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The modern men need space, light, clearness, peace, nothing should limit the space.
We open our rooms to the sun and sky to big window surfaces,

and this way we intake the surroundings into our rooms.
They seem to be spacious without being big.

Heinrich Lauterbach (1893-1973)





Preface

The thesis was prepared in the Structural Engineering Department in the Faculty of
Civil Engineering at the Silesian University of Technology in Gliwice (Poland). It was
started in October 2010 and lasted four years.

Part of the research on materials (glass, timber) and experimental investigation on
small-size beam specimens were carried out at the laboratory of the Faculty of Civil
Engineering at the Silesian University of Technology (Gliwice, Poland). Part of the
research on materials (glass, timber and adhesives) and experimental investigation on
life-size beam specimens were performed in collaboration with the research group in
the Department of Building and Energy Technology at the Linnaeus University (Växjö,
Sweden) within the European research project "The WoodWisdom-programme: Load
Bearing Timber Glass Composites (LBTGC)".
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Abstract

Current trends in modern architecture are focused on minimising the boundaries between
the external environment and interior of the building. This requires a continuous increase
of the amount of translucent surfaces allowing natural sunlight to enter the building, not
only in facades but also as interior elements. The research project on hybrid timber-glass
beams is based on an assumption that timber and glass work together to carry external
loads. Glass no longer acts as a filling, as in traditional solutions, but actively participates
in load transfer. The research project involves the most important mechanical properties
of very different materials: the stiffness and strength of glass and ductile nature of
timber to build a modern, safe and durable building components.

The research project involves a single pane web made of annealed float glass and timber
block flanges bonded together with an adhesive. Even if the glass web fails, due to
overloading or an act of vandalism, the glass shards are held in place by the timber
flanges and the beam can still withstand loading. The bottom flange with the bond line
adhesive connection acts as a bridge: the tensile forces that before failure were carried
by the tensile zone of the web are now transferred by the timber flange. Therefore,
the concept prevents brittle failure of the beam, provides ductility and offers a high
post-breakage strength after possible glass failure. The post-breakage strength relates to
an increased value of the load at final collapse of a beam in relation to the load at which
an initial crack in the web occurs.

Experimental investigation on materials used in the research (glass, timber and adhe-
sives) was conducted in order to better understand the behaviour of the materials and
determine the basic material properties used in the numerical and analytical models.

Tests on small- and life-size specimens were conducted in order to estimate the load-
bearing capacity, bending stiffness and post-breakage strength. Also the influence of
different adhesives covering the full range of stiffness from low (1-3 MPa) to high
stiffness (1500 MPa) and types of glass (annealed float and heat-strengthened glass) on
global glass beam behaviour was analysed.

Advanced 3D numerical models of beam specimens were implemented using Finite
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Preface

Element Code ABAQUS. Explicit solver and Brittle cracking material model for glass
were used to simulate cracking of glass. The Influence of element geometry, element
size and value of fracture energy on results were analysed. From these studies the
most suitable model parameters were chosen for final models of small- and life- size
hybrid timber-glass beams. The models were validated by comparing their results with
experimental studies.

A simple analytical method for preliminary design of hybrid glass beams (determination
of the load at first cracking of glass and the initial bending stiffness) was proposed by
modification of the gamma-method included in PN-EN-1995-1-1. The method was
validated by comparing its results with experimental studies.
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Nomenclature
Greek letters

∆T temperature change

∆σ increment of stress

∆σaxial increment of axial stress

∆εaxial increment of axial strain

∆F increment of load

∆l axial elongation

∆u increment of displacement

∆exp variation of results of analytical solution and experimental testing

∆local difference between EIglobal and EIlocal

∆num variation of results of numerical analysis and experimental testing

∆t time increment

δu crack normal displacement

γ connection efficiency factor

λ Lame constant

µ Lame constant

ν Poisson’s ratio

ρ material density

ρ(εcrack) material density
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Nomenclature

σ stress

σaxial axial stress

σf,c stress in flange (centroid)

σf stress in flange (outer edge)

σt,t true stress

σt,u maximal tensile stress

σt nominal stress

σw stress in web (edge)

ε strain

εaxial axial strain

εcrack,max material parameter

εcrack crack opening strain

εlateral lateral strain

εt,u maximal tensile strain

εt nominal strain

Latin letters

a distance between loading position and the nearest support

A0 nominal area of cross-section

Ai cross-section area of i-component

ai distance from center of gravity of i-component and entire cross-section

b width of cross-section

b1 width of specimen

b2 width of specimen (narrowing)

bf width (thickness) of web

bf width of flange

cd dilatational wave speed
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Nomenclature

E modulus of elasticity

Ei modulus of elasticity of i-component

Ev comparative modulus of elasticity of i-component

Edyn dynamic modulus of elasticity

Eglobal modulus of elasticity based on global deflection

Elocal modulus of elasticity based on local deflection

Et,e elastic tensile modulus

Et,p plastic tensile modulus

EI bending stiffness

EIglobal bending stiffness calculated from global deflection

EIlocal bending stiffness calculated from local deflection

F load

f fundamental frequency

ft maximal tensile stress

Fcrack load at initial cracking in glass

Ft,u ultimate load

fte ultimate tensile stress in elastic domain

G shear modulus (uncracked)

Gcrack post-cracking shear modulus

GI
f fracture energy of glass

h height of specimen

hf height of flange

hw height of web

hfg height of groove

I moment of inertia

Ie,eff effective moment of composite cross-section with i-components

Ie,ef effective moment of composite cross-section
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Kk stiffness of bond connection
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l3 length of specimen
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MOE modulus of elasticity
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P load
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1 Introduction to the research

This chapter provides an introduction to the research. Background, motivation and
problem definition are described. The chapter presents also main objectives, hypotheses,
main research aspects and methodology.

1.1 Background and motivation
"The modern men need space, light, clearness, peace, nothing should limit the space.
We open our rooms to the sun and sky to big window surfaces, and this way we intake the
surroundings into our rooms. They seem to be spacious without being big" - the quote
by Heinrich Lauterbach (1893-1973), one of the most renowned architects of Wrocław
city during II World War period, despite many years after his death is still valid. Current
trends in modern architecture are focused on minimising the boundaries between the
external environment and interior of the building. This requires a continuous increase of
the amount of translucent surfaces allowing natural sunlight to enter the building, not
only in facades but also as interior elements, see Figure 1.1.

Figure 1.1: Pilot project. Hybrid timber-glass beams as load-bearing components of
roof structure and conservatory (Authors: A. Kozłowska, A. Klich | AK2)

.
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Chapter 1. Introduction to the research

Contact with the outside living environment is one of the most important psychological
aspect [1]. It is indisputable that natural sunlight has positive impact on health and
quality of life of people living or working in buildings [2]. For this reason, the possibility
of increasing the translucent surfaces by the use of glass structural components is
desirable. Besides, modern trends in architecture are oriented towards the high quality
of life and low energy consumption, into which modern glass and wood products fit
perfectly [3].

Nowadays, timber and glass are widely used in many architectural applications. Solu-
tions such as glass panes bonded to timber frames were known for a long time. However,
traditional solutions assume that glass only fills the frame - it does not contribute in the
total load-bearing behaviour, only transfers wind load to the structural frame. Thus the
glass pane requires a substructure to bear external loading.

The research project on hybrid timber-glass beams is based on a different assumption
- namely, that timber and glass work together to carry external loads. Glass no longer
acts as a filling but actively participates in load transfer. It becomes equivalent to timber,
a structural element.

Timber is a natural material, environmentally friendly and perfectly in line with princi-
ples of sustainable development. Its high strength-to-weight ratio in combination with
its low thermal conductivity makes timber a strong alternative to other constructional
materials. In addition, an increased use of timber as a material for structural purposes
will allow the European countries to reduce CO2 emissions, mitigating climate change
in accordance with international agreements such as The Kyoto Protocol [4].

The research project focuses on the combination of glass and timber materials in a way
to work in synergistic cooperation. It involves the most important mechanical properties
of very different materials: the stiffness and strength of glass and ductile nature of
timber to build modern, safe and durable building components.

1.2 Problem definition
Although glass is known for thousands of years, only in the last few decades has been
used as a load-bearing material for various structural elements, such as beams, walls
and columns [5, 6]. The glass components were applied in a number of realizations, e.g.
roof structures, facade structures, conservatories, footbridges and canopies [7–14].

Despite the undeniably desirable properties of glass, such as translucency, strength and
durability the material glass itself poses many difficulties in structural considerations.
Firstly, it is an extremely brittle material - thus unsafe, when overloaded breaks imme-
diately into shards within a second. In contrast to for example steel, in case of which
failure is preceded by large plastic deformation, glass fails with no warning. Secondly,
glass is extremely susceptible to stress concentrations due to inability to redistribute
stresses by local yielding of the material. Therefore, it is a big challenge to design proper
structural connections between glass elements avoiding solutions that do not cause stress
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1.2. Problem definition

peaks. Finally, glass is much weaker in tension than in compression, therefore it limits
its scope of application especially in bending and tension components.

A traditional approach to design glass elements takes into account presented before
aspects and involves the use of tempered glass. Tempered glass has a considerably
higher strength than annealed float glass, but breaks into small shards and thus presents
no post-breakage strength. Besides that, the commonly used approach is to laminate
a few panes together to minimise the probability of total glass failure. In case of
breakage of one pane the remaining are designed to carry the load. Finally, current
design approaches are based on the use of very high safety factors and application of
sacrificial sheets to the laminate to protect the load-bearing core. The conservative
approaches are uneconomical and do not fully take advantage of the material glass.

The research project is based on another concept, different from traditional approaches.
The hybrid timber-glass concept is presented in Figure 1.2. The concept involves a
single pane web made of annealed float glass and timber block flanges bonded together
with an adhesive [15]. Even if the glass web fails, the glass shards are held in place by
the timber flanges and the beam can still withstand loading. The bottom flange with
the bond line adhesive connection acts as a bridge: the tensile forces that before failure
were carried by the tensile zone of the web are now transferred by the timber flange.
Therefore, the concept prevents brittle failure of the beam, provides ductility and offers
a high post-breakage strength after possible glass failure (caused by overloading or
vandalism). The post-breakage (residual) strength relates to an increased value of the
load at final collapse of a beam in relation to the load at which an initial crack in the
web occurs, see Figure 1.2.

Figure 1.2: Schematic representation of hybrid timber-glass beam concept: cross-
section of hybrid beam (left), side-view of hybrid beam with cracked glass web (middle),
force-displacement diagram showing ductility and post-breakage strength.

In the last few decades several projects of combining glass with other materials were
started [16, 17]. The projects can be divided into two categories: research on reinforced
and hybrid glass beams. The first presents an analogy to reinforced concrete - a
reinforcing material is not inside the main material but bonded to the tensile side of a
glass web. The idea is to strengthen a glass beam with a strip made of steel [18–21],
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Chapter 1. Introduction to the research

carbon fibre [22] or glass fibre [23] bonded to the tensile side of the element. The other
category presents analogy to composite structures. The hybrid glass beam concept is
to combine a glass web and flanges made of different materials [16, 17]. It involves
flanges made of steel [24–26], concrete [27] or timber [28–34]. In general, all research
projects show tendency to seek ductility and post-breakage safety.

However, not all aspects of hybrid timber-glass beams are yet fully investigated. There is
a need to continue experimental investigation on beam specimens of life-size dimensions.
Moreover, numerical models of hybrid beams which include, in most cases, only the
elastic phase, but also cracking in glass would contribute to current state of knowledge.
Finally, a simple analytical tool for initial dimensioning would be of interests.

The current research project therefore focuses on broadening the knowledge and under-
standing the structural response of hybrid timber-glass beams. It includes experimental
investigations on material of components, small-size (1800 mm long) and life-size (4800
mm long) specimens. Furthermore, numerical models are performed to simulate the
behaviour of hybrid timber-glass beam elements under loading. They include not only
the elastic phase but also post-cracking behaviour. Finally, a simple design method for
dimensioning of hybrid timber-glass beam elements is provided.

1.3 Hypotheses and limitations
The previous section outlines the research area and defines the idea of the research
project. However, when formulating the research problem, its boundaries and limitations
should be carefully defined.

In the thesis the following hypotheses and limitations can be distinguished:

• Hypothesis 1
Combination of a glass web and timber flanges bonded with adhesives provides a
practical, durable and environmentally-friendly basis for a building system.
Limitation: The thesis is limited to beam components as selected parts of a
building system.

• Hypothesis 2
Hybrid timber-glass beam components make possible predictable and safe struc-
tures by providing ductility and high post-breakage (residual) strength.
Limitation: The thesis is limited to determination of a load-bearing strength of
hybrid timber-glass beam components based on four-point bending test.

• Hypothesis 3
The stiffness of a bond line adhesive connection influences the bending stiffness
and load-bearing capacity of hybrid timber-glass beams.
Limitation: The thesis is limited to three types of adhesives of different stiffness.
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1.4. Objectives of the thesis

1.4 Objectives of the thesis
The main purpose of the thesis is to extend the knowledge about structural response of
hybrid timber-glass beams. Moreover, it is focused on the try to simulate numerically the
behaviour under loading and failure mechanism including formation and propagation of
cracks in the glass web. In addition, it aims at a simple method to estimate the stiffness
and load-bearing capacity of hybrid timber-glass beam components.

The following sub-goals can be distinguished:

• Prepare a literature review. Its main goals are to analyse and present the current
state of knowledge including substantive findings as well as methodological
contributions to the topic of hybrid timber-glass structural beams. The aim is to
situate the current research within the work done by others;

• Investigate experimentally materials (glass, timber and adhesives) used for prepa-
ration of hybrid timber-glass specimens. Its main goal is to determine mechanical
characteristics to use the values in numerical simulations and analytical consider-
ations;

• Build and test nine 300 mm high and 1800 mm long hybrid timber-glass beams
bonded with three different types of adhesives. The main goal is to test the
concept and draw conclusions before manufacturing life-size specimens;

• Build and test twelve 240 mm high and 4800 mm long hybrid timber-glass beams
bonded with three different types of adhesives;

• Model numerically the behaviour of hybrid timber-glass beams under loading and
failure of a glass web including formation and propagation of cracks using Finite
Element Methods (FEM);

• Investigate analytically the hybrid timber-glass beams regarding bending stiffness
and load level at which initial cracking in glass occurs. Provide a simple analytical
tool for initial dimensioning of hybrid timber-glass beams;

• Draw general conclusions based on findings from experimental investigations,
numerical simulations and analytical considerations;

• Formulate directions for future research.

1.5 Research aspects and methodology
The experimental investigations are focused on understanding the behaviour under
loading and mechanism of failure of hybrid timber-glass beams. The part consists of
three main phases: testing of materials, small- and life-size specimens. The first phase
deals with extending the knowledge about basic physical properties of materials used
to build the hybrid beam specimens. Firstly, it includes determination of failure stress
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Chapter 1. Introduction to the research

of glass tested in standing position, modulus of elasticity and level of residual stress
in heat-strengthened glass. Secondly, the timber is planned to be investigated in few
configurations using different methods to determine its stiffness properties. Finally,
three adhesives are tested in tension to specify the stiffness and Poisson’s ratio. The
experimental research on materials is focused on qualitatively rather than quantitatively.
The parameters obtained in this phase are planned to be used in numerical models
and analytical methods. The second phase includes experimental research on small-
scale specimens (1800 mm long) by means of four-point bending tests. The aim is
to investigate the differences in structural response of hybrid beam specimens built
using three adhesives of different stiffness. The final phase is focused on experimental
research on life-size specimens (4800 mm long). The main goal of this phase is to
investigate the structural response of hybrid timber-glass beam specimens of life-size
dimensions. Moreover, it allows to check the size-effect and answer the question if the
results of small-size beams can be translated into the life-size specimens.

Numerical investigations are focused on the simulation of structural response of hybrid
timber-glass beams. The numerical investigations make use of a 3D models and brittle
cracking model available in ABAQUS/Explicit software [35]. The brittle cracking
model is suited especially for modelling the response of brittle materials, in which
the behaviour is dominated by tensile cracking. The crack initiation is governed by a
simple criterion - a crack starts forming when the maximum principal stress exceeds
the tensile strength of glass. Post-cracking behaviour of an element is based on fracture
mechanics and loss of shear modulus associated with the magnitude of crack opening
(shear retention model). Load-displacement curves and cracking patterns are derived
from numerical models and compared with the experimental results. Moreover, the
effects of various model parameters (e.g. element type, element size, fracture energy of
glass) on the results are investigated.

