond and thereby evaluation of the resulting stiffness of the adhesive bond between
wood and glass is made possible. Paper II also demonstrates the capabilities obtained
when using an optical measuring system together with nite element simulations.

e optical measuring results obtained at the specimen surface can be used to
calibrate the FE model, which in turn can be used to obtain results from the inside
of the specimen.

An example of how results from FE modelling can be utilised when interpreting
the surface strain results from the optical measuring system is shown in Paper II,
Figure 8 and 9. In the optical measuring results, strain concentrations appear at the
interface between the adhesive and the adherents. Such strain concentrations could
be due to either poor adhesion or the restriction on the transverse shrinkage of the
adhesive by the stiffer adherents when the adhesive bond is exposed to tension. In
the FE results, both the surface and the inside of the specimen can be studied and
thereby a better insight into the cause of the observed strain concentrations can be
obtained.

Of the tested adhesives, the acrylate had the largest strength both in tension and
shear. e mean strength obtained for the acrylate adhesive bond was 3.0 MPa in
tension and 4.5 MPa in shear. In all acrylate specimens, the failure mode included
cohesion failure in wood and in general also failure in adhesion to wood. In shear,
the wood cohesion failure was combined with failure in adhesion to wood for all
acrylate specimens, while in some of the tensile specimens wood failure occurred
several millimetres away from the adhesive bond. See Paper I for further details.
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3.3 Effect of moisture on adhesive bonds

Tests on the effect of moisture on the acrylate adhesive, which in Section 3.2 was
the adhesive found to perform best, were carried out. e shear specimen, shown in
Figure 3-1, was used for these tests. It should be noted that these tests are intended
only for studying the effect of moisture on the adhesive properties. In larger bonds
on component level, movements in the timber are expected to indirectly affect the
adhesive bond.

A total of 48 specimens were kept in four different climates. For the rst three
categories, the specimens were kept at 60, 85 and 98 % relative humidity (RH) and
thereafter taken out and tested. In the fourth category, the specimens were rst kept
at 98 % RH and then dried at 35 % RH before testing. e number of specimens in
each of these categories and the moisture content of the wood prior to the testing are
shown in Table 3-2. e moisture content of the wood was obtained from a separate
piece of wood kept in the same climate. e specimens kept at 60 % RH are intended
as a reference category as this is the same climate as the specimens in Paper I and II
were kept in.

Table 3-2. e number of tested specimens in each category and the moisture content in the wood
before the tests were performed.

No. of specimens Relative humidity moisture content
16 60 % 12.4 %
10 85 % 14.8 %
10 98 % 22.5 %
12 98 – 35 % 8.8 %

e tests were displacement controlled, based on the piston movement of the
testing machine, with a rate of 0.5 mm/min. is is the same displacement rate
as was used in the tests in Paper I and II. Displacements were measured by two
LVDTs mounted at opposite sides of the specimen, the same setup as described in
Paper I. Displacement results presented are the mean values of the two LVDTs.

is displacement measure includes not only deformation in the adhesive, but also
in the timber. Since an increased moisture content of timber reduces its stiffness, an
observed reduction in stiffness may be due to either the adhesive, the timber or a
combination of both.

Figure 3-2 shows the shear stress versus displacement curves for all the tested
specimens and Table 3-3 shows the mean shear strength obtained for each category.

e shear strength of 4.90 MPa for the reference category is slightly larger than the
4.5 MPa obtained in the rst test, Section 3.2. Considering this difference, the shear
strength of 4.65 MPa obtained for the specimens kept in 85 % RH does not indicate
any signi cant strength reduction compared to the reference category. But, for the
higher relative humidity of 98 %, a strength reduction can be observed. e adhesive
bond appears, however, to not be largely affected by a previous high moisture
exposure after the specimens have been dried, see the results for the 98 – 35 % RH
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Figure 3-2. Curves showing the shear stress vs. displacement measured by LVDTs. All tested
specimens are included.

Table 3-3. Mean value of the shear strengths and the standard deviation for each of the tested
categories.

Relative humidity Shear strength Standard deviation
(%) (MPa) (MPa)
60 4.90 0.81
85 4.65 0.55
98 3.24 0.92

98 – 35 5.90 0.84

category. Instead, the strength has increased compared to the reference category due
to the low moisture content when the specimens were tested.

None of the specimens failed due to cohesive failure in the adhesive. Instead,
failure occurred almost without exception in the interface between adhesive and
timber. erefore, it cannot be concluded that the smaller strength obtained for
the 98 % RH is caused by a reduced strength of the adhesive, it may equally well be
due to the reduced strength of timber with high moisture content.

3.4 I-beams
I-beam specimens were manufactured and tested in four-point bending. ese
beams were 4 m long and had the cross-sectional dimensions shown in Figure 3-3.
Paper III presents results from twelve beams with the acrylate adhesive tested also
in the small-scale experiments and a single beam with a two-component silicone
adhesive.
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e study included, however, also one beam glued with another adhesive,
SikaMelt-9676 OT, which is a one-component polyurethane-based reactive hot-
melt. At the application temperature of 110–160 °C, the moisture-dependent curing
is initiated. e open time is approximately 6 minutes, the tensile strength is
approximately 15 MPa and the lap shear strength 6–10 MPa, all according to the
product data sheet [24]. Further, the data sheet also gives an approximate elongation
at break of 900 % and a softening temperature of 75 °C, but the adhesive has no
affirmed UV-resistance.

For most beams, the glass sheets were not further treated after the traditional
cutting (snapped along a scratched mark), but for ve of the beams, the glass sheets
were grinded (roughly polished) on the corners of the cross section. In Table 3-4,
these differences are referred to as ‘no nish’ and ‘polished edges’, respectively. For
the wooden anges, LVL (laminated veneer lumber) with a machined groove was
used. Two different groove widths were used, one larger and one smaller.

Among the most noteworthy results in Paper III is the redundancy provided
by the timber; the load could be increased by around 140 % after the rst crack
in the glass arose before the nal failure occurred. For the single beam with the
highly deformable polyurethane adhesive the load could be increased by 190 %.

Figure 3-3. Dimensions of beam cross section.

Table 3-4. Notation system for the beams.
Adhesive Flange type Glass nish
A Acrylate L Larger groove width N No nish
S Silicone S Smaller groove width P Polished edges
P Polyurethane
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In Figure 3-4, the load–displacement curves from all fourteen beams are presented
while Table 3-5 and 3-6 give the load capacity and stiffness of the beams. ese
tables are basically the same as the ones presented in Paper III, but with results from
the polyurethane beam included. e three-letter labels explaining the type of beam
follows the notation system given in Table 3-4.

e single silicone and polyurethane beams are not sufficient to draw any certain
conclusions from, but an extended study of adhesives with different stiffnesses could
be relevant. e initial stiffness of the silicone beam is comparable to the one of the
beams with acrylate adhesive, whereas the stiffness reduction after the rst crack has
appeared in the glass is considerably larger.
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Figure 3-4. Test results for fourteen I-beams with three different adhesives.

Table 3-5. Mean values of loads for the tested beams. e numbers in parentheses are the standard
deviations.

Type No. of Load at rst crack Maximal load Increase
specimens (kN) (kN) (%)

ALN 7 pcs. 11.1 (1.45) 28.4 (2.53) 160
ASP 5 pcs. 13.0 (1.17) 28.9 (2.43) 120
All acrylate specimens 11.9 (1.62) 28.6 (2.39) 140
SLN 1 pc. 8.80 21.0 140
PLN 1 pc. 8.37 24.3 190

Table 3-6. Mean values of stiffnesses calculated from the displacement measured by the testing
machine at the load points. e numbers in parentheses are the standard deviations.

Type No. of Initial (MNm2) Up to maximal Decrease
specimens load (MNm2) (%)

ALN 7 pcs. 0.954 (0.029) 0.617 (0.061) 35
ASP 5 pcs. 1.000 (0.007) 0.707 (0.031) 29
All acrylate specimens 0.973 (0.032) 0.655 (0.068) 33
SLN 1 pc. 0.850 0.335 61
PLN 1 pc. 0.940 0.564 40
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ere are also some FE simulations presented in Paper III. Only the initial
stiffness and the rst part of the failure process, where separate cracks appear in the
glass, are modelled. e simulation results are compared to the test results, both in
terms of initial stiffness and global behaviour of the beam during its failure process.
Moreover, the normal stress distribution at the tensile edge of the glass, before
and after a crack has appeared is studied in the simulations. It should, however,
be noted that the FE simulations are considerably simpli ed and should be seen
as an initial study with many re nement possibilities. A discussion on aspects that
could be relevant to include in a model follows in the next chapter.

3.5 Shear wall elements

Within the project described in the preface, a shear wall element, intended to
be used as a load-carrying façade element, has been designed. e entire wall
element consists of three parts. e mid part constitute the load-carrying core. On
the outside, 4 + 4 mm laminated glass is attached with steel pro les to allow for a
ventilated space large enough for solar control equipment mounting. e inside is
an insulating glass unit inserted in a wooden frame screwed onto the mid part. is
design is the result of considerations taken to both energy performance and risk of
sabotage. e study presented in this section includes only the load-carrying mid
part. e inner and outer parts are not designed to contribute to the load-carrying
function of the element.

3.5.1 Method
Test results from 10 shear wall elements with nominal dimensions according to
Figure 3-5 will be presented. ree of these were glued with a silicone adhesive
and the rest with an acrylate adhesive. e silicone adhesive (Sikasil SG-500) is the
same as was used for the I-beams in Section 3.4 and the acrylate adhesive (Sikafast)
was used both in the small-scale testing in Section 3.2 and for the I-beams. ree
different load cases were used for both adhesive types; horizontal load, vertical load
and a combination of horizontal and vertical load.

Figure 3-6 shows the three different load cases and locations of the poten-
tiometers used for displacement measurement. e grey objects are steel structures
used for load application and supports. Both the upper and lower support allow
rotation about the horizontal axis, although this is not indicated in the gure. In
the horizontal load case, the load cell used for the vertical load was applied as a
hold-down support.

Displacements were also measured by a non-contact 3D-deformation measuring
system, Pontos™. From a series of images taken during the test by two digital cam-
eras mounted at slightly different angles, this system determines the displacement of
discrete points, marked out on the specimen with black and white circular stick-on
labels. ese stick-on labels can be seen in the left part of Figure 3-5.
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3.5.2 Results
e load–displacement curves for all specimens are presented in Figure 3-7. Vertical

and horizontal displacement was measured with the potentiometers notated by p1
and p2, respectively, in Figure 3-6. For visibility, the curves are truncated when a
large drop in the load level occurs, i.e. when the element has failed.