A complex analytical model is not an aim of the thesis. The analytical investigation
is focused rather on a simple design tool to be used by engineers who are not always
familiar with complex FEM software or used to perform complex calculations. It
provides an analytical method to estimate the stiffness and load-bearing capacity of
hybrid timber-glass beams. The analytical tool can be also used for initial dimensioning
of hybrid timber-glass beams.

1.6 Organization of the thesis
The thesis consists of 8 chapters, each dealing with separate subject.

Chapter 1 provides introduction to the research, background, motivation and problem
definition. It presents objectives, hypotheses, main research aspects and methodology.

Chapter 2 presents a literature review, it provides the results of research projects on
hybrid glass beam specimens made by others and an example of application of the
hybrid timber-glass beam concept. It presents findings and methodological contributions
to the subject. The motivation of the thesis is presented.
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1.6. Organization of the thesis

Chapter 3 focuses on experimental investigations on materials being the components of
the specimens tested in following chapters. It characterizes mechanically glass, wood
and adhesives.

Chapter 4 deals with with experimental testing of small-size beam specimens (l=1800 mm).
It provides details of test specimens, test set-up and test procedures. It presents results,
discussions and conclusions.

Chapter 5 deals with with experimental testing of life-size beam specimens (l=4800 mm).
It provides details of test specimens, test set-up and test procedures. It presents results,
discussions and conclusions.

Chapter 6 focuses on numerical modelling of structural response of hybrid timber-
glass beams. It presents brief review of numerical methods used in the research. The
experimental results, reported in Chapters 4 and 5, are used as a reference to validate
the models. The findings from the numerical investigations are presented.

Chapter 7 presents a simple analytical tool to investigate the structural response of hybrid
timber-glass beams regarding initial bending stiffness and the load at first cracking in
glass. The test results presented in Chapters 4 and 5 are used as a reference to validate
the models. The findings from the analytical investigations are presented.

Chapter 8 provides the conclusions from the research presented in the preceding chapters.
It also presents the recommendations for future research.
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2 Literature review

The chapter presents the current state of knowledge regarding hybrid glass beams
within last twenty years. The chapter focuses mainly on hybrid timber-glass beams but
provides also examples of combinations of glass and other materials. It gives the results
of research projects on beam specimens. The chapter presents also an application of
hybrid timber-glass concept in the roof structure of The Palafitte Hotel in Switzerland.

2.1 Hybrid timber-glass beams
The current knowledge about synergistic features of timber-glass composites relates
to a few previously conducted research projects in European research centres within last
twenty years.

Early examples of timber-glass composites were presented in the mid and late 1990s
and early 2000s [36–39]. These research projects related to the basic studies on hybrid
structural panels consisted of glass panes and frames made of timber, aluminium and
glass fibre reinforced plastic, bonded with elastic connections. The projects showed
a big potential and a need to develop the knowledge and continue the research on
timber-glass composite elements.

More detailed technical research on timber-glass composites was made by Hamm in
2000 [28, 29]. Hamm investigated the influence of combining timber and glass based
on I-shaped beam and plate elements using polyurethane adhesive, see Fig. 2.1. Eight
4000 mm long and 250 mm high beams were tested. The flanges consisted of two solid
timber blocks bonded on both sides of the glass web. The dimensions of flanges varied
from 30 × 50 mm to 50 × 60 mm. For all beams a 10 mm thick glass pane was used.
Hamm observed an average increase of 200% of a load after first crack has appeared
and average distance between cracks for all tested beams, which was 250 mm (Fig. 2.1).
Despite high post-breakage strength of tested specimens, the idea of bonding two timber
blocks on both sides of the glass web is questionable regarding proper load transfer from
flanges to the web. Even minor imperfection of geometry may introduce unintended
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eccentricities. Moreover, moisture exchange in wood can lead to its defects, such as
warping, which in case of flange consisting of two elements may cause unpredictable
effects.
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Figure 2.1: Force-displacement curve for 4000 mm long timber-glass composite beam
(left) and the specimen after failure (right) [28].

Extensive research on I-shaped timber-glass composite beams including float, heat-
strengthened and fully tempered glass was performed by Kreher in 2004 [30, 31].
Design of the beams was similar to Hamm’s specimens but he used thinner pane
thicknesses: 4 and 6 mm, also the length was reduced to 2000 mm likewise the height of
beam to 150 mm. The dimensions of flanges varied from 30 × 30 mm to 50 × 50 mm.
Kreher reported an average increase of 70% of a load after first crack has appeared
before the total collapse of the beams with web made of annealed float glass (Fig. 2.2).
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Figure 2.2: Force-displacement curve for a selected 2000 mm long timber-glass com-
posite beam (left) and test set-up (right) [30].

The beams with web made of heat-strengthened glass and tempered glass showed no
post-breakage strength. Kreher in his research used very thin glass panes (4 and 6 mm),
probably due to small dimensions of specimens. This is understandable in terms of
experimental investigations but it seems inadequate for practical applications due to its
fragility.
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2.1. Hybrid timber-glass beams

Timber-glass composite beams were also researched by Cruz and Pequeno in 2008 [32].
Twenty beams were tested – 15 composite beams, including I-shaped and rectangular
section, four timber beams and one glass beam. All composite beams were 550 mm high
and consisted of a glass web and timber flanges 70 × 100 mm. The span of the beams
varied from 650 to 3200 mm. The web was a laminate glass which consisted of two
6 mm thick annealed float glass panes with PVB interlayer. For the composite beams
three adhesives were used: polymer, silicone and polyurethane. Cruz and Pequeno
observed post initial crack strength of almost 185%, which corresponds to an average
increase of a load of 85%.

Figure 2.3: Force-displacement curve for a selected 3200 mm long timber-glass com-
posite beam (left) the specimen after failure (right) [32].

The increase of load was observed for the 3200 mm long composite beam with polymer
adhesive. However, Cruz and Pequeno state that silicone adhesive due to its great
flexibility seems to be the most advisable for this application. Great flexibility and the
associated smaller stiffness of hybrid beams are not desired in structural applications.
When comparing force-displacement curves for tested specimens reported by Hamm,
and Kreher (Fig. 2.1 and 2.2) and Cruz (Fig. 2.3) significant differences can be noticed.
Cruz observed smaller number of cracks in glass web and the drops of forces were more
pronounced. This leads to a conclusion that beams bonded with stiffer adhesives fail in
more ductile manner and present more stable mechanism of failure in terms of structural
behaviour.

Research on I-shaped timber-glass composite beams was also performed by Blyberg
and Serrano in 2011 [33, 34]. All beams were 240 mm high and 3850 mm long. The
section consisted of 10 mm thick glass pane 200 × 3850 mm made of annealed float
glass and solid timber flanges 45 × 60 mm. Two types of glass edges were tested:
roughly polished and non-treated after the traditional cutting. For the flanges laminated
veneer lumber (LVL) was used. The glass web was bonded with adhesive in a groove
milled in timber flanges. In the set, fourteen beams were tested: seven with non-treated
edges, five with polished edges – both bonded with acrylic adhesive, and one bonded
with silicone sealant with polished edges. Blyberg and Serrano observed an increase of
load of 140% after formation of the first crack in the glass web before the maximum
load was reached.
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Figure 2.4: Cross-section of hybrid timber-glass beam specimens (left) and force-
displacements curves (right) [33]

A different approach was presented by Winter and Hochhauser [40, 41]. In contrast to
hybrid beams presented earlier, where the lower timber flange works as reinforcement
of the broken glass web, the continuous glass web was split into six glass pieces
separated by timber posts. The pieces were adhesively bonded on both sides to the
timber framework. Acrylate and epoxy adhesives were used. Thus, it can be said that the
beam combines two main load-bearing mechanisms: lattice girder and shear panels. The
beam, presented in Figure 2.5, is 837 mm high and 8272 mm long. The cross-section
of the beam is composed of timber flanges 100 × 149 mm and two panes 8 mm thick
made of heat-strengthened glass. Three trusses with acrylate adhesive glue lines have
been tested in four-point bending tests and showed an average collapse load of 127 kN
at a deflection of 77.9 mm [42].

Figure 2.5: Side-view of hybrid timber-glass beam (left) and detail of cross-section
(right) [40].

First results on experimental investigation on 4800 long hybrid timber-glass beam were
presented by Premov et al. [43]. The specimen with the total height of 240 mm was
composed of 8 mm think glass web and timber flanges as two wooden blocks bonded
on both sides of the web with silicone adhesive. The specimen presented the ultimate
load 225% higher than the load at first cracking. However, the promising findings are
based on the only one specimen tested. Moreover, dividing the flanges into two timber
blocks may lead to problems as with the beams researched by Hamm [28, 29].
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2.2 Example of application
The concept developed by Kreher [30] was tested on a full-scale model and applied in
the roof structure of the conference room in The Palafitte Hotel in Switzerland [39, 44],
see Fig. 2.6.

The beams support a light roof and are supposed to transfer snow and wind load to steel
posts hidden inside external walls. Each 6000 mm long and 580 mm high I-shaped
beam composes of a single glass pane and timber flanges bonded on both sides of the
glass web. The upper flange consists of two solid timber blocks 100 × 160 mm whereas
the lower flange involves two timber blocks 65 × 65 mm. For the web a 12 mm thick
glass pane made of fully tempered glass was used. Due to the lack of post-breakage
strength of toughened glass the upper flanges were designed to resist external loads
even in case of total failure of a glass web. This solution ensured the structural safety
of the supporting roof structure. The beam was examined in four-point bending test.
Due to the use of the fully-tempered glass the specimen presented brittle failure and
no post-breakage strength. However, the maximal load obtained during testing was
approximately three times bigger than the designed load on the roof structure.

Figure 2.6: The conference hall of Palafitte Hotel: view from inside and outside [44].

2.3 Hybrid glass beams with flanges
made of other materials

In the last few decades several projects of combining glass with other materials were
started [16, 17]. The section presents selected examples of hybrid beams with flanges
made of other materials.

Hybrid steel-glass beams have been researched by Wellershoff [26]. The cross-section
of the beam consisted of a glass web adhesively bonded to steel angles screwed to
steel rectangular flanges (Fig. 2.7). A prefabricated 3600 mm long I-shaped hybrid
beam was build and examined in four-point bending test. At a load of 137.8 kN first
crack was observed. At the same time the test was stopped due to a large deflection
of the specimen. The load bearing capacity of hybrid beam seems to be impressive if
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compared with a pure glass beam. The theoretical load that causes buckling failure of a
pure glass beam of the same dimensions as the tested beam was estimated at 29.6 kN.

Figure 2.7: Cross-section of the hybrid steel-glass beam and four-point bending test
[26].

Figure 2.8: Load carrying capacity of hybrid steel-glass beams with joints made of
different adhesives: TS4 – silicone, TS1 – polyurethane, TS3 – epoxy resin [24]

Similar studies of hybrid steel-glass beams have been performed by Ungermann [24].
In contrast to Wellershoff’s research [26] the steel flanges were bonded directly (with
no transitional angles) to the glass web. A 4000 mm long specimens consisted of a
web built of two 12 mm toughened glass panes laminated together and steel flanges
with a cross-section of 10 × 80 mm. The flanges were bonded to the web with three
different adhesives: polyurethane, epoxy resin and silicone. The beams were examined
in four-point bending test. To avoid the failure caused by lateral buckling of the beam a
lateral support was built at midspan. To interpret the influence of adding steel flanges
on a load bearing capacity of hybrid beams a failure load of a glass fin without flanges
was estimated to be 40 kN (based on a glass strength of 120 MPa). The studies proved
that stress distribution in hybrid steel-glass beams was highly depended on stiffness of
an adhesive connecting the glass web and steel flanges (Fig. 2.8). In case of a silicone
adhesive the specimen reached a load of 52.8 kN before the first crack occurred. Due to
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low stiffness of silicone the flanges had small contribution in carrying forces and the
beam failed due to glass failure. An increase of 32% in relation to the failure load of
glass fin without flanges was explained that the glass strength was higher than expected.
The beam with polyurethane adhesive (stiffer than silicone) showed the same behaviour
at a load of 72.1 kN. An increase of 180% was explained by the glass strength as well.
The highest load carrying capacity showed the beam with joints made of epoxy resin –
126.6 kN. The adhesive was so stiff that the steel flanges played a main role in carrying
forces and almost reached the yield strength. In the test an 316% increase of failure load
was achieved.

Figure 2.9: The cross-section of the glass-concrete beam (left) and the specimen during
test (right) [27].

Research on glass-concrete composite beams has been performed by Freytag [27]. He
presented a structural behaviour and detailed theoretical failure mechanism of the hybrid
concrete-glass beam, see Figure 2.9. A 7800 mm long beam consisted of a glass web
and two flanges made of ultra-high-performance concrete. The web was composed of
three 8 mm panes made of fully tempered glass resin laminated together. The direct
connection between glass and concrete was made by placing the web into form before
pouring liquid concrete. To ensure proper joint the glass was specially pretreated by
roughening the surfaces. To validate the concept two experiments were performed.
The bottom flange of the first beam was prestressed by bondless tendons placed in
the bottom flange of the beam to close the cracks caused by shrinkage of concrete
and retrieve the original stiffness. The second specimen was simply reinforced. The
experiments showed a strong influence of prestressing on load-bearing capacity of the
glass-concrete composite beams. The prestressed beam failed at a load of 257 kN,
whereas the second achieved maximum load of 100 kN. The experiments proved the
high load-bearing capacity of glass-concrete beams. However, the concept demands
complicated manufacturing process and special treatment of glass surface before pouring
the liquid concrete into formwork. In the project fully toughened glass has been used.
In case of a glass failure there is no post-breakage stiffness of glass web so the shear
forces will be transferred only via concrete flanges. Furthermore, the alkaline concrete
can corrode the glass.
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2.4 Evaluation
The chapter presents the results of research projects on hybrid timber-glass beams
accomplished within last twenty years. The studies presented before confirm relatively
high post-breakage strength and potential of the concept in applications as load-bearing
components of buildings. Despite relatively large number of research projects not all
aspects of hybrid timber-glass beams are yet fully investigated.

Firstly, there are no clear conclusions regarding the most suitable adhesive for the bond
like connections. For example, Cruz and Pequeno [32] state that silicone adhesive due to
its great flexibility is the most advisable while most researchers use stiffer e.g. acrylate
adhesives [28, 30, 33]. On the other hand in case of long beams with a stiff adhesive a
temperature change may result in potentially high thermal stress. Therefore, there is
a need to investigate the effect of temperature changes on the long specimens.

Then, most experiments were performed on short span beams with limited num-
ber of specimens. Hence the additional studies on beams with life-size dimensions
(4000÷5000 mm) would allow to analyse the scale effect and investigate already tested
concepts on the specimens which could be build-in in a real structure.

Finally, most publications do not provide analytical tools or numerical methods (espe-
cially including brittle failure of glass) to simulate the behaviour of hybrid timber-glass
beams. A simple design analytical tool to estimate the stiffness and load-bearing capac-
ity of hybrid timber-glass beams could be used by engineers who are not always familiar
with complex FEM software or used to perform complex calculations. Moreover, the an-
alytical solution, confirmed by test results could be a base for future standardization. An
efficient and reliable numerical model could be used for simulating various quasi-static
problems related to hybrid timber-glass beams. In addition, it could be used for initial
dimensioning of test specimens before designing test a set-up and testing procedures.
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3 Experimental investigations
on materials
This chapter deals with materials used for manufacturing small- and life-size specimens
presented in Chapters 4 and 5. It characterizes mechanically glass, wood and adhesives
as well as provides basic mechanical properties used in numerical investigations and
analytical considerations (Chapters 6 and 7).