Out-of-plane displacements measured by the potentiometers are shown in Fig-
ure 3-8 together with the displacements obtained from the non-contact measuring
system. e results include one specimen from each load case. Note that for the
combined load case, the out-of-plane displacements are plotted against the vertical
load.

As opposed to the results for the I-beams, cf. Figure 3-4 and Table 3-5, there is
no cracking of the glass before the failure of the entire elements. Instead, the failure
of the shear wall elements occurs suddenly by cracking of the entire glass sheet and
a large portion of the cracked glass falls out of the frame.

Table 3-7 presents the maximal loads obtained for all the shear wall elements. In
Figure 3-9 these values are plotted. e dashed lines in this gure represent curves
that satisfy the superellipse equation

V

V
max

m

+
H

H
max

m

= 1.

(3.1)

With three points, the parameters Vmax, Hmax and m can be determined. For the
silicone specimens, the three tested wall elements constitute the three necessary
points and for the acrylate shear wall elements, three points were obtained from
the mean value of the results from each load case, respectively.
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Table 3-7. Maximal loads in kN for all tested specimens.
Load case Acrylate specimens Silicone specimens

Horizontal Vertical Horizontal Vertical

Horizontal 67.8 – 41.4 –71.3 –

Vertical
– 211

– 130– 168
– 170

Horizontal and vertical 36.4 105 36.2 70.657.7 132
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4 D

e phenomenon of remaining load capacity after the rst crack in the glass has
appeared, as was observed for the I-beams, is not present for components such as
the shear wall element. e beam is a bene cial type of component when it comes
to post-breakage capacity. Instability is avoided if there is enough lateral support to
prevent lateral/torsional buckling and since one side is in compression and the other
in tension, the timber can transfer the load instead of the glass and thereby prevent a
crack in the tension side of the glass from propagating. In the shear wall element, on
the other hand, considerable compressive stress can build up in the large glass sheet
and when failure of the glass occurs, the timber frame can neither hold the broken
glass in place nor by itself take any substantial load.

To develop a design concept for the use of timber/glass I-beams, characteristic
values from more extensive testing could be used. e remaining load capacity after
cracks in the glass have appeared may be used for the ultimate limit design, but for
the serviceability limit state, the load where the rst crack of the glass appears must
be used, mainly because people would not be comfortable with cracked glass in the
web of the beam. Possibly, all remaining load capacity after cracks in the glass have
appeared is not useful. In that case, it could be bene cial to re-design the beam for
an optimisation of load capacity, stiffness and post-breakage capacity, e.g. with a
non-continuous glass web.

Moreover, besides properties such as load capacity, stiffness and remaining
load capacity after glass failure, another challenge of importance when gluing
timber/glass components is the large difference in behaviour in the case of varying
moisture. Here the hygroscopic nature of wood introduces further demands on the
adhesive used in terms of its exibility. erefore an optimisation of load capacity,
stiffness and post-breakage capacity versus adhesive exibility could also be of
interest.

is optimisation may require more advanced material models for the adhesive,
e.g. including plasticity and viscoelasticity. In [5], the acrylate adhesive (Sikafast)
was tested in bulk and the test results presented show both strain rate dependence
and non-linear behaviour of the adhesive. Another aspect is the possible slip between
adherents and adhesive, especially for higher load levels, reached for instance if the
failure of a timber/glass component is modelled. Yet, from the testing experience and
literature found, it appears that the main cause of failure in timber/glass components
is failure of the glass.

21



While the results from the adhesive testing, Section 3.2, showed that the acrylate
adhesive had much larger strength than the silicone adhesive, it should be noted that
the acrylate has a glass transition temperature of 52 °C, which could imply that the
properties of the adhesive change at increased temperatures. Winter et al. [27] claim
that acrylates exhibit a dramatic reduction of strength at temperatures above 50 °C
as well as in high humidity. e small study on the effect of humidity on the acrylate
adhesive bond presented in Section 3.3 did, however, not indicate any huge effect
on the strength in humidities that can be expected in indoor climates. No signi cant
reduction was observed for specimens kept at 85 % RH.

e use of timber/glass structural I-beams in hotel Pala tte, described in the
literature review, Section 2.3.2, was preceded by tests on prototypes of the beams.
To obtain sufficient knowledge for timber/glass structures to be used in buildings
without such speci c tests on the exact component to be used, the adhesive
properties must be studied more thoroughly, both in long-term loading and the
stiffness reduction due to increased temperatures and humidity.
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Abstract 
Both timber and glass are materials with aesthetically pleasing properties. An appealing idea 
is to combine them to overcome the drawbacks and utilise the beneficial mechanical 
properties. Adhesive bonding with an appropriate adhesive could provide a sufficiently 
uniform stress distribution at the transition between the materials. 

 
A study of three different adhesives, silicone, acrylate and polyurethane is presented in this 
paper. Intentionally, adhesives with a wide range of properties were chosen. The adhesive 
bonds between timber and glass were tested both in tension and in shear with rather small 
bonds, 800 mm2. Special fixtures were designed both for gluing and testing of the adhesive 
bond specimens studied. In the present Part 1, the results include strength, failure type and 
details on the deformational behaviour of the bond lines as measured with LVDTs, while 
Part 2 (L. Blyberg et al., Manuscript submitted for publication) comprises an extended study 
with a non-contact optical 3D-deformation measuring system and finite element modelling. 

 
The strength of the adhesive bond is the primary result attained in this paper. Of the tested 
adhesives, the acrylate (SikaFast 5215) provided the largest strength, both in tension and 
shear. The mean strength obtained for this adhesive bond was 3.0 MPa in tension and 4.5 MPa 
in shear. 
 
Keywords: mechanical properties of adhesives (D), wood (B), glass (B), test methods 

1 Introduction 

1.1 Background and previous work 
This paper presents results obtained within a research project dealing with the combination of 
timber and glass in structural, i.e. load-bearing and/or stabilising, building components. The 
project comprises investigations relating to the mechanical behaviour (partly reported here), 
energy and life cycle issues of the timber/glass components and architectural aspects on the 
use of timber/glass composites in load-bearing structures. 

 
There are quite a few examples where glass has been used in load-carrying elements. Studies 
where other materials are added as reinforcement can be found (for the combination of steel 
and glass) in [1, 2] and (for the combination of wood and glass) in [3]. An important 
characteristic property apparent in these studies is that a considerable redundancy, i.e. glass 
failure does not necessarily lead to a catastrophic failure of the entire element, can be 
obtained. The number of existing studies on timber/glass composites is limited, but a possible 
concept, noted by Kreher [3], is to use the wood as load introducing material at supports and 
at joints between components. 
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The idea in the project reported here is that the main method for combining timber and glass 
is by using adhesive joints. Thus a main question is to find an adhesive that is suited for this 
task. If the aim of the timber/glass component design is to go beyond the redundancy role of 
the wood, and have the materials to work together to carry the load, one faces the difficulty of 
combining two materials with a large difference in stiffness. Since glass is about 6 times 
stiffer than wood (parallel to grain), the load is bound to be carried mostly by the glass if not a 
highly imaginative design can be implemented. Other challenges of importance relate to the 
large difference in behaviour in the case of varying moisture. Here the hygroscopic nature of 
wood introduces further demands on the adhesive used in terms of its flexibility. Further, 
long-term capacity and resistance to UV-light and moisture are also important properties. 

 
However, the fundamental properties that affect the load-bearing capacity of the bond line are 
cohesive strength of the adhesive, the adhesion to wood and the adhesion to glass. 

1.2 Present study 
The work presented partly in this paper relates to an experimental study of the mechanical 
behaviour of the adhesive bonds between wood and glass. The main aim has been to analyse 
some adhesive types which possibly could be used for gluing wood and glass in load-carrying 
structures. Tests in both tension perpendicular to the bond line and shear have been 
performed, measuring the strength and stiffness of the joints. Another aim of the work has 
been to evaluate different methods to measure the deformations of the test specimens, and to 
use finite element (FE) analyses to further study the bond line behaviour in detail.  

 
The present Part 1 of the paper reports the findings from the mechanical tests, as evaluated by 
measuring the force versus deformation behaviour using conventional methods. In Part 2, see 
[4], additional methods of deformation measurements based on digital image correlation 
technique are presented together with the results from FE analyses. 

 
Three different adhesives were included; a highly deformable silicone adhesive with a thick 
bond line, a stiff polyurethane adhesive with a thin bond line and an acrylate adhesive with 
stiffness properties in between the other two. By choosing adhesives with a wide range of 
stiffness properties, the span of possibilities is in some sense included, although there are in 
principle infinite variations and an optimised combination of properties requires a lot more 
research.  

 
In the work, appropriate test methods for testing both in tension perpendicular to grain and in 
shear were also developed together with methods for evaluating the test results. 

2 Materials and Methods  
Of the three different adhesives included in the study; silicone, acrylate and polyurethane, the 
first two were provided by Sika Sverige AB. For each adhesive, 15 nominally equal 
specimens were included for tension and shear, respectively. A preliminary test series 
comprising a few specimens showed that the wood can be weaker than the adhesive bond in 
tension perpendicular to the grain. Therefore, the tensile specimens were reinforced using 
fibreglass fabric. 
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2.1 Specimen preparation 

2.1.1 Pre-assembly treatment and materials 
Sikasil SG-20 is a one-component silicone sealant. The adhesive is moisture-curing and UV 
resistant. One of the main applications of this adhesive is structural glazing [5]. According to 
the product data sheet, the tensile strength is approximately 2.2 MPa and the elongation at 
break approximately 450 %. 

 
SikaFast 5215 is a two-component adhesive based on ADP-technology (acrylic double 
performance) and cures by polymerisation. The adhesive is designed to substitute mechanical 
fastening techniques in structural and semi-structural bonding. According to the product data 
sheet [6]; the tensile strength is approximately 10 MPa, the elongation at break approximately 
150 % and the glass transition temperature approximately 52°C. In the data sheet it is also 
noted that the mechanical properties are temperature dependent. 

 
Prefere 6000 (Dynea) is a one-component polyurethane adhesive approved for load-carrying 
timber structures, including glued laminated timber. The recommended maximum thickness 
of the adhesive bond is 0.3 mm. The performance of the polyurethane adhesive relies to a 
large extent on the pressure being applied during curing. Therefore the nominal pressure in 
the gluing of the polyurethane specimens was set to a predetermined value, 1 MPa. 
Consequently, the bond line thickness was not controlled during specimen preparation. 

 
Float glass, according to the European standard EN-572, with a thickness of 10 mm was 
delivered from Pilkington Floatglas AB. The glass was glued on the air-side; the air- and tin-
side were distinguished in ultraviolet light. For the silicone and acrylate adhesive, the glass 
was cleaned with the recommended surface preparation agent, Sika Aktivator and Sika 
ADPrep for the silicone and acrylate adhesive, respectively. For the polyurethane adhesive, 
the glass was cleaned with ethanol. Teflon tape was used on the glass to mask off areas that 
should not be glued. 

 
The wood species used was spruce with a mean dry-green density of 38514.0 kg/m3 (ratio 
of dry mass material to volume at a moisture content of 14 %). The specimens were prepared 
by sawing and planing the same day as the specimens were glued. The wood was oriented 
such that the surface glued had its normal in the tangential direction of the annual rings. This 
surface is sometimes referred to as a radial surface. 

 
Since the stiffness of glass is much larger than the stiffness of wood, the thickness of the 
wood in the shear specimen was 20 mm, while that of the glass was 10 mm. To correspond to 
the stiffness difference, the wood should have had an even larger thickness, but it was judged 
that the entire thickness would not be contributory anyway, i.e. a larger thickness of the wood 
would not have the desired effect. The dimensions of the tensile and the shear specimen are 
shown in Figure 1. Whenever a coordinate system is referred to, it is the one shown in this 
figure. 
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Figure 1: Dimensions of the tensile specimen (left) and the shear specimen (right). The 
thickness of the adhesive bond between glass and wood is not shown in the figures.  

2.1.2 Assembling 
The adhesive was applied manually on the piece of wood. The wood, with the adhesive on, 
and the glass were then pressed together in a press. A special fixture was designed for gluing 
the specimens making it possible to prepare five specimens simultaneously. The same fixture 
was used both for the tensile and shear specimens. The fixture makes it possible to control the 
different bond line thicknesses of the different adhesives.  

 
For the polyurethane specimens, a pressure corresponding to 1 MPa across the nominal areas 
of the adhesive bonds was applied. Since the decisive parameter for the silicone and acrylate 
bonds is the bond thickness, the fixture was used to obtain a pre-defined bond line thickness 
rather than obtaining a certain pressure during gluing. Nominal bond line thickness was 4 mm 
for the silicone and 2 mm for the acrylate. 

2.1.3 Post-assembly treatment and reinforcement material 
The silicone, acrylate and polyurethane specimens were left in the fixture with the applied 
pressure for at least 20, 1 and 3 hours, respectively. The specimens were tested after storing 
them for at least a week after the gluing. During storage, the specimens were kept at a climate 
of approximately 20 C and 60 % RH (relative humidity). 

 
Excessive adhesive was removed, if possible in the fixture before the adhesive had cured, 
otherwise with a knife or a small saw after it had cured. 

 
For the reinforcement of the tensile specimens, a fibreglass fabric with a density of 165 g/m2 
was applied with epoxy on the long sides. To minimise the effect of the reinforcement on the 
adhesive bond, the four millimetres closest to the bond were left untreated. The short sides 
were also covered by epoxy, but no fabric was applied.  

2.2 Testing and measuring methods 

2.2.1 Testing methods 
The machine used was servo-hydraulic of type MTS (100 kN capacity). The testing fixtures 
used in the two types of tests are shown in Figure 2. Both fixtures have hinged steel bars at 
the ends fitted into the hydraulic grips of the testing machine. 
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Figure 2: Setups for tensile and shear testing of glass/wood adhesive bonds. 
 
The fixture for the tensile specimens consists of one upper part where the glass is placed and a 
lower part which is screwed to hold on to the wood. Thus, the lower part of the fixture caused 
some compression of the wood. 

 
For the shear specimens, the fixture also consists of an upper and a lower part, both based on 
the same principle, but of different dimensions to account for the difference in thickness of 
the wood- and glass adherends. The position of the hinged bars can be adjusted to fit the bond 
thickness so that the load, at least initially, acts along the centreline of the adhesive bond. This 
is illustrated in the free body diagram in Figure 3. 

 

Figure 3: The principle of the shear test fixture, which implies that the resulting force, in the 
undeformed state, is along the centreline of the adhesive. 
 
Displacement controlled loading based on the movement of the loading piston was applied. 
Table 1 shows the loading rates that were used for the different adhesives. With these rates, 
the time to failure became approximately one minute for all adhesives in the tension tests 
(cf. Figure 6) if failure of the silicone is defined to be at the displacement where the stiffness 
has decreased significantly. The same loading rates were used for the shear tests in spite of the 
differences in time to failure that then appeared. 
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Table 1: Displacement rates used in the tests. 
Adhesive Rate 
Silicone 1.00 mm/min 
Acrylate 0.50 mm/min a

Polyurethane 0.25 mm/min 
a Exception: Shear test, specimen 01, rate 0.25 mm/min 

2.2.2 Measuring methods 
Displacement data were sampled every second. For all specimens, the displacement was 
measured by the movement of the loading piston of the testing machine. In addition, external 
LVDT (linear variable differential transformer) sensors were used. The LVDTs measure the 
displacement closer to the adhesive bond and therefore include less deformation of materials 
outside the adhesive bond than would be the case if measuring the displacement only by the 
movement of the loading piston. For most specimens (seven to twelve per adhesive and type 
of test), one LVDT sensor was placed on each side of the specimen (cf. Figure 2, where the 
distance the relative displacements were measured over is denoted dLVDT) and the mean value 
of the two sensors was used for the evaluations. 

3 Results and discussion 
Force versus displacement results are presented as mean value curves. These were created by 
the following procedure: 

 Curves are shifted so that the initial displacement is zero. 
 The maximum loads and corresponding displacement are determined for each 

specimen. 
 The mean values of the maximum loads and the corresponding displacements are 

calculated. Let us denote these mean values by Fmax and  max, respectively. 
 Each curve is cut at its maximum load and ‘normalised’ so that its maximum load 

is Fmax and the corresponding displacement  max. 
 By interpolation, values of the load are obtained for the same set of displacement 

values for all the curves. 
Now, a mean load value can be computed for each displacement value. 

 
Whenever strength is mentioned herein, it should be understood as, not an intrinsic material 
property, but an average value of the stress at failure, calculated as the maximum force 
divided by the adhesive bond area. This does in general, due to non-uniform stress 
distributions, not correspond to the intrinsic material strength, but is instead a lower bound 
measure of the intrinsic strength. However, if the bond area is small or the adhesive is much 
more flexible than the adherends this average value of stress at failure will, of course, 
approach the intrinsic material strength value. Note that for the elastomeric-like silicone 
adhesive, due to its nearly incompressible behaviour, the effective stiffness of the adhesive is 
highly dependent on the restraint of the adherends. 

 
To classify the type of failure of the specimens, five basic categories were used; cohesive 
failure in wood, failure in adhesion to wood, cohesive failure in the adhesive, failure in 
adhesion to glass and cohesive failure in glass. The term shallow wood failure is sometimes 
used to describe the failure in an adhesively bonded wood joint where the failure plane is 
located close to the wood surface with a very small amount of wood fibres visible on the 
adhesive surface. This can be a result of a mechanically weak/damaged wood surface [7, 8]. 
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With the categorisation system employed here, this failure would be a mixture of cohesive 
failure in wood and failure in adhesion to wood. In Appendix, these categories are more 
extensively described and example pictures are presented. 

 
The categorisation was done based on notes taken during the tests and by studying the 
specimens afterwards. Most failures were categorised as combinations of some of the basic 
categories, which resulted in that nine different categories were found. 

 
The results presented with displacement measured with LVDT sensors are taken as the mean 
value of the two LVDTs. Since not all specimens had two LVDT sensors, the set of 
specimens presented from measuring with LVDTs is a subset of all specimens. 

3.1 Tensile specimens 
The obtained strengths for the three different adhesives are presented in Table 2. The mean 
values and standard deviations are calculated from the 15 specimens that were tested for each 
adhesive type, except for the results set in italics, where some specimens were excluded. From 
the specimens with acrylate adhesive, 01, 03, 04, 05 and 11 were excluded since the wood 
failure was deep into the wood.1 From the specimens with polyurethane adhesive, 11 to 15 
were excluded since these had a considerably lower strength than the rest of the polyurethane 
specimens and all of them failed in adhesion to glass. Since these were manufactured, 
transported and tested separately from the other polyurethane specimens, some deviation in 
the handling of these specimens may have caused the lower strength. On the other hand, there 
is no obvious difference in the handling of these specimens, which may indicate that this type 
of adhesive bond is sensitive to disturbances. 

 
Only for the polyurethane specimens did the study of the reduced set result in a significant 
difference. This difference is shown in Figure 4. 
 
Table 2: Mean strength and standard deviation for the adhesive bonds. Numbers set in italics 
are calculated from a reduced set of specimens. 

Adhesive Strength 
(MPa) 

Standard deviation 
(MPa) 

Silicone 0.77 0.11 
Acrylate 3.04 0.33 
 2.99 0.34 
Polyurethane 1.56 0.73 
 2.03 0.29 

 

                                                 
 
1 The failure of another three specimens is also categorised as cohesion in wood (see Figure 5), but then the 
wood failure is less than one mm from the adhesive. 
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Figure 4: Force vs. displacement curves of the polyurethane specimens in the tension tests, 
mean values from the complete and reduced set. 
 
The wood used was tested separately in tension perpendicular to the grain (not reported here) 
and this indicated that the wood quality used has a tensile strength of approximately 2.3 MPa. 
Note that the strength obtained for the acrylate adhesive is higher than that of the solid wood, 
while the strength obtained for the silicone and polyurethane bond is lower. This is in line 
with the failure categorisation (cf. Figure 5) where cohesive failure in wood is the dominating 
category only for the acrylate specimen. That the acrylate specimens could be loaded above 
the strength of solid wood can be explained by the use of reinforcement since the volume of 
the wood tested is small. 

 
As mentioned, five basic failure type categories were identified and then, when failures that 
were a mixture of these categories were considered, nine different categories arose. Since the 
behaviours of the adhesives are so different, different categories were found for different 
adhesives. In Figure 5, the types of failure of the tensile specimens are shown. In these 
diagrams, only the complete sets of specimens are used. 

 
From the diagrams it appears that the silicone adhesive tends to fail mainly in a mixture of 
adhesion to wood and cohesion in adhesive. These two failure types are present in all three 
categories for the tensile silicone specimens. Further, the acrylate adhesive appears to be so 
strong in cohesion that the failure occurs either in the wood or in adhesion to wood. Finally, 
no cohesive failure of the adhesive was observed in the polyurethane specimens. Some 
polyurethane specimens had such a small portion of wood fibres on the adhesive that they 
were judged as pure failure in adhesion to glass. Most of the polyurethane specimens have 
failure partly, or only, in adhesion to glass, except three specimens which failed only in 
wood/adhesion to wood. 
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Figure 5: The different categories for specimen failure for the tensile specimens. 
 