3.1 Background information
The experimental investigations presented in this chapter were conducted in the laborato-
ries of the Faculty of Civil Engineering at the Silesian University of Technology (Gliwice,
Poland) and the Department of Building and Energy Technology at the Linnaeus Uni-
versity (Växjö, Sweden). Materials for the research were supported by companies:
Pilkington Floatglas AB, Pilkington Poland, Stora Enso Timber AB, Drewno Company,
Sika Sverige AB. The contribution regarding technical support and assistance of the fol-
lowing people is acknowledged: Władysław Marchacz, Tomasz Hahn, Karol Konopka
(Silesian University of Technology), Bertil Enquist, Michael Dorn (Linnaeus University).
Special thanks to Glafo – Swedish Glass Research Institute for lending a polariscope
SCALP and help during measurement. The contribution if fully acknowledged.

3.2 Glass
The section presents the results from experimental investigation on two types of glass
used to build small-size and life-size hybrid timber-glass beams presented in Chapters 4
and 5, respectively. Glass type A is a monolithic glass beam made of ordinary annealed
float glass [45]. Glass type B is a monolithic glass beam made of heat-strengthened glass
[45]. The main aim of the research is to determine the basic mechanical properties of
glass: modulus of elasticity, ultimate strain (for annealed float glass) and residual stress
profile in heat-strengthened glass. The calculated values will be then used in numerical
analyses and analytical considerations presented in Chapters 6 and 7, respectively.
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3.2.1 Material properties
A glass is usually defined as inorganic product of synthesis which has been cooled to a
rigid condition without crystallization [45]. Soda-lime silica glass (annealed glass) is
commonly used glass type in the building industry. It is a combination of silica sand
(69-74% of mass), lime (5-14%), soda (10-16%), magnesia (0-6%) and alumina (0-3%)
[46].

The float process is currently the main production method of float glass. The method is
used by 90% of factories all over the world [45]. Continuous float process composes
of several stages. During the first phase the raw materials are melted in a furnace at
1550◦C. Then, the molten glass is poured onto a bath of molten tin at 1000◦C, which
ensures forming continuous pane with perfectly smooth surfaces. At the end of the
tin bath the glass is cooled down to 600◦C and proceeds to an oven called annealing
lehr. During that phase the glass is cooled down slowly to 100◦C to prevent residual
stresses in the material. Finally, after inspection for visual defects, the glass is cut to the
final size. The maximum standard size of glass is 6×3.21 m. However, it is possible to
produce greater lengths. The standard thicknesses range from 2 to 25 mm.

Table 3.1: Physical properties of soda-lime silicate glass [46].

Property Value

Density 2500 kg/m3

Young’s modulus 70 GPa
Poisson’s ratio 0.23
Tensile strength 45 MPa
Thermal expansion coefficient (at 20◦C) 9·106

Thermal conductivity 1 W·m-1·K-1

Typical material properties of soda-lime silicate glass are presented in Table 3.1. Glass
with a density comparable to reinforced concrete presents modulus of elasticity almost
equal to that of aluminium. Glass shows isotropic and almost perfectly elastic behaviour.
Due to its brittle manner glass does not yield plastically and therefore is very susceptible
to stress concentrations [45].

The strength of glass is not a constant value, but it depends on various parameters such
as surface and edge quality, the size of an element, duration of load, residual stress and
environmental conditions. Glass is several times weaker in tension than in compression.
A theoretical strength of a typical silica glass based on forces of the interatomic bonds
is 32 GPa. However, the practical tensile bending strength of annealed soda-lime glass
is much lower. According to EN 572-1:2004 the characteristic tensile bending strength
is 45 MPa [46]. This significant difference between the theoretical and the practical
strength was explained by Griffith in 1920 [47]. Similar to other brittle materials glass
presents randomly distributed microscopic flaws at its surface, so-called "Griffith flaws".
The flaws act as stress concentrators from which fracture formates. They exist already in
glass after production process. Further flaws may occur during processing and service

18



3.2. Glass

life from e.g. debris, scratching, impact, etc. The larger flow depths the lower the
strength. A compromise is heat-strengthened glass which presents higher bending
strength (70 MPa) compared to annealed float glass and fracture pattern is similar to
fully-tempered glass [45].

The practical strength of glass can be improved in tempering process which is about
introduction of a surface compressive residual stress by heat treatment of glass [45].
Since the surface tensile stress due to actions is smaller than the residual compressive
stress in tempered glass, no crack will develop. The fracture pattern of glass is highly
dependent on residual stress. Annealed float glass breaks into large fragments whereas
fully tempered glass presents high fragmentation and breaks into small pieces which
does not affect post-breakage strength.

3.2.2 Laboratory tests
Glass type A is a monolithic glass beam made of ordinary annealed float glass. Fig-
ure 3.1 presents the cross-section of the specimen and test set-up for glass type A.

Figure 3.1: Cross-section of specimen and scheme of test set-up used for four-point
bending test on glass type A.

The specimens had a rectangular shape with the cross-sectional dimensions of 8×200 mm
(b×h) and the length of 1800 mm (l). The theoretical distance between the supports was
1500 mm (l2). The forces were introduced symmetrically at 1/3 of the span (l1) through
a transitional cross head beam. Two lateral supports were provided approximately
100 mm from the load introduction points to prevent the beam from failing in lateral
buckling.

The tests were performed with a number of six specimens (GS.01-GS.06) in a hy-
draulic testing machine. The specimens were loaded at constant displacement rate of
0.5 mm/min. To read the response of the beams to loading a number of detectors were
applied to the specimens. To measure deformations three inductive displacement sensors
were installed at the mid-span and at supports. Also a set of strain gauges was attached
to the specimens to measure the strains on the top and bottom side of the specimens. To
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avoid stress concentration in glass caused by direct contact with steel rolls (at supports
and load introduction points) rubber pads were used.

Glass type B is a monolithic glass beam made of heat-strengthened glass. Before testing
of life-size hybrid timber-glass beams with the web made of heat-strengthened glass
residual stress profile through the thickness of a glass panel was measured using a
portable scattered light polariscope SCALP [48], see Figure 3.2. The SCALP device
generates a laser beam which passes through the glass panel under the angle of 45◦.
The stress distribution over the glass thickness modifies the polarisation of the laser
beam. Subsequently, a very sensitive camera records the changes in the polarisation
along the laser beam and software evaluates the stress profile through the glass panel.
In heat-strengthened glass a typical stress profile through the thickness of glass panel
shows compressive stress at surface and tensile stress in the core of a glass pane [45].

Figure 3.2: Measurement of residual stress in glass using polariscope SCALP.

3.2.3 Results and discussion
Figure 3.3 presents force versus mid-span displacement plots for testes glass specimens
type A. All glass specimens presented similar behaviour under loading. The relationship
between the load and vertical mid-span displacement was perfectly linear until failure.
The results shows a very good repeatability. In all cases the ultimate failure was brittle
and caused by tensile failure of glass.

Modulus of elasticity was calculated with respect to [49]. The standard formula for a
simple supported beam with two symmetrically applied forces was transformed to the
form:

E =
23 ∆F l32

54 b h3 ∆u
(3.1)

where ∆F [kN] is the increment of the straight line of the load-global deformation curve
measured at the neutral axis level at mid-span (see vglobal in Figure 3.1), ∆u [mm] is
the increment of the deformation, b and h [mm] are the cross-sectional dimensions,
l2 [mm] is the distance between the supports.
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Figure 3.3: Force vs. mid-span displacement curves for glass specimens type A.

The average values of the maximal load, modulus of elasticity, maximal tensile strain
and corresponding stress obtained from the test are presented in Table 3.2. The table
provides also standard deviation for the obtained values. The average value of the
modulus of elasticity of tested specimens was 69.77 ·103 MPa. The value corresponds
to the value of 70·103 MPa for basic soda lime silicate glass, reported in [50]. Since the
strain gauges were attached to the specimens the tensile strain level at failure in glass
could have been obtained and the corresponding stress could have been calculated. For
the tested specimens the average value of the maximal tensile strain and corresponding
stress were 0.651·10-6 and 45.61 MPa, respectively. The value of maximal tensile stress
corresponds to the average failure stress of glass 45 MPa (tested in standing position)
reported in [51].

Table 3.2: Four-point bending test results, glass specimens type A.

Specimen Maximal load
[kN]

Modulus
of elasticity
[MPa·103]

Maximal strain
[-]

Maximal stress
[MPa]

GS.01 12.21 63.25 0.674·10-6 42.64
GS.02 11.86 74.55 0.652·10-6 48.61
GS.03 12.96 75.02 0.723·10-6 54.21
GS.04 9.53 64.29 0.489·10-6 31.43
GS.05 12.44 67.98 0.674·10-6 45.83
GS.06 12.22 73.51 0.693·10-6 50.95

Mean values 11.87 69.77 0.651·10-6 45.61
Standard dev. 1.19 4.97 0.080·10-6 7.58
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Figure 3.4 presents the glass specimen type A in four-point bending test and typical
failure of specimen. The picture shows also a crack formation in the mid-span of the
specimen and typical shear crack starting from the support.

Figure 3.4: Glass specimen GS.01 in four-point bending (left) and typical failure of
specimen (right).

Table 3.3 shows the result of the measurement of the residual stress profile through
the thickness of 6 glass webs made of heat-strengthened glass (glass type B). The
measurements with a use of the polariscope SCALP, were performed in the central part
of the glass web. For the tested specimens the average value of middle (tensile) and
surface (compressive) residual stress was 53 and 25 MPa, respectively. The value of
the compressive residual surface stress of 53 MPa corresponds to the typical value of
residual compressive surface stress in heat-strengthened glass of 50 MPa [45]

Table 3.3: Values of residual stress through the thickness of 6 glass panes made of
heat-strengthened glass.

Specimen Residual stress [MPa]
Middle (tensile) Surface (compressive)

E-HS-01 53 24
E-HS-02 51 25
A-HS-01 51 28
A-HS-02 54 22
S-HS-01 55 23
S-HS-02 55 28
Mean values 53 25
Standard deviation 1 2
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3.3 Timber
The section presents the results from experimental investigation on two types of timber
used to build small-size and life-size hybrid timber-glass beams presented in Chapters 4
and 5, respectively. The main aim of the research is to determine the basic mechanical
properties of timber used to build hybrid timber-glass beams (modulus of elasticity and
ultimate strain).

3.3.1 Material properties
Timber is natural growing material with highly anisotropic behaviour. Due to the
orientation of the wood grains (fibres) and the manner a tree increases in diameter as it
grows mechanical properties vary along three perpendicular axes: longitudinal, radial
and tangential. The main longitudinal axis is parallel to the fibre direction, the radial
axis is perpendicular to the fibre direction and normal to the growth rings, and the
tangential axis is perpendicular to the fibre direction and tangent to the growth rings.
Although wood properties vary in each of three axis directions, differences between
radial and tangential axes is relatively small if compared to the differences between the
either of the two: tangential or radial axes and the longitudinal axis.

Timber shows generally low deformation capacity and usually presents brittle type
behaviour. The response is strictly dependent on the direction and type of loading.
When subjected to compression timber behaves in a rather ductile manner for loading in
both directions (parallel and perpendicular to the grain direction). However, when loaded
in shear, tension or bending the response is brittle. Typically, modulus of elasticity of
wood is 7÷20 GPa along grain and 0.23÷1.33 GPa perpendicular to grain direction. In
the grain direction strength is typically equal to 8÷42 MPa in tension and 16÷34 MPa
in compression. Across fibres the strength varies from 0.4÷0.6 to 2÷8 MPa in tension
and compression, respectively.

Although timber presents heterogenic behaviour due to the presence of weak sections
e.g. knots and resin pockets, it is usually considered as homogenous orthotropic material.
For structural purposes wood is graded by reducing effects of defects, e.g. removing
growth defects or knots in production process of timber or distributing the defects in
the final product (laminations). The purpose of grading is to remove week parts such
as knots so that only clear, defect-free wood remains. Then, to obtain longer elements
the wood is finger-jointed. The wood products used in the research were not graded for
structural purposes but for window manufacturing purposes.

Two graded pine wood products were used in the research. Timber specimen type A
is a trio beam made from three finger-jointed flat-sided planks bonded together with
the grain parallel [52] commonly used for windows framing, see Figure 3.5. Timber
specimen B is a finger-jointed solid softwood beam [52], see Figure 3.5. Both beams
are knot-less, dimensionally and environmentally stable.
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Figure 3.5: Trio beam type A (left) and type B (right).

3.3.2 Laboratory tests
Two types of experiments were performed on timber type A. In the first test three studs
were tested in bending to determine modulus of elasticity (in bending) and ultimate
strain. Then, three 100 mm long slices, were cut from the same sort of studs and tested
in compression to determine the modulus of elasticity (along the fibres) and Poisson’s
ratio.

Two types of experiments were performed on wood type B. In the first type 30 studs
were tested to determine dynamic modulus of elasticity. In the second type test six studs
were tested in bending to determine modulus of elasticity (in bending) and ultimate
strain.

Timber type A - Bending test
The four-point bending test of specimens was developed with respect to [49]. Figure 3.6
presents the cross-section of specimen and test set-up. Structural size beams have
a rectangular shape with the cross-sectional dimensions of 55×75 mm (b × h) and
1800 mm length (l). The theoretical distance between the supports was 1500 mm (l2).
The forces were introduced symmetrically at 1/3 of the span (l1) through a transitional
cross head beam.

The tests were performed with a number of three specimens (TS1-TS3) in a hydraulic
testing machine. The beams were loaded at constant displacement rate of 0.5 mm/min.
To read the response of the beam to loading a number of detectors were applied to
the specimens. To measure deformations three inductive displacement sensors were
installed at the mid-span and at supports. Also a set of strain gauges was attached to the
specimens to measure the strains on top and bottom side of the specimens.

The formula for modulus of elasticityE (in bending) was derived as explained in Section
3.2:

E =
23 ∆F l32

108 b h3 ∆u
, (3.2)

where ∆F [kN] is the increment of the straight line of the load-global deformation curve
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measured at the neutral axis level, at mid-span (see vglobal in Figure 3.6), ∆u [mm]
is the increment of the deformation, b and h [mm] are the cross-sectional dimensions,
l2 [mm] is the distance between supports.

Figure 3.6: Cross-section and scheme of test set-up used for four-point bending test on
timber type A.

Timber typa A - Compression test
The compression test of wood was conducted according to [49]. Figure 3.7 presents
the specimen and test set-up. The specimens have a rectangular shape with the cross-
sectional dimensions of 55×75 mm2 (b× h) and 100 mm length.

Figure 3.7: Specimen and scheme of test set-up used for compression test on timber
type A.

The tests were performed with a number of three specimens (C1-C3) in a hydraulic
testing machine. The beams were loaded at constant displacement rate of 0.5 mm/min.
To read the response of the beam to loading strain gauges was attached to the specimens
to measure the strains on sides of the specimens along and perpendicular to the fibres.
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Modulus of elasticity E (in compression) was determined with relation:

E =
∆σ

∆εaxial
, (3.3)

where ∆σ [MPa] is the is the increment of the straight line of the stress-axial strain
curve, ∆ε is the increment of the axial strain.

To evaluate Poisson’s ratio ν the readings from the strain gauges were used. The values
of strains: parallel and across the specimen in the middle part of the specimens, see
Figure 3.7, were averaged and values of Poisson’s ratio were calculated by dividing
axial strain by lateral strain, according to:

ν =
εaxial
εlateral

, (3.4)

where εaxial is the parallel strain, εlateral is the strain across the specimen.

Timber type B - Dynamic test
Dynamic modulus of elasticity is increasingly being used for the evaluation of wood
quality, it allows for quick and appropriate grading solution [53]. The method is based
on measurement of the natural frequency of a wood element. During resonance test,
the specimen was tapped once on one end with a hammer to determine the response
(Fig. 3.8). The response was detected using a sensitive microphone and the resonance
frequency was detected with a spectrum analyser (Fig. 3.8). The primary peak with the
highest magnitude (the fundamental peak) corresponded to the resonance induced by
vibrations in the longitudinal direction.

Dynamic modulus of elasticity was determined with relation:

Edyn = ρ (2Lf)2, (3.5)

where ρ is the mass density of the specimen [kg/m3], L is the specimen length [m], f is
the fundamental frequency corresponding to the primary peak [Hz].