When the stiffness of the adhesive is much lower than the stiffness of the adherends, which is 
the case for the silicone specimens, most of the strain occurs in the adhesive and the position 
chosen for displacement measurement does not affect the results. This is not the case for the 
acrylate and polyurethane adhesives, which are rather stiff. Figure 6 shows a comparison 
between measuring the deformations with the above-mentioned LVDTs and measuring the 
deformation by the movement of the piston of the testing machine. As expected, these 
different methods give similar results for the silicone adhesive, but rather different results for 
the acrylate and polyurethane adhesive. With these two stiffer adhesives, some of the 
measured displacement is outside the adhesive bond. 
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Figure 6: Force vs. displacement curves for silicone (left), acrylate (mid) and polyurethane 
(right) specimens, with displacement measured with piston and LVDTs. 

3.2 Shear specimens 
The obtained shear strengths for the three different adhesives are presented in Table 3. The 
mean values and standard deviations are calculated from the 15 specimens that were tested for 
each adhesive type, except for the results set in italics, where one specimen was excluded. 
Specimen 05 was excluded from the ones with silicone adhesive due to technical problems 
with the test procedure. Specimen 01 was excluded from the ones with acrylate adhesive since 
the rate of loading of this specimen was lower than for the rest of the specimens, see Table 1. 
The deformation capacity of this single specimen turned out to be the largest recorded among 
the shear specimens with acrylate adhesive, which could possibly be due to the low testing 
speed. 
 

Silicone

3 
pcs.

1

11 
pcs.

Type 3; Cohesion in wood,
Adhesion to wood,
Cohesion in adhesive

Type 7; Adhesion to wood,
Cohesion in adhesive

Type 8; Adhesion to wood,

Adhesion to glass
Cohesion in adhesive, 

Polyure-
thane

3 
pcs.

3 
pcs.

9 
pcs.

Type 2; Cohesion in wood,
Adhesion to wood 

Type 4; Cohesion in wood,
Adhesion to wood, 
Adhesion to glass 

Type 9; Adhesion to glass

Acrylate

7 
pcs. 8 

pcs.

Type 1; Cohesion in wood

Type 2; Cohesion in wood,
Adhesion to wood
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Table 3: Mean strength and standard deviation for the adhesive bonds. Numbers set in italics 
are calculated from a reduced set of specimens. 

Adhesive Strength 
(MPa) 

Standard deviation 
(MPa) 

Silicone 0.93 0.19 
 0.96 0.15 
Acrylate 4.48 0.56 
 4.49 0.58 
Polyurethane 3.82 1.29 

 
The wood used was tested separately in shear (not reported here) and this indicated that the 
wood quality used has a shear strength of approximately 6.1 MPa. Thus all adhesive bonds 
show a lower strength than the solid wood. This is in line with the failure categorisation (cf. 
Figure 7) where no failure is solely cohesive failure in wood. 

 
The failure types for the shear specimens are categorised with the principle described 
previously. In Figure 7, the types of failure of the shear specimens are shown. In these 
diagrams, only the complete sets of specimens are used. As for the tensile specimens, 
different categories were found for different adhesives. 

 
Similar to the observation for the tensile tests, the silicone adhesive tends to fail mainly in a 
mixture of adhesion to wood and cohesion in adhesive, but here some more specimens fail 
partly in adhesion to glass. Again, the acrylate adhesive appears to be very strong in cohesion, 
but a larger amount of specimens fail in adhesion to wood than in the tensile test. It should 
also be noted that cohesive failure in the glass occurs in five specimens, which may indicate a 
disadvantage of the test setup. 

 
Some polyurethane specimens had a rather small amount of wood fibres on the adhesive, but 
were still categorised as failure due to both cohesion in wood and adhesion to wood since it 
was not possible to distinguish any set of specimens with a significantly lower portion of 
wood fibres.  However, the main problem with the polyurethane specimens is adhesion to 
glass, which is present in all the failure categories for the shear specimens with this adhesive. 
 

 
Figure 7: The different categories for specimen failure for the shear specimens. 
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Polyure-
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1

8 
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Adhesion to wood, 
Adhesion to glass 

Type 5; Cohesion in wood,
Adhesion to wood, 
Adhesion to glass,
Cohesion in glass 

Type 9; Adhesion to glass

Acrylate

10 
pcs.

5 
pcs.

Type 2; Cohesion in wood,
Adhesion to wood

Type 6; Cohesion in wood,

Cohesion in glass
Adhesion to wood,

Silicone 

10 
pcs.

5 
pcs.

Type 7; Adhesion to wood, 

Type 8; Adhesion to wood, 
Cohesion in adhesive, 
Adhesion to glass 

Cohesion in adhesive
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Figure 8 shows a comparison between measuring the deformation with the external LVDTs 
and measuring the deformation by the movement of the piston of the testing machine. The 
silicone adhesive has a relatively low stiffness compared to wood (and glass). Therefore 
almost all deformation is in the adhesive itself and the different measuring methods give 
similar results. By contrast, for the stiffer adhesives, polyurethane and acrylate, there is a 
significant difference between the different measuring methods. While the differences 
between different measuring methods were similar for the acrylate and polyurethane adhesive 
in tension, there are significantly larger differences for the polyurethane than for the acrylate 
for these shear specimens. 
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Figure 8: Force vs. displacement curves for silicone (left), acrylate (mid) and polyurethane 
(right), displacements measured with piston and LVDTs. 

4 Concluding discussion 
One important factor when gluing glass is the load distribution ability of the adhesive bond. 
The flexible silicone adhesive with a large deformation capacity could be preferred from this 
point of view, but the stiffness and strength are too low to enable any load to be carried 
without applying the adhesive bond over a very large area. Then the beneficial transparency 
of glass is lost, wherefore, of the three adhesives studied here, only the acrylate (SikaFast 
5215) is considered worth further studies. A potential problem with this adhesive is identified 
in its thermostability. There is no need to design for extreme temperatures in normal 
buildings, but the low glass transition temperature of 52 C of the acrylate adhesive could 
result in a significant reduction in stiffness already for temperatures that can be reached in the 
interior climate of for example a building with a glass façade and solar radiation. According 
to Winter [9], acrylates have a dramatic strength reduction at temperatures above 50 ºC. 

 
Two different methods for deformation measurements have been discussed: piston movement 
and external LVDT sensors. These two methods give almost the same displacements for the 
silicone adhesive. But for the acrylate and polyurethane, which are stiffer, a significant part of 
the deformation occurs outside the adhesive bond and, therefore, the methods yield rather 
different results. It should, however, be noted that even with the LVDT sensors the measured 
displacement includes more than just the deformation in the adhesive bond. Counting this 
displacement as the deformation capacity of the adhesive bond would not be at all reliable for 
the stiffer adhesives since it includes deformations taking part in the wood close to the bond 
line. 

 
Due to the placement of the LVDT sensors, rotations that occur about the x-axis can be 
detected, as shown in Figure 9. In the examples in this figure, there is a varying amount of 
rotation during loading. It should be noted that the actual rotation of the adherends is 
magnified by the LVDT since it is mounted at a distance from the specimen. Note, however, 
that rotations about the z-axis cannot be detected with the methods employed here. 



 12

 
With the LVDT sensors, strain in the wood is measured, and with the piston movement 
deformations in the machine itself and in the grips are also measured. To get a measure of the 
deformation capacity of the adhesive bonds, to study the rotation about the z-axis and to get 
an idea of how well distributed the stress is across the adhesive bond, further studies with 
more sophisticated methods are required, e.g. making use of contact free deformation 
measurements, see [4]. 
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Figure 9: Force vs. displacement curves for two acrylate specimens (top row) and one 
polyurethane specimen (bottom), with displacement measured with LVDTs. 
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Appendix - Fracture Categories 
In Table A-1, the failure types of the adhesive bonds are described. The first letter in the 
notations below is the adhesive, S for silicone, A for acrylate and P for polyurethane, while 
the second letter is the test type, T for tension and S for shear. 
 
Table A-1: Categories found in the characterisation of failure types of the adhesive bonds. 

Descriptions 
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Type 1: Only wood visible on both 
sides. (8 AT ) 

x     

Type 2: Small amount of wood 
and/or wood fibres on the adhesive, 
portions of adhesive have lost 
adhesion to wood. (7 AT, 3 PT and 
10 AS) 

x x    

Type 3: As type 2, but with some 
pieces of adhesive remaining on the 
wood. (11 ST) 

x x x   

Type 4: As type 2 but portions of the 
adhesive have lost adhesion to the 
glass. (8 PS and 3 PT) 

x x  x  

Type 5: As type 4, but crack(s) have 
also appeared in the glass. (6 PS) 

x x  x x 

Type 6: As type 2, but crack(s) have 
also appeared in the glass. (5 AS) 

x x   x 

Type 7: Some adhesive remain on the 
wood surface, but portions of the 
wood are also visible. (3 ST and 10 
SS) 

 x x   

Type 8: Some portions of the 
adhesive have lost adhesion to glass 
and some have lost adhesion to wood, 
also some cohesive failure in the 
adhesive. (1 ST and 5 SS) 

 x x x  

Type 9: The adhesive has lost 
adhesion to the glass. 
(9 PT and 1 PS) 

   x  
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Abstract 
Both timber and glass are materials with aesthetically pleasing properties. An appealing idea 
is to combine them to overcome the drawbacks and utilise the beneficial mechanical 
properties. Adhesive bonding with an appropriate adhesive could provide a sufficiently 
uniform stress distribution at the transition between the materials. 
 
This paper presents an extended study in which a non-contact optical 3D-deformation 
measuring system was used in combination with finite element modelling in order to obtain 
detailed information about the behaviour of three different adhesives. The adhesives chosen 
were silicone, acrylate and polyurethane, representing adhesives with a wide range of 
mechanical properties. The adhesive bonds between timber and glass were tested both in 
tension and in shear with rather small bonds, 800 mm2. 
 
In terms of mechanical properties, the strength of the adhesive bonds was investigated in 
Part 1 of the paper (L. Blyberg et al., Manuscript submitted for publication), while in the 
present Part 2, the main aim of the study was to capture the deformational behaviour of the 
adhesives, i.e. their deformation capacity and stiffness. This was accomplished by the use of 
the optical measuring system. This system enables measuring displacements close to the 
adhesive bond, omitting most deformation of the adherends. 
 
Further, it is demonstrated how rotations in the specimen during the test can be detected with 
the optical measuring system and how finite element modelling can be used to study the stress 
distribution internally in the adhesive bond. One major conclusion from the study is that the 
behaviour of the silicone adhesive is highly influenced by its near incompressible behaviour. 
 
Keywords: mechanical properties of adhesives (D), wood (B), glass (B), finite element stress 
analysis (C), digital image correlation 

1 Introduction 

1.1 Background and previous work 
The work presented here relates to a research project dealing with the combination of timber 
and glass in structural, i.e. load-bearing and/or stabilising, building components. The project 
comprises investigations concerning the mechanical behaviour, energy and life cycle issues of 
the timber/glass components and architectural aspects on the use of timber/glass composites 
in load-bearing structures.  
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Traditionally, displacement gauges or possibly strain gauges have been used in order to 
monitor the deformation of joints. Using such measuring devices it is in general not possible 
to obtain a spatial resolution accurate enough to monitor e.g. the strain distribution along an 
adhesive bond line, or the strain distribution across a thick bond line. If such information is 
requested, a full-field measurement technique is desirable. The most commonly used 
techniques are those based either on interferometry (such as ESPI) or based on digital image 
correlation (DIC). The former is appropriate for small displacements and strains and puts 
rather severe restrictions on the test setup in terms of avoiding vibrations. DIC-based 
techniques are more versatile and robust in terms of being possible to use for large 
deformations, including large strains (100% nominal strain or more). DIC in combination 
with finite element (FE) analyses has previously been used on adhesive bond line testing and 
analysis; see e.g. [1-3].  

1.2 Present study 
Part 1 of the paper (see [4]) reports the findings from a number of mechanical tests of 
timber/glass adhesive joints. Those tests were evaluated by measuring the force versus 
displacement behaviour using conventional methods for deformation measurements.  
 
In the present Part 2, an additional method of deformation measurements based on DIC 
technique is presented together with the results from FE-analyses. By combining a 
sophisticated measurement method with numerical analyses, a deepened understanding of the 
detailed mechanical behaviour of the test method can be obtained. In turn this also gives a 
better insight into what can be concluded from the test results. 
 
The properties of the adhesives emphasised here is deformation capacity and stiffness, since 
one major challenge of the present application is thought to be the moisture induced 
deformations of the wood when exposed to varying climates. Thus, a suitable adhesive should 
give the possibility of deforming along with the wood.  

2 Material and Methods 

2.1 Test specimens 
The tests being performed were tensile and shear tests with specimens as depicted in Figure 1. 
The specimens were prepared using spruce timber and 10 mm float glass. Three different 
adhesive types were tested, these being chosen for their highly differing stiffness properties: 
silicone, acrylate and polyurethane. The first two adhesives were provided by Sika Sverige 
AB. For each adhesive, 15 nominally equal specimens were included for tension and shear, 
respectively. A preliminary test series comprising a few specimens showed that the wood can 
be weaker than the adhesive bond in tension perpendicular to the grain. Therefore, the tensile 
specimens were reinforced using fibreglass fabric. 
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Figure 1: Tensile (left) and shear (right) specimens used in the testing of timber/glass 
adhesive joints.  

2.2 Optical measuring system 
A non-contact optical 3D-deformation measuring system, Aramis™ was used in addition to 
separately mounted LVDTs (linear variable differential transformers) for measuring the 
deformation of the specimens during testing. Data from the testing machine (force and piston 
movement) and LVDT sensors were sampled every second, while Aramis data was sampled 
every third second. The LVDTs were mounted as indicated in Figure 2. 
 

 
Figure 2: Test setup pictures for tensile and shear testing of glass/wood adhesive bonds, where 
dLVDT denotes the distance the relative displacements were measured over with the LVDTs. 
 
The cameras of the Aramis system require an unobstructed view, thus it is not possible to use 
LVDT sensors on both sides for the specimens studied with Aramis. A schematic of the test 
setup with the Aramis system is shown in Figure 3. 
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Figure 3: Schematic of test setup with Aramis system. 
 
Prior to using the Aramis system, a calibration must be performed in order to obtain accurate 
results and also to determine within which volume deformation can be measured. The 
calibration volume was in the present case mainly 35×35×20 mm3 for the tensile specimens 
and 40×40×25 mm3 for the shear specimens with a few exceptions. When using the Aramis 
system, a grey-scale random pattern is sprayed on the surface of interest of the specimen. Two 
digital cameras are mounted at slightly different view angles in relation to the test object and 
these are used to obtain a sequence of picture pairs during the test. Due to the differing view 
angle of the cameras, stereoscopic pictures are obtained. Using photogrammetic principles, 
these pictures are then processed to obtain the full 3D-displacement field of the surface visible 
to the cameras. The strain in a certain point is subsequently computed from the displacement 
field by averaging the displacement gradient over a sub-area surrounding the point of interest. 
With the calibration volumes used here, the spatial resolution of deformation measurement 
was approximately 3.7 measuring points /mm. The sub-area used to calculate each strain 
value was based on averaging over 3 × 3 measuring points. Since the strain in a certain point 
is calculated by averaging over a small area, the strain is also averaged across the boundary 
between adherends and adhesive, except for the polyurethane specimens where the adhesive 
bond line was excluded from the processing since it is too thin to measure any variation 
across its thickness. 
 
With Aramis evaluation points can, in principle, be chosen arbitrarily close to the adhesive 
bond. The values of relative displacement across the bond line presented in this paper were 
obtained from the Aramis system by measuring the displacements of two points located at the 
centre of the bond length and one mm into the wood and glass, respectively, for both the 
tensile and the shear specimens. 

2.3 Finite element modelling 
Calculation models of the two different test setups and three different adhesives were 
developed. The finite element software Abaqus was used for this modelling. The purpose of 
the calculations was to deepen the understanding of the test results, to check how reasonable 
the, on beforehand, estimated material parameters for the adhesives are and find better values 
if the correspondence was insufficient. The models do not consider possible slip between the 
adherends and the adhesive, plasticity or any (other) type of material failure. Thus the models 
are only able to predict the specimen behaviour at moderate load levels, before any of these 
phenomena become decisive. Further, the reinforcement used on the tensile specimens was 
neglected in the calculations. 

Shear test 
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The modelled bond line thickness was 4 mm for the silicone, 2 mm for the acrylate and 
0.1 mm for the polyurethane. 
 
The material parameters used for wood in these calculations are presented in Table 1. For 
glass as well as for the polyurethane and acrylate adhesive, linear elastic material models were 
used, see Table 2 for material parameters used. The second alternative for the acrylate 
adhesive is based on what was found to be reasonable by [5]. 
 
For the silicone adhesive, based on the results obtained by [6], a hyper-elastic incompressible 
material with a Neo-Hooke model with 3

10 10247C  N/m2 was used. This material 
parameter corresponds to a six times larger initial stiffness, i.e. 48.10E  MPa, and since the 
material is incompressible, 5.0 . 
 
Table 1: Material parameters used in modelling of wood in 2D (left) and 3D (right). 

Quantity Value Quantity Value
El 12 000 MPa  El 12 000 MPa 
Ert 400 MPa  Er , Et 400 MPa 

trl, 0.5  tr, 0.7 
Gl,rt 750 MPa  lr, , lt, 1/60 
  Gl,r , Gl,t 750 MPa 
   Gr,t 75 MPa 

 
Table 2: Material parameters used in modelling of isotropic linear elastic materials. 

Material E (MPa)
Glass 70 000 0.23 
Acrylate, alternative 1 80 0.25 
Acrylate, alternative 2 100 0.40 
Polyurethane 100 0.25 

 
As mentioned above, the strain field computed by the Aramis system involves an averaging 
over a small area around each point of interest. Consequently, the procedure used for 
extracting results from Aramis implies that for the acrylate and silicone adhesive, the strain is 
averaged across the boundary between adherends and adhesive. In the strain plots from the 
calculations using the Abaqus software the strain is not averaged across this boundary. 

2.3.1 Tensile specimen specifics 
Due to the large Poisson’s ratio of the silicone adhesive and of the second alternative for the 
acrylate adhesive, these adhesive models have a small or no volumetric change, which results 
in a large stiffness in tension perpendicular to the adhesive plane since the wood and glass 
restrict contraction of the adhesive. Therefore, three-dimensional models were used for the 
tensile specimens. For the silicone and acrylate adhesive, submodelling was used for the 
region around the adhesive bond to obtain more detailed strain plots than what is possible 
when a uniform element size throughout the entire model is used. 
 
Since the tensile specimen is symmetric with respect to both the x- and the z-plane, only one 
quarter of the geometry is modelled. The upper part of the fixture is modelled by constraining 
the motion of the loaded surface to a reference node, where the load is applied. The lower part 
of the tensile testing fixture is modelled by locking the y-displacement of the wood surfaces, 
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thus neither compression of the wood caused by the fixture nor any sliding between wood and 
the fixture are considered. 
 
For the silicone specimen, eight-node, linear brick elements with reduced integration and 
hybrid formulation were used in the global model, while the submodel had quadratic instead 
of linear elements. The silicone model includes the non-linear effect of large deformations. 
The global element size was 1×1×1 mm3 and the element size of the submodel was 
0.5×0.5×0.5 mm3. 
 
For the acrylate specimens, eight-node, linear brick elements with reduced integration were 
used throughout the model. Non-linear effects were not considered. The global element size 
was 1×1×1 mm3, while in the submodel the element size was 0.25×0.25×0.25 mm3. 
 
Finally, for the polyurethane specimen, the element size was approximately 0.5×0.5×0.5 mm3 
in wood and glass and 0.1×0.1×0.1 mm3 in the adhesive, thus the adhesive is modelled with 
one layer of elements. Eight-node, linear brick elements were used throughout the model. 
Reduced integration was used everywhere except for in the adhesive and in wood that is close 
to the adhesive bond or close to the upper end of the lower fixture.  

2.3.2 Shear specimen specifics 
The large Poisson’s ratio of the silicone and the acrylate, which enforced the use of three-
dimensional models for the tensile specimen modelling, has not as large influence on the 
shear specimens and therefore two-dimensional models were used. 
 
The fixture for the shear specimen was modelled by rigid surfaces, whose interaction to the 
specimen was given a coefficient of friction of 0.5 and ‘hard contact’ in the normal direction. 
The loading was applied at reference nodes located at a distance corresponding to the hinges 
in the actual fixture. These reference nodes were allowed to rotate. Four-node, bilinear plane 
stress quadrilateral elements were used throughout all shear specimen models. Reduced 
integration was used everywhere except for the adhesive and for the wood and glass that is 
close to the adhesive bond. 
 
For the silicone and acrylate specimen, the element size in wood and glass was mainly 
0.5×0.5 mm2, but close to the adhesive the element size decreases. In the adhesive, an element 
size of 0.25×0.25 mm2 was used. The silicone model includes the non-linear effect of large 
deformations, while non-linear effects were not considered in the acrylate model. 
 
Finally, for the polyurethane specimen, the element size in wood and glass was 0.5×0.5 mm2, 
but close to the adhesive the element size decreases. On the edge of the adhesive, an element 
size of 0.1×0.1 mm2 was used. The elements in the adhesive had a size of 0.05×0.05 mm2, 
thus the adhesive was modelled with two layers of elements. 