Figure 3.8: Resonance test (left) and resonance frequency detected with spectrum
analyser.

26



3.3. Timber

Timber type B - Bending test
The four-point bending test of wood was conducted according to [49]. Figure 3.9
presents the cross-section of specimen and test set-up. Beam had a rectangular shape
with the cross-sectional dimensions of 45×60 mm (b× h) and 800 mm length (l). Since
the specimens were cut off from the beams which were going to be used to build a hybrid
beam, the specimens had a groove measuring 12×20 mm. The theoretical distance
between the supports was 710 mm (l2). The forces were introduced symmetrically at
1/3 of the span (l1) through a transitional cross head beam.

Figure 3.9: Cross-section and scheme of test set-up used for four-point bending test on
timber type B.

The tests were performed with a number of six specimens (TSB.1-TSB.6) in a hydraulic
testing machine. The beams were loaded at constant displacement rate of 0.5 mm/min.
To read the response of the beam to loading a number of detectors were applied to the
specimens. To measure deformations five inductive displacement sensors were installed
at the mid-span, at supports and between the two loads, over a length of 225 mm to
measure curvature of the specimen. Also a set of strain gauges was attached to the
specimens to measure the strains on top and bottom side of the specimens.

Local and global modulus of elasticity were determined with relations [49]:

Elocal =
a l21 ∆F

16 I ∆u
, (3.6)

Eglobal =
l31 ∆F

48 I ∆u
, (3.7)

where a is the distance between the loading position and the nearest support [m],
∆F [kN] is the increment of the straight line of the load-global deformation curve
measured at the neutral axis level, at mid-span (see vglobal in Figure 3.9), ∆u [mm]
is the increment of the deformation, b and h [mm] are the cross-sectional dimensions,
l1 [mm] is the distance between supports, I is the moment of inertia [m4].
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3.3.3 Results and discussion
Timber type A - Bending test
The obtained results are presented in Figure 3.10 and Table 3.4. All specimens presented
similar behaviour under loading. The relationship between the load and vertical mid-
span displacement was almost perfectly linear until failure. In all cases the ultimate
failure was brittle and caused by failure of finger-joints. The failure occurred at the
same force and displacement of approximately 10 kN and 28 mm, respectively.
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Figure 3.10: Force versus mid-span displacement curves for tested specimens.

The average values of the modulus of elasticity (in bending) E , maximal tensile strain
εt,u and corresponding stress σt,u are presented in Table 3.4. The table provides also
standard deviation for the obtained values. The average value of modulus of elasticity
E of tested specimens was 10.54 ·103 MPa.

Table 3.4: Bending test results, timber type A.

Specimen E
[MPa·103]

εt,u
[-]

σt,u
[MPa]

TSI.1 11.47 3.19·10-6 36.54
TSI.2 10.87 3.20·10-6 34.56
TSI.3 9.27 4.28·10-6 35.66

Mean values 10.54 3.56·10-6 35.58
Standard deviation 0.93 0.51·10-6 0.81
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Since the strain gauges were attached to the specimens the tensile strain level at failure
in wood could have been obtained. From the strain the corresponding stress could have
been calculated. For tested specimens the average value of the maximal tensile strain
εt,u and corresponding stress σt,u was equal to 3.56·10-6 and 35.58 MPa, respectively.

Timber type A - Compression test
The obtained results are presented in Figure 3.11 and Table 3.5. All specimens presented
similar behaviour under loading. In the first stage the relationship between the load and
vertical mid-span displacement was almost perfectly linear. In the next stage the curves
started to bend until failure.
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Figure 3.11: Force versus strains curves for tested specimens.

Table 3.5: Compression test results, timber type A.

Specimen E
[MPa·103]

ν
[-]

C1 13.89 0.411
C2 10.49 0.370
C3 9.32 0.534
Mean values 11.23 0.438
Standard deviation 1.94 0.070

The average values of the modulus of elasticity (in compression) E and Poisson’s ratio
ν are presented in Table 3.5. The table provides also standard deviation for the obtained
values. The average value of the modulus of elasticity E of tested specimens was
11.23 ·103 MPa. In comparison to the value of E (in bending), E (in compression) is
approximately 6.5% higher. It can be explained by the fact thatE (in bending) is affected
by the effect of shear deformation. According to [54] the modulus of elasticity from
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bending is approximately 10% higher than modulus of elasticity from the compression
test. However, both values correspond to the value of 11·103 MPa for pine wood,
reported in [55].

Dynamic test
The obtained results are presented in Table 3.6. The average value of the fundamental
peak for all tested specimens was 524.3 Hz, which, according to formula 3.5, corre-
sponds to the average value of E= 12.41·103 MPa.

Table 3.6: Dynamic test results, timber type B.

Fundamental peak f
[Hz]

E
[MPa·103]

Mean values 524.3 12.41
Standard deviation 19.7 1.31

Bending test
The obtained results are presented in Figure 3.12 and Table 3.7. All specimens presented
similar behaviour under loading. The relationship between the load and vertical mid-
span displacement was almost perfectly linear until failure. In all cases the ultimate
failure was brittle and caused by failure of finger-joints. The failure occurred at the
same force and displacement of approximately 8.6 kN and 12.5 mm, respectively.
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Figure 3.12: Force versus mid-span displacement curves for timber specimens (type B).

The average values of the modulus of elasticityEglobal andElocal (in bending), maximal
tensile strain εt,u and corresponding stress σt,u are presented in Table 3.7. The table
provides also standard deviation for the obtained values. The average value of the
global and local modulus of elasticity for tested specimens were 12.78 ·103 and 14.87

30



3.4. Adhesives

·103 MPa, respectively. Since the strain gauges were attached to the specimens the
tensile strain level at failure in wood could have been obtained. From the strain the
corresponding stress could have been calculated. For the tested specimens the average
value of the maximal tensile strain εt,u and corresponding stress σt,u were 3.49·10-6

and 44.59 MPa, respectively.

Table 3.7: Bending test results, timber type B.

Specimen Eglobal

[MPa·103]
Elocal

[MPa·103]
εt,u

TSB.1 12.26 16.22 3.367·10-6

TSB.2 14.08 14.80 3.641·10-6

TSB.3 12.51 14.55 3.124·10-6

TSB.4 12.85 12.13 3.501·10-6

TSB.5 11.97 14.51 3.647·10-6

TSB.6 12.99 17.01 3.647·10-6

Mean value 12.78 14.87 3.490·10-6

Standard deviation 0.68 1.54 0.190·10-6

3.4 Adhesives
The section presents results from experimental investigation on adhesives used to
build small-size and life-size hybrid timber-glass beams presented in Chapters 4 and 5,
respectively. The main aim of the research is to determine basic mechanical properties
of adhesives: modulus of elasticity and Poisson’s ratio to use the calculated values in
numerical and analytical analyses.

3.4.1 Material properties
Structural adhesives are based on resins composition that polymerises to form a load-
bearing joint characterized by high-modulus and high-strength features [56]. It is
difficult to provide the characteristics of an adhesive based on only its composition,
therefore the adhesives used in the research are briefly described.

All adhesives used in the research are dedicated for structural purposes. The main aim
during selecting the adhesives was to ensure good adhesion to wood and glass and to
cover the full range of stiffness from low (1-3 MPa) to high stiffness (>1000 MPa).

The selected adhesives were:
- the high-strength, two-component epoxy adhesive DP490 [57],
- the fast-curing, flexible two-component acrylate adhesive SikaFast 5215 [58],
- the high-strength, two-component structural silicone adhesive Sikasil SG-500 [59].
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3M DP490 is a thixotropic, two-component epoxy adhesive designed for use where
toughness and high strength are required [57]. The adhesive shows very good heat and
environmental resistance and good adhesion to plastics, metals, glass and composite
materials. The epoxy adhesive offers low shrinkage.

SikaFast 5215 is a fast-curing, flexible two-component acrylate adhesive with five
minutes open time [58]. It is designed for structural bonding with very good adhesion
parameters to a wide range of metals, plastics and glass. It cures by polymerisation. The
acrylate adhesive offers also water resistance and durability.

Sikasil SG-500 is a high-strength, two-component structural silicone adhesive, designed
for structural glazing and other high-demanding industrial applications [59]. It is UV-
and weathering resistant and cures by polycondensation. The silicone adhesive offers
also good flexibility and good resistance to high and low temperature.

Table 3.8 presents basic characteristics of the selected adhesives.

Table 3.8: Adhesive technical characteristics [57–59].

Adhesive 3M DP490 SikaFast 5215 Sikasil SG-500
Chemical base two-component

epoxy resin
two-component
acrylic based
adhesive

two-component
silicone adhesive

Producer 3M Sika Sika
Curing conditions ambient

temperature
ambient
temperature

ambient
temperature

Cure mechanism polymerisation polymerisation polycondensation
Open time
(at 23degC)

240 min. 9 min. 90 min.

3.4.2 Laboratory tests
The dog-bone shaped specimens were prepared according to ISO 527-2:2012 [60] with
respect to ISO 527-1:2012 [61]. The specimen for all adhesives was type 1A (Fig. 3.13).
The dog-bone shape of the specimen ensures an uniform stress and strain distribution
over the length of interests. The specimens had a prismatic form. To ensure more
efficient grip of the ends the total length of the specimen was increased compared to the
normalized value. The thickness for all specimens was approximately 4 mm.

All adhesives were supplied in pre-package containers equipped with static mixers
which ensure the proper mixing of the components. The specimens were molded in
multi-part casting molds, five specimens were produced in each batch. The adhesive
was poured into five molds using a pneumatic gun. The molds were filled with sufficient
overflow material by one continuous motion. Subsequently, excessive overfill of the wet
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adhesive was removed with a spatula guaranteeing the flat upper surface and a thickness
of approx. 4 mm. The specimens were stored under ambient laboratory conditions for
24 hours before unmolding and labeling.

l0= 50 mm
l3= 200 mm
L= 115 mm
b1= 20 mm
b2= 10 mm
r= 25 mm

Figure 3.13: Standard ISO 527-2 tensile test specimen (type 1A) used in the tests [60].

For all specimens width, thickness and narrowing were measured with a micrometer.
The area of the specimens was calculated with respect to the rectangular shape reduced
by narrowing due to curing, which was measured additionally. Table 3.9 shows the
average values for each adhesive.

Table 3.9: Mean values of dimensions of produced specimens.

Adhesive Width [mm] Thickness
[mm]

Narrowing
[mm]

Area [mm2]

3M DP490 10.05 4.04 0.15 39.82
Standard dev. 0.02 0.04 0.04 0.52
SikaFast 5215 10.01 3.83 0.00 38.36
Standard dev. 0.03 0.06 - 0.51
Sikasil SG-500 9.98 3.93 0.00 39.26
Standard dev. 0.03 0.04 - 0.45

Cyclic test
The specimens were tested after 7 days of storing under ambient laboratory conditions.
The specimens were mounted and loaded in uniaxial testing machine MTS 810 (Fig.
3.14) running in displacement control. Three displacement rates were applied: 1,
5, 50 mm/min (cross-head deformation). The single-axis extensometer was used to
measure the strain in the specimens in the longitudinal direction. The base length of
the extensometer was 50 mm with a maximum elongation of 4.5 mm. The load was
measured with a 1 kN MTS load cell. All data values were sampled and collected by
the MTS’s computer and then transferred to a PC.

To monitor the strain distribution on the surface of the specimens in order to determine
the Poisson’s ratio, the optical, non-contact 3D deformation measurement system Aramis
was used [62]. The method provides complete, 3D, real-time surface displacement and
strain results for multiple measuring positions from the test object surface. ARAMIS
recognizes the surface structure of the measuring object at digital camera images and
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allocated coordinates to the image pixels. The first picture of the specimen represents
the undeformed state of the specimen. During the deformation of the specimen, further
images are recorded. Subsequently, ARAMIS compares the images and calculates the
displacement and deformation of the object. Then, based on the deformation field the
software derives the strain field. ARAMIS replaces the traditional measuring devices
(strain gauges, LVDTs extensometers, etc.) especially for experiments where a large
number of measuring points is required. It can be also helpful during verification of
FEM analyses.

Figure 3.14: Test set-up.

To evaluate the stress-strain relationship based on tension test standard formulas were
used to obtain nominal (engineering) stress and strain:

σaxial =
P

A0
(3.8)

εaxial =
∆l

l0
, (3.9)

where P and ∆l are the applied load and the axial elongation during the test, A0 the
nominal cross-section area, l0 the extensometer gauge length.

Since Aramis system was planned to be used in the tests, one side of all specimens was
painted so that a random pattern was produced. Black and white spray matt paint was
used. First a white base layer and next the black paint was applied. To obtain good
quality of results special care must have been taken to obtain high-contrast stochastic
pattern.

Table 3.10 shows test routines for determination of basic mechanical properties at
different load rates to investigate time-depended behaviour of selected adhesives. To de-
termine Young’s modulus and Poisson’s ratio the specimens were loaded in displacement
control to a certain level, then unloaded and reloaded above the previous value.
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Table 3.10: Details of test procedures.

Adhesive Load rate [mm/min] Load/unload level
3M DP490 1, 5, 50 980 N / 300 N
SikaFast 5215 1, 5, 50 8 mm / 10N
Sikasil SG-500 1, 5, 50 10 mm / 1 N

Monotonic test
Testing was performed in accordance to PN ISO 527-1:2012 [61] with respect to PN
ISO 527-2:2012 [60]. For the research available 7-months old specimens, stored under
ambient laboratory conditions, were used. After 7 months of storing some ageing process
might have occurred therefore the main aim of the test was only to load the specimens
up to the maximum piston elongation, which was 160 mm and try to bring the specimens
to failure. The main aim of the monotonic test is to get a picture of the behaviour of
the adhesives when specifying material models. The specimens were mounted into an
uniaxial testing machine, MTS 810, with steel grips. The initial length between grips
was 115 mm. The tests were conducted under ambient laboratory conditions of 23±1◦

and 50±5% relative humidity. The loading was run with displacement control with the
loading rate of 5 mm/min governed by the piston movement. Therefore, the resulting
plots are built as force-elongation curves (based on the piston movement).

Relaxation test
The main aim of the relaxation test is to determine an infinite modulus of elasticity when
all relaxation process is finished. The test was performed on epoxy and acrylate adhe-
sives since the adhesives present viscoelastic behaviour, what reveals in the dependence
of the behaviour of loading rate.

The tests were conducted under ambient laboratory conditions, at 23±1◦ and 50±5%
relative humidity. To investigate relaxation behaviour and identify the instantaneous
Einst and infinite Young’s modulus E∞ the specimens were loaded to a certain loads at
a load rate of 100 mm/min. Deformation was then held constant for at least 1000 s. The
changes of load were monitored. Since the deformation is constant after loading the
specimens to a certain load level the instantaneous modulus of elasticity Einst decreases
with decreasing load (stress) due to relaxation. The modulus of elasticity stabilizes at a
certain level which is defined as the infinite modulus of elasticity E∞. Table 3.11 shows
test routines for the relaxation test for the adhesives.

Table 3.11: Details of relaxation test on selected adhesives.

Adhesive Load levels [N]
Epoxy 250, 500, 750
Acrylate 30, 60, 90
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3.4.3 Results and discussion
Cyclic test
Figures 3.15÷3.16 present tensile stress-strain curves for all specimens tested under
cyclic loading at different load rates. Values of stress and strain are based on un-
deformed geometry (see formulas 3.8 and 3.9). Since the main aim of the tests was to
determine modulus of elasticity the specimens were not loaded up to failure.
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Figure 3.15: Stress-strain curves for 3M DP490 at different load rates.

The epoxy specimens (Fig. 3.15) presented homogeneous stress-strain curves. Very
good repeatability of results was observed. After unloading the curves did not return the
same path. However, at a higher loading rate this phenomenon was less pronounced. It
can be explained by the adhesive viscoelasticity; at higher load rates the material has
simply no time to relax.
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Figure 3.16: Stress-strain curves for SikaFast 5215 at different load rates.