3 Results and discussion 
The relative displacement between wood and glass gives information on the deformation 
capacity of the adhesive bonds. The aim of the tests was to measure, as far as possible, the 
displacements across the adhesive bond only, omitting any deformation of the adherends. 
Therefore, the relative displacement measured with Aramis was used. As described in 
Chapter 2.2, this was obtained by measuring the displacement of two points located at the 
centre of the bond length and one mm into the respective adherends. The strain is calculated 
from the relative displacement between these two points. It should be noted that since these 
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deformations include the deformation of one millimetre adherend material on each side of the 
bond and also the deformation of the interfacial layers between adhesive and adherend, the 
stiffness obtained is a nominal stiffness of the adhesive bond that differs from the actual 
stiffness of the adhesive in bulk. 
 
The Aramis equipment was used on a subset of the specimens and the results obtained are 
presented for three specimens from each adhesive and type of test. These three specimens 
were chosen based on which specimens that had a piston movement versus load curve most 
similar to the mean curve of all specimens at a moderate load level.  
 
The results presented with displacement measured with LVDT sensors are taken as the mean 
value of the two LVDTs. Since only one of the two LVDT sensors was used together with 
Aramis, the specimens studied with Aramis are excluded from the set presented from 
measuring with LVDTs.  

3.1 Tensile specimens 
Table 3 presents the results obtained in the tensile tests in terms of the relative displacement 
across the bond line at maximal load and the corresponding standard deviations. The large 
standard deviation for the polyurethane specimens is due to the fact that only three specimens 
are included and the displacement at maximal load of one of the specimens differs so much 
from the others, cf. Figure 5. 
 
Table 3: The relative displacements at maximal load for the adhesive bonds, measured as the 
mean value of the three specimens studied with Aramis. 

Adhesive Relative displacement (mm) Standard deviation (mm) 
Silicone 2.2 0.55 
Acrylate 0.031 0.0091 
Polyurethane 0.044 0.040 

 
Figure 4 shows the stress–strain relations for the three adhesives. Two diagrams with different 
scales are shown since the difference between the adhesives is so large. 
 
For each adhesive, the initial stiffness of the bond is estimated from the initial slope of the 
curves, see Table 4. In Figure 4, the straight lines show these initial stiffnesses. It would be 
expected that with perfect adhesion to the adherends at least the polyurethane bond would 
have a larger stiffness than solid wood with this measure since it includes one millimetre of 
glass and the polyurethane bond is so thin. Tests on the wood quality used (not reported here), 
gave a stiffness of 530 MPa. Thus the stiffness of the polyurethane bond is not higher but 
lower, which may indicate an influence of a mechanically weak/damaged wood surface [7, 8], 
or possibly poor adhesion. 
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Figure 4: Stress–strain mean value curves obtained with Aramis. Straight lines show the 
estimated initial stiffness. 
 
Table 4: Estimated initial stiffnesses for the adhesive bonds. 

Adhesive Stiffness (MPa) 
Silicone 10 
Acrylate 700 
Polyurethane 200 

 
Figure 5 shows the force versus displacement curve from tests and a comparison with results 
from the FE-analyses. This comparison indicates a relatively good agreement for the modelled 
initial stiffness, with the exception of the first alternative for properties of the acrylate 
adhesive. Alternative 2, with a larger Poisson’s ratio, show better agreement with the test 
results. Since the difference within the tested polyurethane specimens is so large, it is difficult 
to draw any certain conclusions from the comparison for this adhesive. 
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Figure 5: Results from tensile tests with the displacement measured with Aramis and from the 
calculation models. For silicone (left), acrylate (mid) and polyurethane (right). The mean 
value curve is the mean of the three specimens studied with Aramis. 
 
The polyurethane adhesive bond has small displacements and therefore, the measurements 
can be sensitive to disturbances such as a rotation of the adherends out of the xy-plane. 
Figure 6 shows further investigations into this matter. From this figure it appears that a 
rotation of the adherends in the xy-plane has occurred during testing of the presented 
polyurethane specimen; the relative y-displacement varies along the x-direction of the 
adhesive bond. 
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polyurethane (right) specimen. 
 
Figure 7 shows a comparison between the different deformation measuring methods used. 
Similar figures were presented in Part 1 [4], but here the results obtained from Aramis are 
added. Using external LVDT sensors (cf. Figure 2) deformation of the wood is measured, and 
using the piston movement of the testing machine, deformations in the machine itself and in 
the grips are also measured. As can be seen in the figure, these phenomena have a substantial 
effect on the results for the stiffer adhesives, acrylate and polyurethane. 
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Figure 7: Mean force vs. displacement for silicone (left), acrylate (mid) and polyurethane 
(right) specimens. Displacement measured with piston, LVDTs and Aramis. Only the 
specimens studied with Aramis are included in the piston results presented here. 
 
Figure 8 shows strain plots of the silicone specimen, one example obtained from the tests by 
the Aramis system and the results from the FE-analyses. Recall, when comparing calculation 
results to test results that the strain plots from Aramis are averaged across the boundary 
between adherends and adhesive, while the strain plots from Abaqus are not. I.e., the 
discontinuity of the strain field at the adhesive/adherend interface is not captured as well in 
the pictures from Aramis as in the pictures from Abaqus. Furthermore, due to a noise problem 
when capturing the load signal with the Aramis system (not with the testing machine itself), 
the load level at a particular stage in the results from Aramis is not very accurate. Therefore 
no effort has been made to correlate load level and legend limits from the calculations to those 
from the tests. 
 
From a qualitative comparison between calculation and test results for normal strain in the y-
direction at the surface for the silicone and acrylate adhesive, Figure 8 and 9, it appears that 
while the strain concentrations at the interface between adherends and adhesives are similar 
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for the silicone adhesive, the strain concentrations at the interface between wood and acrylate 
adhesive from Aramis are not reflected in the calculation. This may be interpreted as an effect 
of a mechanically weak boundary layer or due to relatively poor adhesion to the wood, at least 
close to the surface where Aramis measures the displacements. 
 

 

Figure 8: Normal strain yy, silicone adhesive. Surface strain from tests (left) and calculation 
(mid) and strain 2 mm into the specimen from calculation (right). 
 

 
 

Figure 9: Normal strain yy, acrylate adhesive, alternative 2. Surface strain from tests (left) and 
calculation (mid) and strain 2 mm into the specimen from calculation (right).  
 
The strain plots from calculations presented in Figure 8 and Figure 9 showed that the strain at 
the surface differed from the strain 2 mm into the bond. In Figure 10, normalised stress along 
one path at the surface and one path in the middle of the specimen is shown. These paths are 
illustrated in Figure 11. The normalisation is done such that the average tensile stress is 
1 MPa. Since the calculation model for the silicone specimen includes non-linear behaviour, 
the normalised stress depends to some extent on the applied load. The load level chosen for 
the silicone specimen was 350 N. 
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Figure 10: Stress distributions along a line halfway through the thickness of the adhesive, for 
silicone (left), acrylate (mid) and polyurethane (right). The stresses are measured along the 
two different paths shown in Figure 11. 
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Figure 11: Paths for stress distributions of Figure 10.  

3.2 Shear specimens 
As for the tensile specimens, the relative displacement between wood and glass is measured to 
give information about the deformation capacity of the adhesives. Table 5 presents the 
relative displacement across the bond line at maximal load and the corresponding standard 
deviations. 
 
Table 5: The relative displacements at maximal load for the adhesive bonds, measured as the 
mean value of the three specimens studied with Aramis. 

Adhesive Relative displacement (mm) Standard deviation (mm) 
Silicone 10 0.54 
Acrylate 1.5 0.144 
Polyurethane 0.026 0.0057 

 
In Figure 12, the stress–strain relations for the three adhesives are shown. Diagrams with 
different scales are shown since the difference between the adhesives is so large. 
 
The initial shear stiffnesses of the adhesive bonds are estimated from the initial slope of the 
stress versus strain curves. The straight lines in Figure 12 show the initial shear stiffnesses, 
which also are tabulated in Table 6. 
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Figure 12: Stress–strain mean value curves obtained with Aramis. For each adhesive a straight 
line shows the estimated initial stiffness. 
 
Table 6: Estimated initial shear stiffnesses for the adhesive bonds. 

Adhesive Shear stiffness (MPa) 
Silicone 0.6 
Acrylate 80 
Polyurethane 600 
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Figure 13 shows the force versus displacement curve when the displacement is measured with 
Aramis, i.e. close to the adhesive bond, and a comparison to results from calculation models. 
The comparison indicates a relatively good agreement for the modelled initial stiffness. The 
two different alternatives of choice of material parameters in the modelling of the acrylate 
adhesive yield approximately the same results for the shear specimen. This is to be expected 
since the resistance against a volumetric change that a large Poisson’s ratio implies is not as 
important in a shear test as it is in a tension test. A pure shear deformation implies, by 
definition, no volumetric change. 
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Figure 13: Results from shear tests with the displacement measured with Aramis and from the 
calculation models. For silicone (left), acrylate (mid) and polyurethane (right). The mean 
value curve is the mean of the three specimens studied with Aramis. 
 
Figure 14 shows a comparison between the different deformation measuring methods used. 
Similar figures were presented in Part 1 [4], but here the results obtained from Aramis are 
added. As for the tensile specimens, the results for the acrylate and polyurethane adhesive 
depend largely on the measuring method. Especially for the polyurethane, a significant 
amount the displacement measured by the external LVDT sensors and the piston movement is 
outside the adhesive bond.  
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Figure 14: Mean force vs. displacement curves for silicone (left), acrylate (mid) and 
polyurethane (right). Displacement measured with piston, LVDTs and Aramis. Only the 
specimens studied with Aramis are included in the piston results presented here. 
 
Figure 15 presents normalised stress along a path in the middle of the adhesive bond obtained 
from the calculation models. The normalisation is done such that the average tensile stress is 
1 MPa. While studying this figure, it should be kept in mind that the calculation models 
consider neither any slip between the adhesive and the adherends nor any plastic behaviour. 
Due to the difference in stiffness between wood and glass, the stress distributions cannot be 
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expected to be symmetric about the bond line mid plane. The shear stress at the left end is 
more than 1.5 times higher than the shear stress at the right end for the polyurethane adhesive. 
The calculations further predict a quite large stress perpendicular to the adhesive plane for the 
polyurethane adhesive. The same tendencies can be observed for the acrylate adhesive, but the 
deviations from a uniform shear stress distribution and the stress perpendicular to the adhesive 
plane are much smaller. In the silicone bond, the stress distributions appear to be symmetric, 
which can be explained by that the stiffness of glass and the stiffness of wood can be treated 
as being infinitely stiff in relation to the flexible silicone adhesive. 
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Figure 15: Stress distributions from the calculation models. The stresses are measured along a 
path halfway through the thickness of the adhesive, in the direction shown to the right. The 
stresses are normalised with the factor corresponding to a mean shear stress of ( )1 MPa. 