Compared to the epoxy, the acrylate specimens (Fig. 3.16) presented similar behaviour,
however, the repeatability of results is not equally good. There may be several reasons
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but the most probable is related to manufacturing process and very short open time
of the acrylate adhesive which is only 5 minutes. After filling the molds, which takes
usually couple of minutes, the overflow material was removed by a spatula. During
the process some hardening might have started influencing the results. After unloading
the curves did not return along the same path, which is even more pronounced then the
behaviour showed by the epoxy specimens.
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Figure 3.17: Stress-strain curves for SikaSil SG-500 at different load rates.

The lowest influence of loading rate on strain-stress curves and relatively low stress in
specimens were observed for the silicone adhesive (Fig. 3.17). Due to 1 kN load cell
used in experiments considerable dispersion of results was obtained.

Viscoelastic properties of epoxy and acrylate adhesives are clearly pronounced. However,
the phenomenon was not observed in case of silicone specimens.

Based on stress-strain relationship curves (Fig. 3.15 ÷ 3.17) the values of the modulus
of elasticity for all tested specimens were evaluated. MOE was calculated based on the
slope of a secant line between 0.05% and 0.1% strain on a stress-strain plot. Due to
the limitations of measuring devices smaller values of strain were not possible to be
recorded.

The following formula was used to calculate MOE:

MOE =
∆σaxial
∆εaxial

(3.10)

where ∆σaxial and ∆εaxial are the increments of the axial stress and strain, respectively.
Table 3.12 summarizes the results for MOE for the adhesives.
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Table 3.12: Values of MOE [MPa] of tested specimens at different load rates.

Adhesive Load rate [mm/min]
1 5 50

3M DP490 1595 1664 1750
Standard dev. 45 135 50
SikaFast 5215 78.12 140.97 284.12
Standard dev. 3.67 4.59 25.10
Sikasil SG-500 3.17 2.86 2.34
Standard dev. 1.59 0.76 0.64
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Figure 3.18: Strain map (left) and load (Poisson’s ratio)-time plot obtained from Aramis
system.

To evaluate Poisson’s ratio ν the strains results from the non-contact optical 3D de-
formation measurement system were used. The values of strains (parallel and across
the specimen) in the central part between clamps of the extensometer (white box in
Fig. 3.18) were averaged and values of Poisson’s ratio were calculated by dividing axial
strain by lateral strain, according to:

ν = − εaxial
εlateral

(3.11)

Figure 3.18 presents comparison between load-time and calculated Poisson’s ratio-time
curves for a selected specimen. The values of Poisson’s ratio at the beginning of loading
are unstable due to the initial movement of a specimen (in the initial phase the specimen
is slightly bent). Then the values stabilise and decrease when the material is in the
plastic domain. Table 3.13 summarizes the values of the Poisson’s ratio for all adhesives.
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Table 3.13: Mean values of Poisson’s ratio of tested specimens at different load rates.

Adhesive Load rate [mm/min]
1 5 50

3M DP490 0.422 0.414 0.401
Standard dev. 0.003 0.017 0.011
SikaFast 5215 0.459 0.458 0.451
Standard dev. 0.008 0.006 0.004
Sikasil SG-500 0.462 0.462 0.470
Standard dev. 0.001 0.010 0.006

Monotonic test
Figures 3.19÷3.21 present tensile stress-strain curves for all specimens tested under
monotonic loading at load rates of 5 mm/min. The epoxy adhesive presented elastic,
almost linear behaviour until failure. The failure occurred at the nominal value of load of
1416 N and ultimate elongation of 0.032 mm/mm. The acrylate adhesive demonstrated
clear bi-linear behaviour, however, the ultimate load was not reached. Alike the acrylate
adhesive the silicone sealant presented elastic almost linear behaviour and the ultimate
load was not reached.

 0

 200

 400

 600

 800

 1000

 1200

 1400

 0  0.01  0.02  0.03  0.04  0.05

L
o
ad

 [
N

]

Elongation [mm/mm]

E1

E2

E3

E4

E5
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(epoxy) at 5mm/min.
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Figure 3.20: Load-specimen’s elongation (based on the piston movement) for SikaFat
5215 (acrylate) at 5mm/min.
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Figure 3.21: Load-specimen’s elongation (based on the piston movement) for SikaSil
SG500 (silicone) at 5mm/min.

Table 3.14 summarizes tensile test results for the epoxy adhesive since the adhesive was
the only one which failed during testing. The table includes the tensile ultimate load Ft,u
and tensile ultimate strain εt,u. The failure of the epoxy adhesive occurred far beyond
the range of the extensometer hence the values (Ft,u and εt,u) were calculated based on
the piston movement.
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Table 3.14: Results of monothonic test on selected adhesives.

Specimen Ft,u

[N]
εt,u
[−]

3M DP490 1416.1 0.032
Standard dev. 18.8 0.003

Relaxation test
Figures 3.22 and 3.23 present the results of the relaxation test for the acrylate end epoxy
adhesives. Both adhesives show highly viscoelastic behaviour, after 1000 s a significant
decrease of the modulus of elasticity was observed. However, the phenomenon was
more pronounced for the acrylate adhesive.
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Figure 3.22: Results of relaxation test for acrylate adhesive.
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For the acrylate and epoxy adhesive the ratio between the infinite modulus of elasticity
E∞ and the instantaneous modulus of elasticity Einst was equal to 0.05 and 0.49,
respectively. For the acrylate and epoxy adhesive the ratio between the infinite modulus
of elasticity E∞ and the the modulus of elasticity determined in the cyclic test was
equal to 0.53 and 0.22, respectively. Comparing the results of the relaxation test to the
results of the cyclic test it can be concluded that the load rate of 1 mm/min is still too
high to determine the modulus of elasticity which is at least close to the infinite modulus
of elasticity E∞. Further relaxation tests on adhesives are necessary.

Table 3.15: Results of relaxation test on selected adhesives.

Specimen Einst

[MPa]
E∞
[MPa]

E∞/Einst

[MPa]
E∞/E1mm/min

[MPa]
3M DP490 1698 840 0.49 0.53
Standard dev. 57 34
SikaFast 5215 349 17.02 0.05 0.22
Standard dev. 50 0.97
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4 Experimental investigations
on small-size specimens
This chapter deals with testing of small-size beam specimens. It provides information
regarding test specimens, test set-up and test procedures. It presents results, discussion
and conclusions.

4.1 Background information
The experimental investigations presented in this chapter were conducted in the lab-
oratory of the Faculty of Civil Engineering at the Silesian University of Technology
(Gliwice, Poland). Materials for the research were supplied by Sika Poland and Zakład
Szklarski S.C. Leś. The contribution regarding technical support and assistance of
the following people is acknowledged: Władysław Marchacz, Tomasz Hahn, Karol
Konopka (Silesian University of Technology), Michał Pieroń, Rafał Siwek (Sika Poland).
The contribution is gratefully acknowledged.

4.2 Introduction
To investigate the influence of stiffness of bond connection on behaviour under loading,
stiffness and load-bearing capacity of small-size hybrid timber glass beams a series of
beam specimens were investigated. Three hybrid beams with a web made of ordinary
annealed float glass and timber flanges, bonded with three types of adhesives of different
stiffness were tested in four-point bending.

4.3 Test specimens and test set-up
Figure 4.1 presents a cross-section of the beam specimens. The cross-section consists of
a glass web and timber flanges combined together with a bond line adhesive connection.
All specimens were 300 mm high and 1800 mm long. The glass for all webs was made
of annealed float glass according to European standard PN-EN-572 [50]. All webs had
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dimensions of 200 × 1800 mm with a thickness of 8 mm. To minimize the influence of
edge quality on the glass strength, widely described in [63], after the traditional cutting
to desired dimensions all edges were polished. For the wooden flanges finger jointed
pine studs were used. All flanges were 1800 mm long with a rectangular cross-section
of 55 × 75 mm. Since the glass web was planned to be bonded to the flanges, 30 mm
deep machined grooves were milled in the studs. Three different groove widths were
used: 12, 13 and 15 mm. The width of the grooves depended on the adhesives used.
After consultation with technical advisors, which were representatives of manufacturers,
optimum values of the thickness of bond line connection were chosen. The values
ranged from 2.0 to 3.5 mm (on both sides of the web). For the adhesive bonding three
different types of adhesives of different stiffness were used: Sikasil SG-500 (silicone),
SikaFast 5215 (acrylate) and Icosit KC 640/7 (polyurethane). Icosit KC 640/7 is a
pourable, two-component flexible polymer grout based on polyurethane resin [64]. The
resin is designed as flexible, vibration absorbing grout usually used for load-bearing
undersealing layers of rails and turnouts but increasingly for mounting free standing
glass balustrades.

Number of specimens 9
Glass web 200 × 1800 mm
Timber flanges 55 × 75 mm
Groove width (12-15) × 30 mm
Beam height 300 mm
Beam length 1800 mm

Figure 4.1: Cross-sections of the beam specimens; nominal dimensions.

All specimens were manufactured manually in a custom-made steel frame. After filling
the groove with adhesive the glass pane was placed in the groove. The overflow of
adhesive was removed with a spatula. To ensure the same bond line thickness on
both sides of the web wooden sticks were used. When the adhesives cured, the sticks
were removed and remaining holes were filled with adhesive. Next, the half-beam was
reversed and the same procedure was conducted. In total, nine hybrid beam specimens
were produced. Table 4.1 presents the notation system of the produced specimens and
thickness of the bond line connection.
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4.3. Test specimens and test set-up

Table 4.1: Notation system for the beams and thickness of bond connections.

Beam type Adhesive Groove width [mm] Bond line thickness
[mm]

BA1, BA2 Acrylate 12.0 2.0
BA3 13.0 2.5
BS1 Silicone 13.0 2.5
BS2, BS3 15.0 3.5
BI1, BI2 Polyurethane 13.0 2.5
BI3 15.0 3.5

The test set-up was a four-point bending test presented in Figure 4.2. Theoretical
distance between the supports was 1500 mm. Forces were introduced symmetrically at
1/3 of the span (500 mm) through a cross head steel beam. Due to high slenderness of
the specimen two additional lateral supports were provided at the ends to protect the
beam against sloping out of the plane.

Figure 4.2: Scheme of test set-up used for four-point bending test on small-size beam
specimens.

The tests were performed in a hydraulic testing machine. The beams were loaded at
constant vertical displacement rate of 2 mm/min until failure. To read the response of
the beam to loading a number of detectors were applied to the specimens. To measure
deformations six inductive displacement sensors were installed at the mid-span, load
introduction points, supports and at half-height of the glass web. To measure the strain
distribution in components a set of strain gauges was attached to the substrates.
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4.4 Results and discussion
Figure 4.3 illustrates force versus mid-span displacement curves for all tested beams.
The beams bonded with acrylate, silicone and polyurethane adhesives presented different
initial stiffness, load-bearing capacity and deformations at failure [65, 66]. For most
beams, the load at which initial crack formed was much lower than the failure load.
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Figure 4.3: Force versus mid-span displacement curves for tested beams.

The beams bonded with acrylate adhesive (BA1÷3) demonstrated almost perfectly
linear elastic response until initial glass failure. It was followed by a sudden drop of
bending stiffness and an increase of vertical displacement. Multiple cracks occurred
in the glass, usually located under the load introduction points. Outside the maximum
bending moment zone (outside the load introduction points) typical diagonal shear
cracks occurred. Ultimate failure of the beams was usually caused by failure of the
flange working in tension, see Figure 4.4.

The beams bonded with silicone adhesive (BS1÷3) demonstrated almost perfectly linear
elastic response until initial glass failure. Compared to beams with acrylate adhesive,
the initial stiffness and the load at initial glass failure was much lower and the drop
of bending stiffness and increase of vertical displacement was more pronounced. No
diagonal shear cracks occurred. The beams with silicone adhesives presented also much
lower load-bearing capacity and larger ultimate deformation. The initial crack usually
occurred in the mid-span of the beam and was much bigger as compared to the beams
with acrylate adhesive, see Figure 4.5. Ultimate failure of the beams BS1-BS3 was
usually caused by explosion of the compressive zone of the glass web and failure of the
flange working in tension.

The beams bonded with polyurethane adhesive (BI1÷3) demonstrated almost perfectly
linear elastic response until initial glass failure. Alike the beams with silicone adhesive,
the beams presented much lower initial stiffness as compared to the beam with acrylate
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adhesive. Only one crack occurred during testing. The crack was formed along all hight
of the glass web. After this phase increase of vertical deformation with slight increase
of force was observed. Ultimate failure of the beams BI1-BI3 was caused by the failure
of both flanges.

Figure 4.4 present selected frames from a video of the four-point bending test of the
beam BA2. It presents initial failure (first crack) of the glass web under the load
introduction point, second crack formed symmetrically to the first one, successive
failure of the glass web and ultimate failure of the beam (failure of the flange working
in tension).

Figure 4.4: Selected frames from four-point bending test of specimen BA2.

Figure 4.5: Failure of glass web of specimen BS1 in four-point bending test.

Figures 4.6÷4.8 present load-deformation diagrams and sequential set of sketches
showing the crack pattern development during testing for selected specimens. A black
cross-mark indicates the places where the flange failed.
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Figure 4.6: Bending test results for selected small-scale beam specimens with acrylate
adhesive.

Figure 4.7: Bending test results for selected small-scale beam specimens with silicone
adhesive.

Figure 4.8: Bending test results for selected small-scale beam specimens with adhesive
based on polyurethane.
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Table 4.2: Test results, beams made of annealed float glass.

Beam type Load at first crack Maximal load Increase of load
[kN] [kN] [%]

BA1 26.4 66.2 150
BA2 29.3 43.6 50
BA3 26.4 46.7 75
Mean values 27.4 52.2 91.7
Standard deviation 1.37 10.0 42.5

BS1 12.7 25.1 100
BS2 12.6 34.1 170
BS3 9.6 15.1 60
Mean values 11.6 24.8 110
Standard deviation 1.4 7.8 45.5

BI1 11.1 18.7 65
BI2 12.5 18.1 45
BI3 10.3 12.0 20
Mean values 11.3 16.3 43.3
Standard deviation 0.9 3.0 18.4

Table 4.3: Values of failure stress in glass for all tested beams.

Specimen Failure stress [MPa]
BA1 49.38
BA2 44.99
BA3 54.09
BS1 44.64
BS2 51.20
BS3 45.81
BI1 46.20
BI2 45.81
BI3 58.67
Mean value 48.92
Standard deviation 4.61

Table 4.2 presents the loads at initial cracking, ultimate load and increase of value of the
load for all tested beams. The increase of the load is referred to the load when first crack
in glass web occurs. The highest load-bearing capacity, with respect to the initial crack,
was achieved by the beams BA1-3 bonded with acrylate adhesive. The average value
of the load at first crack was 27.4 kN and the maximal load 52.2 kN. This corresponds
to the post-breakage strength of 192%. The beams BS1-3 and BI1-2 bonded with
silicone and polyurethane adhesives showed almost 50% lower load-bearing capacity,
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the average value of the load at first crack was 11.6 kN and 11.3 kN respectively. In
contrast to the beams BS1-3, which showed almost the same value of the increase of
load after first cracking of glass as the beams BA1-3, the maximal load for the beams
BI1-3 increased by only 43%.

Since strain gauges were mounted to the glass web, the strain level at failure of the glass
could have been obtained. From these strains the maximum strains over the cross section
could have been extrapolated and the corresponding stresses in the glass could have
been calculated. Table 4.3 presents mean values of failure stress in glass for all tested
beams. For all beams the average failure stress was approximately 49 MPa calculated
using modulus of elasticity of glass 70 GPa (determined in the four-point bending test,
see Chapter 3). The value corresponds to the average failure stress of annealed float
glass 45 MPa (tested in a standing position) reported in [51].

Table 4.4 presents the initial bending stiffness obtained during loading calculated from
global deflection. The beams bonded with acrylate adhesive presented the highest bend-
ing stiffness. The beams bonded with silicone and polymer grout based on polyurethane
resin showed approximately 60% lower stiffness. The values of stiffness for the beams
BI1-3 are unreliable since great scatter of results was observed. The polymer grout based
on polyurethane resin, in contrast to the other two adhesives, was prepared and mixed
manually, which probably resulted in a variety of mechanical properties. Therefore, the
beams were excluded from further analyses.