4 Concluding discussion 

4.1 Mechanical properties 
In addition to the strength properties presented in Part 1, the acrylate adhesive (SikaFast) had 
an initial stiffness of approximately 700 MPa and 80 MPa in tension and shear, respectively, 
while the silicone (Sikasil SG-20) had about 1.4 % of the initial stiffness of acrylate in tension 
and 0.75 % in shear. Even if an important factor when gluing glass is the load distribution 
ability, the flexible silicone adhesive has a relatively low stiffness and strength for use in 
structural components, where structural refers to the ability of a component to carry loads 
other than its own weight. However, Winter [9] claims that silicones can transmit sufficiently 
high loads to be used in load-bearing/stiffening building elements. 

4.2 Methods for deformation measurements 
A comparison of results from calculation models based on the finite element method and tests 
indicates a relatively good agreement for the modelled initial stiffness, except for the 
polyurethane tensile specimens. For the polyurethane specimens, however, the test results are 
much more scattered, making it difficult to draw any certain conclusions. 
 
Measuring with an optical method enables measuring without mounting extra equipment on 
the specimen and, in addition there is no need to determine any point of interest a priori since 
the full strain field is obtained. Instead any point can be evaluated posterior, including the 
points where e.g. LVDTs can be mounted. Thus, an optical measurement method does indeed 
add a considerable amount of information, as compared to more traditional methods based on 
LVDTs or strain gauges. It should, however, be kept in mind that a limitation not overcome 
by the optical measuring method is that the surface deformation field is captured. Therefore, 
to get an in-depth understanding of the behaviour of the test specimen, finite element 



 14

modelling can be used as a complement to the test data. In such a combined approach, the 
measured surface deformations can be used to calibrate the FE-model. Then, the FE-model 
can be used to investigate any internal phenomena, e.g. the occurrence of stress 
concentrations, cf. Figure 10 and Figure 15, and by this also evaluating the possibility of 
using the test method to determine the intrinsic strength of the bond. 
 
Another possibility that opens up when using the optical measurement equipment is that of a 
detailed analysis of the test setup itself – whether the test setup performs as intended. One 
such example relates to the identification of eccentric loading and rotations of the specimen 
during testing, as indicated by the curves in Figure 6 for the tensile tests. A possible relative 
rotation between the adherends (in the xy-plane) is seen by the variation of the relative 
displacement for different positions along the bond line. 
 
Otherwise, the main benefits gained from the FE-analyses in the present investigation was the 
understanding of the effect of the large Poisson's ratio on the measured stiffness of the 
silicone adhesive bond as well as comparing two different material models for the acrylate 
adhesive. 
 
Data from the MTS machine and LVDT sensors were sampled every second, while Aramis 
data was sampled every third second. This resulted in rather few data points, especially from 
the tensile tests, which, in combination with a noisy load signal fed into the Aramis system, 
gave a poor precision of the load level for the data from Aramis. Therefore the instant at 
which maximum load is reached is rather uncertain in the Aramis data.  
 
Since the load oscillation that appears in the results from Aramis is not present in the results 
extracted directly from the testing machine, it must be possible to overcome this problem 
either by improving the load signal transfer, e.g. by applying amplification to the load signal, 
or change to another method for correlating load level to Aramis displacement data. For small 
strains, there can also be a problem with noise in the displacements measured, but if not the 
results of a specific point are required, the mean value of some area could be extracted 
instead. 
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Abstract

Timber and glass are materials with aesthetically pleasing properties. If
the materials can be combined appropriately, drawbacks can be over-
come and the beneficial mechanical properties utilised and timber/glass
elements can be a natural part of the load-carrying structure of buildings.
Since glass is a brittle material, an important task for the timber is the
redundancy – a glass failure should not lead to a catastrophic failure of the
entire structural element.

This paper presents results from ongoing research related to load-
bearing components made of timber and glass. Results from tests on
small timber/glass bond-line specimens, recently submitted for publica-
tion, are briefly presented. The core of the paper is, however, a study of
four-point bending tests on twelve timber/glass I-beams with acrylate ad-
hesive. These I-beams had a nominal height of 240 mm and were designed
with a web of 10 mm float glass and flanges of LVL (laminated veneer
lumber), bonded together with an acrylate adhesive.

The mean values of the beams imply that the ultimate load capacity is
240 % of the load when the first crack in the glass appeared. Thus, the
timber well fulfils the redundancy task of avoiding a catastrophic failure
of the structural element.

1 Introduction and previous work

This paper is a result of work performed within a project dealing with the combi-
nation of timber and glass in structural building components. The official name of
the project is ‘Glas och trä i samverkan – innovativa byggprodukter med mervärde’
(In English: ‘Glass and Timber — Innovative Building Components with Added-
Value’). It has financing from the European Union’s structural fund for regional
development, managed by Tillväxtverket. In addition, financing is provided by
Linnæus University, Glafo AB and Lund University.

There are quite a few examples where glass has been used in load carrying
elements. Studies where other materials are added as reinforcement can be found
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for steel [7, 8] and for wood [4]. An important characteristic property apparent in
these studies is that a considerable redundancy can be built into the element; glass
failure does not necessarily lead to a catastrophic failure of the entire element. The
number of existing studies on timber/glass composites is limited, but a possible
concept, noted by [4], is to use wood as load introducing material at supports and
at joints between components.

The present work is a study of timber/glass beams with an I-shaped cross sec-
tion, where the flanges are of LVL (laminated veneer lumber) and the web of glass.
The main adhesive used for the beams here was studied on small-scale specimens
within the same project [1, 2]. Some of the results are mentioned here in Sec-
tion 1.1.

Timber/glass I-beams of similar designs have been studied in previous work
by Hamm [3] and also used in the construction of a hotel in Switzerland [5].

1.1 Small specimen results

In previous small-scale testing with a bond area of 20×40 mm2, the shear strength
of a bond between timber and glass was 4.5 MPa [1] with the same acrylate adhe-
sive as is used here for the beams.

Finite element (FE) analyses were also performed in this study and compared
to results obtained from a non-contact optical measuring system. In the FE-model,
the acrylate adhesive was modelled as linear elastic with Young’s modulus 100 or
80 MPa and Poisson’s ratio 0.4 or 0.25. In shear both these alternatives gave good
agreement with the initial stiffness from the tests, but for tension the comparison
suggested that a Poisson’s ratio of 0.4 is more realistic. [2]

In the same study, a one-component silicone adhesive (Sikasil R© SG-20) was in-
cluded. This adhesive has a Young’s modulus of 0.9 MPa at 100 % strain according
to the product data sheet [10]. For this adhesive, an incompressible Neo-Hooke
material with C10 = 247 · 103 N/m2 (suggested by [6]) showed good agreement
with the initial stiffness obtained in the tests.

2 Methods

2.1 Materials and dimensions

Thirteen I-beam specimens with glass webs and wooden flanges were produced and
tested. The acrylate adhesive was used for twelve of the beams and a single beam
was glued with a silicone adhesive. Two different flange groove widths were used
and the second modified parameter was whether or not the corners of the glass
cross section were grinded (roughly polished) or not. Each beam is here presented
with a three-letter label specifying which of these options that were employed.
Table 1 presents this notation system and Table 2 shows the numbering of the
produced specimens.
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2.1.1 Adhesives

SikaFast R© is a two-component adhesive based on ADP-technology (acrylic dou-
ble performance) and cures by polymerisation. There are three different adhesives
in this series, 5211, 5215 and 5221, whose main difference is the open time, 3, 5 and
9 minutes, respectively. Due to the manual production, mainly the adhesive with
the longest open time, 5221, was used for the beams. The adhesive is designed to
substitute mechanical fastening techniques in structural and semi-structural bond-
ing, the tensile strength is approximately 10 MPa and the tensile-shear strength
8 MPa, all according to the technical data sheet [9]. Further, the data sheet also
gives an approximate elongation at break of 150 % and an approximate glass tran-
sition temperature of 52◦C. In the data sheet it is also noted that the mechanical
properties are temperature dependent.

Sikasil SG-500 is a two-component silicone sealant. The adhesive cures by
polycondensation and is UV resistant. One of the main applications of this ad-
hesive is structural glazing [11]. According to the product data sheet the ten-
sile strength is approximately 2.2 MPa and the elongation at break approximately
300 %.

2.1.2 Substrates

The glass of the I-beam webs was float glass, according to the European standard
EN-572, with a thickness of 10 mm and delivered from Pilkington Floatglas AB.
For most beams, the glass plates were not further treated after the traditional cut-
ting (snapped along a scratched mark), but for five of the beams, the glass plates
were grinded (roughly polished) on the corners of the cross section. In Table 1,
these differences are referred to as ‘no finish’ and ‘polished edges’, respectively.

For the wooden flanges, LVL (laminated veneer lumber) with a machined
groove was used. Two different groove widths were used. Figure 1 shows the
cross-section dimensions and the different flange types.

Table 1: Notation system for the beams.

Adhesive Flange type Glass finish
A Acrylate L Larger groove width N No finish
S Silicone S Smaller groove width P Polished edges

Table 2: Notation and numbering of produced specimens.

ALN − 01, 02, . . . , 07 a

ASP − 01, 02, . . . , 05
SLN − 01

aALN-05 was exposed to hammer-blows during testing.
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Figure 1: Cross section of beam (left) and flange types (right).

2.2 Gluing process

The adhesive was applied manually in the flange groove. Equipment designed to
mix the two components of the adhesives was used. To ensure that the glass web
was centered in the flange groove, spacers, rubber stripes or steel profiles, were
used, see Figure 2. After the adhesive was applied and evened out and the spacers
in place, the glass web was lowered down into the groove by a vertically adjustable
fixing device, see Figure 3. When the adhesive had cured sufficiently, the procedure
was repeated for the second flange.

Figure 2: Steel profile spacer (left), a rubber spacer in place (mid) and unattached
(right).

Figure 3: The glass web lowered down into the flange groove.
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2.3 Test equipment and procedure

The tests were performed in an electro-mechanical machine, Alwetron TCT 100,
with a load capacity of ±100 kN, Figure 4.

The test procedure was four-point bending with lateral supports along the
beam, preventing lateral/torsional buckling and comprised two different tests; a
stiffness test with low load levels and the main test where the beams were loaded
until failure.