Table 4.4: Values of initial bending stiffness for all tested beams.

Specimen Initial bending stiffness
[MNm2]

BA1 0.692
BA2 0.623
BA3 0.632
Mean values 0.649
Standard deviation 0.030

BS1 0.292
BS2 0.289
BS3 0.178
Mean values 0.253
Standard deviation 0.053

BI1 0.270
BI2 0.430
BI3 0.314
Mean values 0.338
Standard deviation 0.067
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4.5 Evaluation
The section presents the results of experimental investigation on small-size hybrid
I-shaped beams made of ordinary annealed glass and timber flanges, bonded with three
types of adhesives of different stiffness. Based on a qualitative research with a limited
number of specimens main conclusions are drawn.

Experimental studies on hybrid timber-glass beams show that the beams are able to
withstand much higher load than the load that causes initial failure of a glass web. The
post-breakage strength relates to an increased value of a load at a total collapse of a
beam in relation to the load at which first crack in the web occurs. The combination of
a single pane web, made of ordinary annealed float glass, and timber flanges provides
ductility and a warning signal relatively long before the total collapse. It gives time to
temporarily support the element before the replacement and ensures the safety of users.

The results obtained from experiments of hybrid timber-glass beams compared with
testing of timber flanges and pure glass beams, presented in Chapter 3, prove the
synergistic feature of the hybrid beams. The maximal load obtained by beams bonded
with acrylate adhesive is much higher than a sum of maximum loads taken by two timber
flanges and a glass beam. In case of hybrid timber-glass beams the timber provides the
ductility and the glass resistance and stiffness. Regarding hybrid beams bonded with
silicone sealant and polymer based on polyurethane resin the synergistic feature was not
observed. However, these beams allowed for much greater deformations before the total
collapse.

Regarding the initial stiffness, post-breakage residual strength and maximal load hybrid
beams bonded with stiff adhesive presented much better behaviour than corresponding
beams bonded with softer adhesives. Beams BA1÷3, bonded with acrylate adhesive,
were much stiffer in the elastic phase and reached almost double load before total failure
(high post-breakage, relatively low ductility ratio). However, beams BS1÷3, bonded
with silicone sealant, although characterised with lower stiffness and post-breakage
strength, allowed for much greater deformations (high ductility ratio, relatively low
post-breakage strength). The average value of post-breakage strength for the beams
with acrylate, silicone and polyurethane adhesive was 192, 210 and 143%, respectively.

The results for the beams bonded with polymer grout based on polyurethane resin
(BI1÷3) are unreliable since great spread of behaviour was observed. Additionally,
applied Icosit KC 640/7 resin, in contrast to the other two adhesives, was prepared
and mixed manually, which probably resulted in a variability of mechanical properties.
Therefore, the resin was excluded from further analysis and it is not recommended for
hybrid timber-glass beam purposes.
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5 Experimental investigations
on life-size specimens
This chapter deals with testing of life-size beam specimens. It provides information
regarding test specimens, test set-up and test procedures. It presents results, discussion
and conclusions.

5.1 Background information
The experimental research on life-size specimens was made within the WoodWisdom-
Net research project "LBTGC - Load bearing timber-glass composites". The experi-
mental investigations presented in this chapter were conducted in the laboratory of the
Department of Building and Energy Technology at the Linnaeus University (Växjö,
Sweden). Materials for the research were supplied Pilkington Floatglas AB, Stora Enso
Timber AB and Sika Sverige AB. The contribution regarding technical support and
assistance of Bertil Enquist and Michael Dorn (Linnaeus University) is acknowledged.

5.2 Introduction
To investigate the influence of stiffness of bond connection and type of glass on the
behaviour under loading, stiffness and load-bearing capacity of life-size hybrid timber
glass beams a series of beam specimens were investigated.

Twelve hybrid beams with web made of ordinary annealed float and heat-strengthened
glass and timber flanges, bonded with three types of adhesives of different stiffness were
tested in four-point bending. The results of experimental investigations on small-scale
hybrid beams showed that the beams with stiff adhesive presented the best performance.
Therefore, regarding life-size specimens with web made of annealed float glass a stiff
adhesive was selected. The reason of use of the heat-strengthened glass was its higher
bending strength caused by residual stress introduced in tempering process. However,
this type of glass presents intermediate fracture pattern between annealed float glass,
which breaks into big shards, and fully-tempered glass, which disintegrates in small
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pieces after failure. For the beams with web made of heat-strengthened glass three
different adhesives were applied.

5.3 Test specimens and test set-up
Figure 5.1 presents a cross-section of the beam specimens. The cross-section consists of
a glass web and timber flanges combined together with a bond line adhesive connection.

Number of specimens 12
Glass web 190 × 4800 mm
Timber flanges 45 × 60 mm
Groove width 12 × 20 mm
Beam height 240 mm
Beam length 4800 mm

Figure 5.1: Cross-sections of the beam specimens; nominal dimensions.

All beams were 240 mm high and 4800 mm long. For the webs two types of glass were
used: annealed float and heat heat-strengthened glass. In comparison to annealed float
glass, which breaks into large pieces, the fracture pattern of heat-strengthened glass
is more like for tempered glass. All webs had dimensions of 190 × 4800 mm with a
thickness of 8 mm. To minimize the influence of edge quality on the glass strength,
widely described in [63], after the traditional cutting to desired dimensions all edges
were polished. The polishing of the edges of glass webs had to be done before the
tempering process since any treatment of heat-strengthened glass leads to brittle and
rapid failure [45]. For the wooden flanges finger-jointed pine studs measuring 45 × 60
mm were used. The dynamic elastic modulus along the fibres of timber flanges was 12.4
GPa, which was determined based on the lowest natural frequency in axial excitation
of the timber flanges reported in Section 3.3. In order to fit the glass web, a groove
measuring 12 × 20 mm was milled in the flanges. Thus, the bond line thickness for
all beams was 2 mm (on both sides of the glass web). For the adhesive bonding three
different types of adhesives of different stiffness were used: 3M DP490 (epoxy) [57],
SikaFast 5221 (acrylate) [58] and Sikasil SG-500 (silicone) [59].

All specimens were manufactured manually in a custom-made stabilising steel frame
consisting of a stiff I-shaped steel section and seven lateral supports mounted at every
800 mm along the steel base. Each support was adjustable by a screw point support
with a rubber disc at its end to protect the glass surface when mounting. First, the
glass web was mounted in the lateral supports 50 mm above the steel base and cleaned
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with alcohol. A masking tape was used to protect the glass surface from the adhesive
which flows out of the groove when lowering the web. All adhesives were supplied in
pre-package containers and were applied using static mixers compatible with the nozzles
of the containers in order to ensure the proper dosage and mixing of the components.
Before applying the adhesive, the flange, alike the web, was protected with a masking
tape. The adhesive was poured into the groove using a pneumatic gun and the wet
adhesive was spread with a spatula. Subsequently, the flange was placed below the
web, which was then lowered and placed into the groove and stabilised. At this stage
accuracy was crucial and thus, before fixing the web in the lateral supports, the height
of the half-beam was measured with high precision. To ensure a uniform adhesive bond
line thickness, rubber strips were used.

Subsequently, the excess amount of the wet adhesive was removed with a spatula, alike
the masking tape. After mounting the web in the supports it was impossible to remove
the rubber strips without tearing them off so they were shortened and left in the groove.
The stabilised specimens were left until the adhesive cured. In contrast to the acrylate
adhesive, which curing time was approximately 10 minutes, the specimens with silicone
and epoxy adhesives were left for 12 hours before the other flange was bonded to the
glass web.

Table 5.1: Notation system, number and components of manufactured specimens.

Glass type Adhesive Number of specimen
Annealed float glass (AF) 3M DP490 (E) 6

Heat-strengthened glass (HS)
Sikasil SG-500 (S) 2
SikaFast 5221 (A) 2
3M DP490 (E) 2

In total, twelve hybrid timber-glass beams with three adhesives of different stiffness and
two types of glass were manufactured. Table 5.1 presents the notation system, number
and components of manufactured specimens. The notation system for specimens is
constructed as follows: adhesive type-glass type-specimen number.

To monitor strain in the components strain gauges were used. Two beams with annealed
glass and all beams with heat-strengthened glass were equipped with the strain gauges.
These were mounted at mid-span, on the tensile and compression side of the glass web
and two gauges on the flange working in tension (on upper and lower side).

Before testing of the beams with heat-strengthened glass, the residual-stress profile
through the thickness of the glass panels was measured using a portable scattered
light polariscope SCALP [48]. The test revealed average value of residual surface
compressive stress 53 MPa and middle tensile stress 25 MPa, see Section 3.4.

The test set-up was a four-point bending test (Fig. 5.2). The nominal distance between
the supports was 4320 mm while the total beam length was 4800 mm. The forces were
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introduced symmetrically at 1/3 of the span (1440 mm) through hydraulic jacks fixed
to vertical steel frames. The tests were run in displacement control at load rate of 12
mm/min. Two lateral supports were provided approximately 300 mm from the load
introduction points to prevent the beam from failing in lateral buckling. Apart from
measuring the loads and the mid span displacement vglobal, the curvature over a length
of 1200 mm between the two loads was also measured, see vlocal (Fig. 5.2).

Figure 5.2: Scheme of test set-up used for four-point bending test on small-size beam
specimens.

5.4 Results and discussion
Figure 5.3 illustrates force versus mid-span displacement curves of all beams. The
specimens with the web made of annealed float glass and epoxy adhesive presented
a multi-stage mechanism of failure during loading [67–69]. In the first stage the
relationship between the load and vertical mid-span displacement is almost perfectly
linear until initial cracking. This is followed by a sudden drop of bending stiffness and
an increase of vertical displacement, see Figure 5.3.
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5.4. Results and discussion

After the initial failure of the annealed float glass the bottom flange acted as a crack
bridge which together with a non-cracked compression zone of the web and top flange
allowed the beam to still carry the load. In the next stage the existing crack grow and
subsequent cracks formed in another part of the web. Multiple cracks occurred in the
glass, usually located between the load introduction points. Despite the failure of the
glass web the beam could still carry load until the final collapse, which was usually
caused by failure of the flange working in tension. Figure 5.4 presents the mechanism
of failure of hybrid timber-glass beam with a web made of annealed float glass.

Figure 5.4: Four-point bending test of life-size hybrid beams with web made of annealed
float glass.
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The beams with webs made of heat-strengthened glass presented higher load at initial
cracking than the beams with webs made of annealed float glass. However, the failure
was brittle with no warning, see Figure 5.5. Thus no post-breakage strength was
presented. It is unclear whether the failure was caused by explosion of the glass with
high residual stress or tensile failure of the timber flanges.

Figure 5.5: Four-point bending test of life-size hybrid beam with web made of heat-
strengthened glass.

Table 5.2 presents the values of loads at first cracking and ultimate load for the tested
beams. For the beams with annealed float glass these loads were 11.6 kN and 16.4 kN,
respectively. This corresponds approximately to a 50% increase of the load after the
first crack, and the beams can be said to fail in a rather ductile manner.

The specimens with webs made of heat-strengthened glass withstood approximately
100% higher load than the beams with annealed float glass but showed no post-breakage
strength. Although the stiffness of the specimens bonded with the soft silicone adhesive
was lower than that of beams made with a stiff adhesive, the failure occurred at the same
displacement of approximately 40 mm.

Table 5.3 presents the comparison of the stiffness obtained during loading: calculated
from global and local deflection. The stiffness calculated from local deflection was
approximately 6% higher in comparison to the stiffness calculated from global deflection.
The difference can be explained by the fact that global stiffness was measured from
global deformation which is a combination of bending and shear deflection [70]. In
this case bending deflection represents the main part, the shear deflection gives a
contribution to the total deflection. Unlike global deformation, local deformation
represents only a pure bending deflection. The stiffness of beams with silicone adhesive
was approximately 25% lower as compared to the beams bonded with stiffer adhesives.
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Table 5.2: Test results, beams made of annealed float glass.

Beam type Load at first crack Maximal load Increase of load
[kN] [kN] [%]

E-AF-01 9.4 19.5 107.5
E-AF-02 7.1 16.6 133.8
E-AF-03 12.0 15.5 29.2
E-AF-04 13.2 15.8 19.7
E-AF-05 11.9 12.5 5.0
E-AF-06 16.0 18.2 13.8
Mean values 11.6 16.4 50.0
Standard deviation 2.81 2.2 -

E-HS-01 26.2 26.2 -
E-HS-02 24.7 24.7 -
Mean values 25.5 25.5 -

A-HS-01 25.1 25.1 -
A-HS-02 25.2 25.2 -
Mean values 25.2 25.2 -

S-HS-01 20.2 20.2 -
S-HS-02 19.3 19.3 -
Mean values 19.8 19.8 -

Since strain gauges were mounted to the glass web, the strain level at failure of the glass
could have been obtained. From these strains the maximum strains over the cross section
could have been extrapolated and the corresponding stresses in the glass could have
been calculated. For the beams E-AF-(01-02), equipped with strain gauges, the average
failure stress was approximately 44.5 MPa, see Table 5.4. The value corresponds to the
average failure stress of glass 45 MPa (tested in a standing position) reported in [51].
However, these specimens turned out surprisingly the weakest among the beams with
annealed glass. For the beams with web made of heat-strengthened glass the average
failure stress was 127 MPa, see Table 5.4. If the average tensile stress of annealed float
glass is approximately 45 MPa [51], the level of residual stress in the tested beams can
be estimated to be 127-45=82 MPa. The SCALP measurements revealed the value of
surface residual compressive stress of 53 MPa, see Section 3. The difference can be
explained by the observation that in heat-strengthened glass the residual edge stress
tends to be up to 50% higher than the residual stress away from the edges [45]. Since
the residual surface stress was measured far from the edges of the glass, the residual
edge stress can be calculated as 1.5×53.2 = 79.8 MPa, which explains the estimated
value of 82 MPa.
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Table 5.3: Initial bending stiffness (MNm2) of beams

Specimen Calculated
from vglobal

Calculated from vlocal

EIglobal EIlocal ∆ local [%]
E-AF-01 0.939 0.973 3.62
E-AF-02 0.834 0.825 -1.08
E-AF-03 0.864 0.915 5.90
E-AF-04 0.904 0.965 6.75
E-AF-05 0.890 0.969 8.88
E-AF-06 0.958 1.042 8.77
Mean value 0.898 0.948 3.01
Standard deviation 0.042 0.066 -

E-HS-01 0.885 0.947 7.01
E-HS-02 0.899 0.949 4.29
Mean value 0.898 0.948 5.57

A-HS-01 0.916 0.976 6.55
A-HS-01 0.899 0.954 6.12
Mean value 0.907 0.965 6.39

S-HS-01 0.722 0.752 4.16
S-HS-01 0.718 0.792 10.31
Mean value 0.720 0.772 7.22

Table 5.4: Values of failure stress in glass for all tested beams.

Specimen Failure stress [MPa]
E-AF-01 49.38
E-AF-02 44.99
Mean value 44.48
E-HS-01 141.78
E-HS-02 112.90
A-HS-01 126.85
A-HS-02 136.86
S-HS-01 125.30
S-HS-02 118.04
Mean value 126.96
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5.5 Evaluation
The section presents the results of experimental investigation on life-size hybrid I-shaped
beams made of ordinary annealed float and heat-strenghtened glass and timber flanges,
bonded with three types of adhesives of different stiffness. Based on a qualitative
research with a limited number of specimens main conclusions are drawn.

Experimental studies on hybrid timber-glass beams with web made of annealed float
glass show that the beams are able to withstand much higher load than the load that
causes initial failure of the glass web. The average value of an increase of load for all
beams with annealed glass was 50% higher as compared to the load at initial crack.
Alike the small-size beams presented in Chapter 4 the combination of a single pane
web, made of ordinary annealed float glass, and timber flanges provides ductility and
a warning signal relatively long before the total collapse. It gives time to temporarily
support the element before the replacement and ensures the safety of users.

Beams with a web made of heat-strengthened glass, despite much higher load-bearing
capacity, presented brittle failure with no warning signal. Due to the residual stress in
the heat-strengthened glass the hybrid beams did not exhibit any post-breakage strength.
The fracture pattern after glass failure was so advanced that the stiffness of the web was
not large enough to hold the shards in place. Probably high-speed camera would have
revealed the mechanism of cracks formation and the cause of the explosive final failure.