In the stiffness test, the beams were first pre-loaded with 1 kN and then loaded
up to 5 kN. The stiffness is calculated from the difference in deflection between
these two load levels. Deflection was measured both with a local and a global
measure. The global deflection is the midpoint deflection with the whole beam
length considered, while the local deflection is measured from the bending of a
5h(=1200 mm) long distance in the middle of the beam, see Figure 5 where the
local and global deflections are denoted v local and vglobal, respectively. Note that

the height, h = 240 mm, which is referred to, is the nominal height of the beam,
not including the increase in height due to the adhesive thickness at the top and
bottom of the glass web.

In the load-capacity test, the loading was displacement-controlled at a rate of
9 mm per minute. The displacement used to control the loading rate was the one
measured by the machine and this was also the only displacement measured in the
load-capacity test.

Figure 4: Testing machine.

h

5h 6h 5h

P/2P/2

5h

vlocal

vglobal

Figure 5: Loading and deflection measures of the beams.
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2.4 Bending stiffness calculation

The bending stiffness, E I , where E is the modulus of elasticity and I the moment
of inertia, can be calculated from both the stiffness test and the load-capacity test.
In the latter, the quotient ∆P/∆v is determined by the initial slope of the load–
deflection curves. Table 3 shows the resulting expressions for the bending stiffness.

Table 3: Expressions for calculating the bending stiffness of the beams.

Deflection measure load point local global

Bending stiffness
175h3∆P

3∆v

125h3∆P

16∆v local

835h3∆P

12∆vglobal

2.5 FE-modelling

2.5.1 Material parameters

The silicone adhesive (SG-500) has a Young’s modulus of 1.1 MPa at 100 % strain
according to the product data sheet [11]. To model this adhesive, the same type
of model was used as for SG-20, discussed in Section 1.1, but with an increased
value for C10 corresponding to the increase in Young’s modulus at 100 % strain.
Material parameters for LVL, glass and the acrylate adhesive are found in Table 4.

Table 4: Material parameters.

Quantity LVL
El 16 060 MPa
Er , Et 440 MPa
Gl r , Gl t 440 MPa
Gr t 44.4 MPa
νl r , νl t 1.1
νr t 0.39

Quantity Glass Acrylate adhesive
E 77 GPa 80 MPa
ν 0.23 0.4

2.5.2 Calculation procedure

Three-dimensional FE-analysis of the beams were performed using a commercial
FE-software. The two symmetry planes in the setup were utilised. Point loads and
supports were modelled using rigid surfaces extended 5 cm in the beam direction.
The calculations were run in displacement control with geometrical non-linearity
considered.

As a first attempt to study the effect of varying adhesive stiffness on the bend-
ing stiffness of the beam after cracks in the glass have appeared, vertical cracks
were implemented on the tension side of the glass. These cracks were extended up
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to half the beam height. First the undamaged beam was loaded until the maximal
normal stress on the tension side of the glass reached 45 MPa. Then a crack was
inserted at the location of the maximal stress and then the beam was re-loaded un-
til a stress of 45 MPa was reached at a new location. This procedure was repeated
several times.

Note that since the symmetry is used and only half the beam length is in-
cluded, a crack at a location other than the midpoint of the beam implies that
two, symmetrically placed, cracks have occurred simultaneously.

3 Results and discussion

3.1 Bending stiffness and load capacity

The initial slope of the load–displacement curves in the load-capacity test was
taken to be the maximal slope of straight lines fitted in the least squares sense
to data in 4 kN load intervals. The result was used both to calculate the initial
bending stiffness and to shift the curves along the displacement-axis such that the
line corresponding to the initial stiffness starts at zero displacement. The load–
displacement curves obtained in the load-capacity test are shown in Figure 6.

For all specimens, the load at which the first crack appeared was much lower
than the maximal load. Several cracks in mostly the glass appeared before the ulti-
mate failure of the beams. Table 5 presents the load where the first crack appeared
and the maximal load. The first crack is estimated to be at the first ‘bump’ on the
load–displacement curve, as this was observed to be typical during the tests.

The stiffnesses presented in Table 6 are the ones obtained from the load-capac-
ity test, while Table 7 shows the initial stiffnesses found in the stiffness test.

A comparison between the different displacement measures used to calculated
the bending stiffness can be found in Figure 7. The dashed lines in this figure
presents the two limit cases, no interaction and full interaction, obtained from
theoretical hand calculations using beam theory. In the former, each part (lower
flange, web and upper flange) is assumed to bend about its own centre-of-gravity
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Figure 6: Load–displacement curves for all tested beams.

7



Table 5: Mean values of loads for the tested beams. The standard deviation is denoted by s .

Type No. of Load at first crack Maximal load Increase
specimens (kN) (kN) (%)

ALN 7 pcs. 11.1 (s = 1.45) 28.4 (s = 2.53) 160
ASP 5 pcs. 13.0 (s = 1.17) 28.9 (s = 2.43) 120
All acrylate specimens 11.9 (s = 1.62) 28.6 (s = 2.39) 140
SLN 1 pc. 8.80 21.0 140

Table 6: Mean values of stiffnesses for the tested beams. The standard deviation is denoted by s .

Type No. of Initial (MNm2) Up to maximal Decrease
specimens load (MNm2) (%)

ALN 7 pcs. 0.954 (s = 0.029) 0.617 (s = 0.061) 35
ASP 5 pcs. 1.000 (s = 0.007) 0.707 (s = 0.031) 29
All acrylate specimens 0.973 (s = 0.032) 0.655 (s = 0.068) 33
SLN 1 pc. 0.850 0.335 61

Table 7: The initial stiffnesses (MNm2) obtained in the stiffness test, s is the standard deviation.

Type No. of specimens Calculated from vlocal Calculated from vglobal

ALN 7 pcs. 1.120 (s = 0.030) 1.030 (s = 0.027)
ASP 5 pcs. 1.211 (s = 0.025) 1.017 (s = 0.016)
All acrylate specimens 1.158 (s = 0.054) 1.024 (s = 0.023)
SLN 1 pc. 1.009 0.918

axis. Whether or not the adhesive is assigned any thickness in the beam height
direction yields small differences for the upper limit. The shaded grey areas in
Figure 7 show the difference between zero and 1.5 mm thickness.

Studying the test results obtained for beam type ALN and ASP, mainly the
bending stiffness from the local displacement measure, E I local, is increased for the
ASP type compared to the ALN type. A thinner adhesive bond increases the stiff-
ness of the bond, the interaction between flanges and web, and thereby also the
bending stiffness of the beam. The global displacement measure includes local
compression at the supports and the displacement measured at the load points in-
cludes also local compression at these points. Since the local compression is the
same irrespective of the actual stiffness of the beam, the bending stiffness calcu-
lated from these measures, E Iglobal and E I loadpoint, should be expected to increase

less by an increased interaction between flanges and web than E I local. However,
the same argument cannot explain the smaller difference between E Iglobal and

E I loadpoint for the ASP type compared to the ALN type.

From the FE-calculation, results in Figure 7 are presented for the same points
as measured in the test and also for points located at the same positions along the
beam length, but at the middle of the beam height. This shows how the effect of
local compression on the bending stiffness is captured in the calculations.
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Figure 7: Comparison of the initial bending stiffness obtained with three differ-
ent methods. Results from both the tests and the FE-calculation are included.

3.2 Failure process

The failure of the beams occurred during a large load interval, cf. Table 5, and
is initiated at the tension side of the glass where ‘broom shaped’ cracks appear,
see Figure 8(a). Later in the failure process, Figure 8(b), the glass breaks more
irregularly and at the ultimate load, failure of the wooden flanges occurs as well,
Figure 9.

The crack modelling, where the ‘broom shaped’ crack that appears in the tests
is modelled as a single vertical crack, is considerably simplified. The vertical crack
introduces a stress concentration around the crack tip. Even if this concentration
in some sense is local and present only at the vicinity of the crack tip, the stress dis-
tribution for beam cross sections around the crack is affected by the large normal
stress at the crack tip.

Figure 10(a) and 10(b) show the stress distribution in the glass web for the
ALN and SLN beam type, respectively. For the undamaged beam, the curves
showing the normal stress variation at the tension edge of the glass are similar for
the acrylate and silicone adhesive. After the first crack has appeared, the more
flexible silicone adhesive yields lower stress in the glass close to the crack, but at a
distance from the crack the stress is instead higher than for the acrylate adhesive.
Studying the mid part of the beam after the first crack, the normal stress in the
glass is more uniformly distributed for the flexible silicone adhesive. Therefore
the prediction of where the next crack would appear is much more uncertain for
this adhesive.

9



(a) Typical initial crack formations (ASP-05).

(b) Typical crack formation later in test (ALN-03).

Figure 8: Cracks forming during the load-capacity test.

(a) ALN-02

(b) ASP-04

Figure 9: Examples of beams after the final failure.
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(a) Results from the ALN calculation.
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Figure 10: Normal stress distribution in glass (left). Due to the stress concen-
tration at the crack tip, the centre is removed to find the maximum stress at the
tension edge. Curves showing the normal stress variation at the tension edge of
the glass (right).

Figure 11 shows load–displacement curves for both the tests and the FE-model-
ling. For the ALN and ASP beam type, the second crack in the calculation appears
at the middle of the beam. Any other crack inserted in the model implies that two
symmetrically placed cracks are modelled, as noted in Section 2.5.2.

Comparison of the bending stiffness from tests and calculations in Figure 7
shows that the initial bending stiffness is underestimated for the silicone adhesive
and overestimated for the acrylate adhesive. In Figure 11 it can be seen that besides
this difference, the stiffness reduction after a few cracks is larger in the tests than
in the calculation. Later in the test, the glass breaks more irregularly (cf. Figure 8),
which is not at all considered in the calculation.
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Figure 11: Comparison between calculation and test results, for the ALN and
SLN beam type (left) and the ASP beam type (right).
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4 Concluding discussion and future work

The main results obtained in this study is the test results of the beams with acrylate
adhesive. The redundancy provided by the LVL flanges enabled the load to be
increased by 140 % after the first crack appeared in the glass before the maximal
load was reached.

The FE-analyses presented should be seen more as an initial study with many
refinement possibilities. The single silicone beam is not sufficient to draw any
certain conclusions from, but an extended study of adhesives with different stiff-
nesses could be relevant. The initial stiffness of the silicone beam is comparable to
one of the beams with acrylate adhesive, whereas the stiffness reduction after the
first crack has appeared in the glass is considerably larger.

Besides properties such as load capacity and redundancy in case of glass failure,
another challenge of importance when gluing timber and glass is the large differ-
ence in behaviour in the case of varying moisture. Here the hygroscopic nature
of wood introduces further demands on the adhesive used in terms of its flexibil-
ity. Therefore an optimisation of load capacity and redundancy versus adhesive
flexibility would be of interest.
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