Despite significant difference in modulus of elasticity of epoxy (1595 MPa) and acrylate
(78 MPa) adhesives no difference in initial bending stiffness of hybrid beams were
observed. The beams bonded with silicone adhesives with modulus of elasticity of
3 MPa presents the initial bending stiffness approximately 25% lower when compared
with others.

Readings from extensometers attached to the annealed glass revealed the average tensile
strength of glass 44.5 MPa which corresponds to the values reported in literature
[51]. Good agreement was found when comparing the average tensile strength of
heat-strengthened glass with measured values of residual stress with SCALP device.

To translate the results of the life-size specimens with the web made of annealed float
glass to a real situation an additional analysis was performed. It was assumed that
a hybrid timber-glass beam with the cross-section dimensions and length as in the
experiments is a structural component of a roof structure as presented in Figure 1.1.
The beams support insulated glass panels with the total thickness of glass of 24 mm. A
1.5 m spacing of the beams was assumed. Comparing the bending moments from the
four-point bending test (based on the load at first cracking, see Table 5.2) and a simple
supported beam with uniformly distributed loading (including the dead load from glass
panels, self-weight of the beams and a snow load for I snow zone in Poland) a global
safety factor of 2.0 was obtained. Obviously, it is possible to control the load-bearing
capacity of hybrid timber-glass beams by modifying the geometry of the glass web and
timber flanges.
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6 Numerical modelling
of the structural response
This chapter focuses on numerical modelling of the structural response of hybrid timber-
glass beams. It presents an introduction on numerical methods used in analysis. The
experimental results, reported in Chapters 4 and 5, are used as a reference to validate
the models. The findings from the numerical investigations are presented.

Introduction
This chapter deals with numerical modelling of the structural response of hybrid timber-
glass beams. The numerical models make use of the commercial Finite Element Analysis
software ABAQUS and the brittle cracking feature dedicated for modelling brittle failure
of materials [35].

To validate the numerical models they were applied to describe the structural response of
small- and life-size hybrid timber-glass beams investigated experimentally in Chapters
4 and 5. Moreover, the models were checked for sensitivity to variable parameters:
element type, element size and value of fracture energy of glass. In addition, a simple
thermal stress analysis is performed.

6.1 Background information
Numerical calculations were performed in ACK CYFRONET in Cracow funded by a
grant MNiSW/SGI3700/PSlaska/030/2011. All numerical calculations were performed
using the ABAQUS/CAE 6.12 [35]. The software is an advanced non-linear Finite Ele-
ment Analysis software dedicated for various types of analyses in structural, mechanical,
biomedical and related engineering applications. It provides finite element solution
techniques to simulate a wide range of dynamic and quasi-static problems.
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6.2 Numerical methods applied in the research
6.2.1 Review of numerical methods
Regarding modelling brittle behaviour of glass different simulation strategies have been
used. Nielsen at al. [71, 72] presented a simplified method for modelling cracking
of glass. In the method glass was modelled as a linear-elastic material in plane stress
state. The crack initiation criterion was governed by maximum principal stress. After
the stress reaches critical value, the stiffness material point is reduced so it is not able
to carry any stresses. Comparing numerical results with experiments a fairly good
agreement was observed. However, the approach assumed that stiffness of the cracked
material is reduced in all directions which is not true. Even though the cracked material
cannot carry any tensile stress, some shear can be still transferred through the crack.

Louter at al. [73] proposed two smeared crack models, in which to avoid convergence
problems due to negative tangent stiffness of the softening law two strategies were
adopted. Within the first strategy the incremental-iterative analysis was replaced by a
series of scaled linear analyses. In the further, the stress-strain softening law of glass
was replaced by a “saw-tooth” reduction curves. In therms of load-displacements curves
numerical results presented very good predictions in comparison to experimental results.
However, in therms of amount and shape of cracks the results of computational models
differs from the experimental results.

Correia at al. [74] presented multi-fixed smeared crack model, which included a linear
tensile-softening law. In the model new crack was initiated when two conditions were
satisfied: principal stress exceeds the tensile strength of glass and the angle between the
direction of existing cracks and direction of maximum principal stress in glass exceeds
the prodefined treshold value of 30◦. Good agreement between numerical simulations
and experimental results was observed.

Bedon and Louter [75] used brittle cracking model available in ABAQUS/Explicit to
simulate behaviour of laminated reinforced glass beams. Interesting results were found
regarding load-displacement plots and crack patterns. However, in the model plane
stress state was applied.

Despite promising results of the numerical analyses presented before, in most cases
the approaches make use of plane stress methods and require implementations of own
computational code. The main aim of the thesis to model structural response of hybrid
timber-glass beams using an available software ABAQUS. The models will make use of
a three-dimensional model.

6.2.2 Brittle cracking model (ABAQUS/Explicit)
The finite element method is a popular computational tool used in engineering research.
Regarding field of solid mechanics and non-linear quasi-static problems, finite element
equation solution methods can basically be classified as either implicit or explicit. Both
methods are solved incrementally.
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In the standard implicit finite element method a solution for each increment involves
iterations until a convergence criterion is satisfied. However, the method can meet
numerical difficulties when solving non-linear quasi-static problems involving large
element deformation, brittle failure of material, highly non-linear plasticity or contact
between surfaces [35].

In contrast to implicit finite element method, the explicit approach provides an alterna-
tive, efficient and more robust solution. In the method, the finite element equations are
formulated as dynamic and thus can be solved directly, without iterations. The solution
is determined at a constant size of the time increment:

∆t =

(
Le

cd

)
, (6.1)

where Le is the characteristic element length and cd is the dilatational wave speed:

cd =

√
λ+ 2µ

ρ
, (6.2)

where λ and µ are the Lame constants and ρ is the material density. Thus the total
calculation time of explicit solution depends on the element size and material density.

For the numerical analysis of hybrid timber-glass beams, presented further, the ABAQUS/-
Explicit solver was used since it provides a brittle cracking model which is the most
suitable for modelling of tensile cracking in brittle materials [35].

Brittle cracking model provides capability for modelling behaviour of brittle materials
(e.g. ceramics, brittle rocks, concrete, glass, etc.) in which the behaviour is dominated
by tensile cracking [35]. It assumes that the compressive behaviour is always linear
elastic and the model must be used with linear elastic material only.

ABAQUS/Explicit uses a smeared crack model to represent the discontinuous brittle
behaviour in material. Constitutive calculations are performed independently at each
material point of the finite element model. The existence of discontinuities (cracks)
comes into these computations in such a way that the cracks affect the strain and material
stiffness associated with the material point.

A simple criterion is used to detect the crack initiation. A crack starts forming when
the maximum principal tensile stress exceeds the tensile strength of brittle material.
Subsequent cracks may form in another material point independently. Once a crack
occurs at a point it remains throughout the rest of calculations. Nevertheless, it may
close and reopen along the directions of the crack surface normals. When the stress at a
material point becomes compressive the crack can close completely.

Within brittle cracking model crack criterion makes use of Hillerborg’s fracture energy
proposal [76]. Hillerborg defined the energy which is required to open a unit area of
crack in Mode I GI

f as a material parameter. Mode I applies to a situation when tensile
stress is normal to the plane of the crack (Fig. 6.2). In this approach brittle behaviour is
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defined as stress-displacement response (Fig. 6.1). A specimen made of brittle material
is subjected to tensile force, sufficiently short so the elastic strain is small enough that
the specimen will crack primarily by the opening at the crack, independently on the
specimen’s length.

Figure 6.1: Crack criterion in Mode I and postfailure stress-fracture energy curve.

In ABAQUS/Explicit the Mode I fracture energy GI
f can be specified directly as a

material property. The model assumes a linear loss of strength after cracking (Fig. 6.1).
The failure stress σI

t decreases until complete loss of strength takes place (at the crack
normal displacement δu). Since the fracture energy is the area under the curve, the crack
normal displacement is, therefore:

δu = 2
GI

f

σt,u
. (6.3)

The definition of the characteristic length associated with a material point is required to
implement the stress-displacement concept in a finite element model. The characteristic
length is based on the element geometry, usually it is a length of a line across the
element.

Within brittle cracking model crack initiation is based on Mode I fracture only, when
post-cracking behaviour includes Mode I and Mode II (Fig. 6.2).

Figure 6.2: Fracture Mode I (left) and Mode II (right).

The mode II shear behaviour is based on observation that the shear behaviour depends
on the magnitude of crack opening, namely, the shear modulus decreases with crack
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6.2. Numerical methods applied in the research

opening. The ABAQUS/Explicit provides the shear retention model, in which post-
cracked shear stiffness is formulated as a function of opening strain throughout the
crack. In the model the relationship is formulated by expressing the post-cracking shear
modulus Gcrack, as a fraction of the uncracked shear modulus:

Gcrack = ρ(εcrack)G (6.4)

where G is the shear modulus of uncracked material, ρ(εcrack) is the shear retention
factor which depends on the crack opening strain εcrack. The shear retention factor
should meet 0.0 ≤ ρ ≤ 1.0, in which 0 represents no shear retention, whereas 1.0
represents full shear retention. The shear retention factor can be defined in the power
law form:

ρ(εcrack) =

(
1− εcrack

εcrack,max

)p

(6.5)

where p and εcrack,max are material parameters (the dependence is shown in Figure 6.1.
It satisfies the requirements that p → 1 as εcrack,max → 0, which correspond to the
state before crack initiation, and p → 0 as εcrack → εcrack,max which corresponds to
the state when the crack cannot transfer any shear stress (no shear interlock). To get
more stable explicit finite element simulation Ivanov and Sadowski [77] recommend
εcrack,max ≥ εcrack(δu).

Computations where elements can no longer carry stress may lead to excessive distortion
of the elements and subsequent premature termination of the simulation [35]. Therefore,
a brittle failure criterion is provided within brittle cracking model. When local direct
cracking displacement components at a material point reach defined value, the element
is removed from the mesh. The brittle failure criterion must be used with care. The
main consequence is that the elements are removed from the mesh until the end of
calculations.

To perform a quasi-static analysis and avoid the influence of inertial forces on mechanical
response using the ABAQUS/Explicit, which is a dynamic analysis solver, special care
must be taken when setting the analysis step time period. Incorrect step time period
of explicit analysis can result in unrealistic dynamic effects [78]. Kutt et al. [79]
recommend that the ratio of step time period and natural period of the structure should
be greater than five.

In addition, Chung at al. [80] suggest that dynamic effects in the model can be neglected
and the quasi-static response can be ensured by keeping the ratio of kinetic energy to the
internal strain energy at <5% during entire time period. In such a way the external work
done by the load is balanced mostly by the internal energy of the whole structure, which
in fact happens in static analysis. In this approach, based on the conservation of energy
principle, the kinetic energy is an indicator for the quasi-static response. Limitation of
the kinetic energy is usually archived by adjusting the step time period and controlling
the plots of the kinetic and internal energy before any results are accepted. Usually, the
optimum step time period is obtained after several trials.
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6.3 Numerical models
The section describes numerical models and materials properties applied. Two models
were investigated: small- and life-size beam elements, see Figures 6.3 and 6.4.

The consistency of the numerical models was investigated for selected small-size beam
by varying the element type, element size and fracture energy of glass. Based on findings
from parametric studies the optimum model parameters were set and final numerical
models were investigated. In addition, thermal analyses for final model of the life-size
beam with different adhesives were performed.

6.3.1 Set-up 3D models
Due to symmetries of the specimens, only quarter beams were taken into account with
appropriate boundary conditions simulating a four-point bending test, see Figures 6.3
and 6.4.

Load introduction points and supports were modelled using 50 mm long rigid surfaces
ensuring distribution of forces to larger number of elements. In experimental investiga-
tions the loads was distributed to the timber flange by steel plates measuring 50×50 mm
with a thickness of 8 mm.

All components were modelled using 3D solid elements. For the flanges and bond
connections 8-node linear brick elements (C3DR8) with reduced integration and large-
strain formulation were used. For the web two types of elements were used: 8-node
linear brick elements (C3DR8) with reduced integration and large-strain formulation and
6-node linear triangular prism elements (C3D6). In all models 5 mm and 2 mm element
size was applied for the flanges and adhesive connection, respectively. All calculations
were run in displacement control including non-linear effects of large deformations. The
displacement was increased linearly using a smooth amplitude function.

Figure 6.3: Cross-section, loading and boundary conditions for 3D model of small-size
beam.
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Figure 6.4: Cross-section, loading and boundary conditions for 3D model of life-size
beam.

6.3.2 Material models
The glass material, in both models (small-size and life-size beams), was modelled with
isotropic, linear elastic material properties. The values of modulus of elasticity E and
maximal tensile stress ft were determined based on experimental results presented in
Section 3.2. The value of Poisson’s ratio ν and density ρ were take from literature [50].

To model the mechanism of glass failure a smeared crack model along with brittle
cracking and brittle failure damage evolution sub-options available in ABAQUS/Explicit
software were used, see Section 6.2. In this approach a crack initiation is governed by
the maximal tensile stress ft and crack propagation is based on the fracture energy of
glass Gf . The value of Gf was preliminary set equal to 3.0 J/m2 according to [45].
Based on ft and Gf the crack normal displacement δu was calculated according to
formula 6.3. Post-cracking behaviour (decrease of shear modulus with crack opening)
was modelled using the shear retention model. The values of εcrack,max were calculated
taking into account the size of finite elements. In the analyses it was assumed after
Ivanov and Sadowski [77] εcrack,max = 2× εcrack(δu). Mechanical characterization of
glass material model is summarized in Table 6.1.

Table 6.1: Mechanical characteristics of glass material model.

E
[MPa·103]

ν ft
[MPa]

Gf

[J/m3]
δu
[m]

70 0.23 45 3 1.333·10-7

The timber material was modelled with orthotropic, linear elastic material properties.
Since the flanges of small-size and life-size beams were made of different timber types
two material models were used. For the timber type A the values of modulus of elasticity
E1−3 and Poisson’s ratio ν were determined based experimental results presented in
Section 3.3. For the timber type B the values of modulus of elasticity E1−3 and ultimate
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tensile stress ft were determined based on experimental results presented in Section
3.3. Other parameters were calculated proportionally based on the literature [54, 55].
Mechanical characterization of wood material models (type A and B) are summarized
in Tables 6.2 and 6.3.

Table 6.2: Mechanical characteristics of wood type A material model.

E1 E2 E3 ν12 ν13 ν23 G12 G13 G23

[MPa·103] [MPa·103]
10.54 0.75 0.75 0.44 0.40 0.52 0.93 0.93 0.12

Table 6.3: Mechanical characteristics of wood type B material model.

E1 E2 E3 ν12 ν13 ν23 G12 G13 G23

[MPa·103] [MPa·103]
12.41 0.88 0.88 0.44 0.40 0.52 1.09 1.09 0.14

Three types of adhesives were considered: epoxy, acrylate and silicone. Depending on
the behaviour of tested specimen in tension, see Section 3.4, different material models
were applied. The epoxy adhesive (3M DP490) was modelled as isotropic with linear
elastic behaviour. The epoxy linear model is characterized by the tensile elastic modulus
Et,e, the tensile ultimate stress ft,e the tensile ultimate strain εt,u and Poisson’s ratio ν.
The tensile elastic modulus Et,e was based on cyclic test on the epoxy adhesive while
the tensile ultimate strain εt,u was based on monotonic test, see Chapter 3. The acrylate
adhesive (SikaFast 5215) was modelled as isotropic, bilinear elastic plastic behaviour.
The acrylate bilinear model is characterized by the tensile elastic modulus Et,e, the
tensile plastic modulus Et,p, the tensile elastic stress ft,e and Poisson’s ratio ν. Since
the acrylate specimens exhibited large deformation during testing without failing the
ultimate tensile strain was not considered. The bilinear material model was created
based on the cyclic and monotonic tests. The elastic domain was based on the cyclic test
while the plastic domain was based on monotonic test, see Chapter 3. Since in ABAQUS
software plastic behaviour is formulated in terms of Cauchy stress and its strain, the
nominal stress and strain were transformed into the true stress and strain. Assuming that
specimen volume does not change, the true stress and strain were calculated respectively
with the following formulas:

σt,t = σt(1 + εt) (6.6)

εt,t = ln(1 + εt) (6.7)

where σt,t is the true stress, σt is the nominal stress, εt is the nominal strain.

The silicone adhesive (Sikasil SG-500) was modelled as isotropic with linear elastic
behaviour. The silicone linear model is characterized by the tensile elastic modulus Et,e
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and Poisson’s ratio ν. The values were based on cyclic test on the silicone adhesive, see
Chapter 3.

Figure 6.5 summarizes the tensile mechanical properties for the adhesive models. Table
6.4 presents the tensile model stress-strain curves for the three adhesives.

Figure 6.5: Tensile model axial stress-strain for adhesives: epoxy (left), acrylate (middle)
and silicone (right).

Table 6.4: Mechanical characteristics of adhesive material models.

Adhesive Et,e

[MPa]
ft,e
[MPa]

Et,p

[MPa]
εt,u ft,u

[MPa]
ν

Epoxy 1595 - - 0.032 36.5 0.422
Acrylate 78.12 8.42 4.84 - - 0.459
Silicone 3.17 - - - - 0.462

6.3.3 Parametric studies and final models
To find the optimum model parameters some factors were varied to investigate their effect
on the numerical results. Due to computational cost of simulations it was performed
for the small-size beam model bonded with acrylate adhesive with groove dimensions
of 13×30 mm. Variations of model parameters, presented in Table 6.5, are briefly
described below.

Firstly, the geometry of the elements was varied. Since the smeared model is susceptible
to elements shape, the geometry of the elements was varied between rectangular and
prism with triangular base elements, see Figure 6.6. Secondly, the size of rectangular
and prism elements was altered among 8, 4 and 2 mm, see Figure 6.6. The value of
8 mm corresponds to the thickness of glass used in the research. Finally, the fracture
energy of glass was varied between 3 and 8 J/m2, the values were reported in [45] and
[81], respectively. Also an intermediate value of 5.5 J/m2 was considered.

For all models the values of direct cracking failure strain εcrack,max was calculated.
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Table 6.5: Mechanical and geometrical properties of parametric models.

Model Mesh
geometry

Mesh size
[mm]

Fracture
energy
Gf [J/m2]

εcrack,max

Variation
of mesh type
and mesh size

P-01
rectangular

8

3

8.33·10-5

P-02 4 6.67·10-5

P-03 2 1.33·10-5

P-04
prism

8 8.33·10-5

P-05 4 6.67·10-5

P-06 2 1.33·10-5

Variation of
fracture energy

P-07 prism 4 5.5 6.67·10-5

P-08 4 8

Rectangular elements

8 mm

4 mm

2 mm

Prism elements

8 mm

4 mm

2 mm

Figure 6.6: Parametric numerical studies - mesh patterns of glass web.

Based on the findings from parametric studies analyses of the final numerical models
of small- and life-size beams were performed. The optimum model parameters were:
prismatic element type, element size 4 mm and fracture energy of glass 3 J/m2. Numeri-
cal investigation on small-size beams includes four models with variable parameters:
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groove dimensions and adhesives, see Table 6.6. Numerical investigations on life-size
beams include four models with variable parameters: adhesive and glass type, see Table
6.7.

Table 6.6: Variables of final numerical models of small-size beams.

Model Groove dimensions [mm] Adhesives
F-SSB-01 12×30 Acrylate
F-SSB-02 13×30
F-SSB-03 Silicone
F-SSB-04 15×30

Table 6.7: Variables of final numerical models of life-size beams.

Model Adhesive Glass type
F-LSB-01 Epoxy Annealed float glass
F-LSB-02 Acrylate Heat-strenghtened glassF-LSB-03 Silicone

Experimental investigation on small- and life-size specimens showed that stiff adhesive
is suggested to reach high load-bearing capacity. Since the hybrid beams are composed
of constituents made of different materials with different thermal expansion coefficients
a rigid connection between the web and flanges may lead to high thermal stress due to
temperature changes. Thus a thermal stress analysis was performed. Table 6.8 shows
the values used in the numerical analyses. A simple supported beam with temperature
change of ±25◦C was considered.

Table 6.8: Values of thermal expansion coefficients for materials [45, 55, 82].

Material Thermal expansion coefficient [10-6/◦C]
Glass 9
Timber 3.5
Epoxy adhesive 25
Acrylate adhesive 20
Silicone adhesive 100
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6.4 Results and discussion
As discussed in Section 6.2 to ensure the quasi-static response the ratio of kinetic energy
to the internal strain energy must be kept at <5% during entire analysis. Before any
numerical results were accepted, every time the ratio was evaluated.

As an example, Figure 6.7 presents plots of kinetic and internal energy as well as the
ratio for numerical model P-01. Only within the first second the ratio reaches value of
approximately 35% which is related to initial increase of loading and small value of
internal energy. Subsequently, the curve stabilises at approximately 0.05 and follow the
level until the first cracking in glass occurs (at 6 s). A sudden increase of deformation,
related to drop of bending stiffness, generates high kinetic energy which affects slightly
the energies. Then, the ratio returns to a very low level and continues until the ultimate
failure of model. In this stage the internal energy suddenly reaches an extremely low
(negative) value and the kinetic energy a high (positive) value. For clarity, last increment
is not shown in the plot.
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Figure 6.7: Energy levels for numerical analysis of model P-01.
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As ABAQUS/Explicit solver is a dynamic analysis tool, despite ensuring a quasi-static
response by applying an adequate step time period and keeping low ratio of kinetic-to-
internal energy, dynamic effects such as oscillation cannot be avoided. Thus, the results
obtained from numerical analysis were smoothed using a smoothing function available
in ABAQUS to eliminate the oscillation effect, see Figure 6.8.
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Figure 6.8: Numerical results. Force versus mid-span displacement plot for numerical
model P-01: actual results and smoothed curve.

Regarding variation of element geometry and element size, models P-02÷06 (rectangular
and prism elements and 8÷2 mm element size) compared to the reference model P-01
(rectangular elements and 8 mm element size) were investigated.

In terms of the load-displacement curves, the results present very small differences,
see Figure 6.9. For all models in the first stage the relationship between the load and
vertical mid-span displacement is almost perfectly linear until initial cracking. This is
followed by a sudden drop of bending stiffness and an increase of vertical displacement.
Initial cracking of glass web, for all models, occurs at the same load of 29 kN and
displacement of 1.8 mm. Subsequently, the existing crack propagates and at the load of
approximately 65 kN next crack forms. The ultimate failure of all models occurs at the
load of 120-142 kN and displacement of 16-20 mm. The ultimate failure is caused by
explosion of the glass web, see Figure 6.10.

Despite close results regarding load-displacement curves, mesh refinement does signifi-
cantly alter the cracking pattern. Figures 6.11÷6.13 show crack pattern for numerical
models P-01÷ P-06 with variable type and size of finite elements. Two element types
(brick and prism element) and three element sizes (8, 4 and 2 mm) were considered in
the analyses. Mesh refinement, regarding reduction of the size of elements, significantly
alters the numerical results. Models with a coarse mesh (8 mm) show a relatively limited
number of cracks when compared to the models with finer mesh (4 and 2 mm mesh size).
It can be explained by the fact that the higher number of elements the more cracking
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originates in the model. In terms of the element type, models with brick elements show
a relatively limited number of cracks, while models with prism elements demonstrate
more extensive cracking. Moreover, the models with prism elements show presence
of diagonal cracks. The model P-06 with 2 mm prism elements the most correctly
simulates the structural behaviour of beams investigated experimentally.
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Figure 6.9: Load-displacement curves for numerical models F-01÷06.

Figure 6.10: Ultimate failure of model P-04.

76



6.4. Results and discussion

Brick elements (8 mm)
2.1 mm

7.6 mm

16.0 mm

Prism elements (8 mm)
2.1 mm

7.6 mm

16.0 mm

Figure 6.11: Crack pattern for numerical models P-01 and P-04.

Brick elements (4 mm)
2.1 mm

7.6 mm

16.0 mm

Prism elements (4 mm)
2.1 mm

7.6 mm

16.0 mm

Figure 6.12: Crack pattern for numerical models P-02 and P-05.
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Brick elements (2 mm)
2.1 mm

7.6 mm

16.0 mm

Prism elements (2 mm)
2.1 mm

7.6 mm

16.0 mm

Figure 6.13: Crack pattern for numerical models P-03 and P-06.

A comparison obtained from models P-05, P-07 and P-08 is presented in Figures 6.14
and 6.15. Varying the value of fracture energy of glass not alter numerical results,
no significant effects were found in the global resistance and structural performance.
However, major discrepancies were found in the cracking patterns. In terms of load-
displacement behaviour the results of these models are similar until second crack in
glass occurs, see Figure 6.14. From this point the models present small differences in
the occurrence of subsequent cracks. However, the global performance is similar and
ultimate failure occurs at the same displacement. In terms of cracking patterns, the
increase of fracture energy, in general, results is a decrease of a number of cracks in
glass, see Figure 6.15. The cracking pattern of model F-03 the most correctly simulates
the structural behaviour of beams investigated experimentally.

From the parametric analyses it is concluded that variation of model parameters assumed
not alters significantly the results. In terms of load-displacement plots the type and size
of elements the results present minor differences regarding the load and displacement at
ultimate failure. In terms of cracking pattern models with larger number of elements
(fine mesh with prism elements) results in larger number of cracks which correspond to
the results observed in experimental investigations. Alike the effect of type and size of
elements the variation of fracture energy does not change the load-displacement plots.
However, the increase of fracture energy results in decrease of a number of cracks.
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Figure 6.14: Load-displacement curves for numerical models P-05, P-07 and P-08.
Values in brackets indicate fracture energy applied in analyses.
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Figure 6.15: Crack patterns for models P-05, P-07 and P-08 with different fracture
energy at displacement of 12.4 mm (left) and crack formation in the test (Specimen
BA1).
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Taking into account the results of parametric studies the prism elements with element
size of 4 mm and the lowest value of fracture energy (3 J/m2) are recommended to be
used in final models of small- and life-size beams.

6.4.1 Numerical predictions compared with test results
(small-size beams)

In the subsection a comparison of the numerical predictions and test results of small-size
hybrid timber-glass beams is presented. Figure 6.16 and Table 6.9 present the results of
the numerical investigations compared to the experimental testing of small-size beams
bonded with acrylate adhesive.
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Figure 6.16: Load-displacement curves obtained from experimental and numerical
analyses for small-size beams with acrylate adhesive.

Table 6.9: Experimental and numerical results of small-size beams with acrylate adhe-
sive.

Model Experimental investigations Numerical investigations

Fcrack [kN] EI [MNm2] Fcrack [kN] EI [MNm2]

F-SBB-01 27.9 0.658 31.38 (+12.5%) 0.966 (+46.8%)
F-SBB-02 26.4 0.632 30.56 (+15.8%) 0.941 (+48.9%)
F-SBB-02a 26.4 0.632 25.26 (-4.3%) 0.779 (+23.3%)
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In Figure 6.16 it can be seen that the numerical results are in fairly good agreement
with the experimental results. Despite different geometry of the groove, no difference
in the initial stiffness and load at first glass cracking between models F-SSB-01 and
F-SSB-02 can be observed. The curves start diverging from the load of approximately
60 kN, when shear cracks form. At this stage due to large strain in the adhesive different
behaviour is observed. The stiffness of the bond line connection, due to wider groove
and larger volume of adhesive, allows for greater deformations in model F-SSB-02 as
compared to model F-SSB-01.

For both models (F-SSB-01 and F-SSB-02) the initial stiffness obtained from the
numerical analyses overestimate the results from experiments, see Table 6.9. It can
be explained by the fact that the actual stiffness of the acrylate adhesive is lower than
obtained from testing the adhesive in tension, see Section 3.4, even for the the lowest
load rate. For numerical models F-SSB-01 and F-SSB-02 the load when first cracking
in glass occurs and initial stiffness is approximately 14 % and 48 % higher, respectively,
as compared to the experiments. Therefore, additional model F-SSB-02a with reduced
modulus elasticity of acrylate adhesive was computed and corresponding initial bending
stiffness was calculated. The reduced value of the modulus of elasticity (E=17 MPa)
corresponds to the results of relaxation tests on acrylate adhesive, see Section 3.4. The
results of the model F-SSB-02a are in much better agreement (regarding the initial
bending stiffness and the load at first cracking) with the experimental results. In this
case, compared to experimental results the load which causes first cracking in glass is
approximately 4% lower and the initial bending stiffness is 23% higher.

The numerical models simulate correctly the ultimate failure of the beams. During
testing it was observed that the final failure was caused by the failure of the flange
working in tension. Thus the numerical calculations were stopped at the stage when
when tensile stress in the timber flanges exceeds the ultimate tensile stress obtained
from experimental investigation on wood specimens (type A) in four-point bending, see
Section 3.3.

In terms of crack pattern numerical models simulate correctly the tested beams, see
Figure 6.17. No differences regarding crack patterns between models F-SSB-01, F-SSB-
02 and F-SSB-02a were observed.
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0.2 mm

0.7 mm

10.2 mm

Figure 6.17: Crack patterns at different displacements obtained from numerical and
experimental analyses.

Figure 6.18 and Table 6.10 present the results of numerical investigations and experi-
mental testing of small-size hybrid timber-glass beams with silicone adhesive.

From Figure 6.18 it can be seen that the numerical results are in very good agreement
with the experimental results. Despite different geometry of the groove, no difference in
the initial stiffness and load at glass cracking between models F-SSB-03 and F-SSB-04
can be observed. The curves start diverging from the point when first crack occurs. At
this stage due to large strain in the adhesive different behaviour is observed. The stiffness
of the bond line connection, due to wider groove, allows for greater deformations in
model F-SSB-04 as compared to model F-SSB-03.

In terms of the load at first cracking in glass the numerical models underestimates the
experiments by approximately 10%, see Table 6.10. However, regarding the initial
stiffness, the numerical models overestimates the results from the experiments by
approximately 7%.

The numerical models simulate correctly the ultimate failure of the beams. During
testing it was observed that the final failure was caused by the failure of the flange
working in tension. Thus the numerical calculations were stopped at the stage when
when tensile stress in the timber flanges exceeds the ultimate tensile stress obtained
from experimental investigation on wood specimens (type A) in four-point bending, see
Section 3.3.

In terms of cracking pattern the numerical models are in good agreement with the
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experimental results. From both methods only one crack localized in the center of the
specimen was observed, see Figure 6.19.
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Figure 6.18: Load-displacement curves obtained from experimental and numerical
analyses for small-size beams with silicone adhesive.

Table 6.10: Experimental and numerical results of small-size beams with silicone
adhesive.

Model Experimental investigations Numerical investigations

Fcrack [kN] EI [MNm2] Fcrack [kN] EI [MNm2]

F-SBB-03 12.7 0.292 11.5 (-9.5%) 0.315 (+7.9%)
F-SBB-04 12.6 0.289 11.1(-11.9%) 0.307 (+6.2%)

11.0 mm

Figure 6.19: Crack patterns at different displacements obtained from numerical and
experimental analyses.
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6.4.2 Numerical predictions compared with test results
(life-size beams)

As discussed in Chapter 5 only beams with web made of annealed float glass presented
any post-breakage strength during experiments while the beams with web made of
heat-strengthened glass failed right after first cracking in glass. Thus only for beams
with ordinary glass a numerical model with brittle cracking model was calculated. For
beams with tempered glass in order to determine an initial bending stiffness a linear
elastic model (without brittle failure of glass) was applied.

Figure 6.20 presents the load-displacement curves obtained from numerical investi-
gations and experimental testing of life-size hybrid timber-glass beams with epoxy
adhesive.
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Figure 6.20: Load-displacement curves obtained from experimental and numerical
analyses for life-size beams with epoxy adhesive.

From Figure 6.20 it can be seen that the numerical results are in very good agreement
with the experimental results. However, the numerical models underestimate the ultimate
failure. During testing it was observed that the final failure was caused by the failure
of the flange working in tension. Thus the numerical calculations were stopped at the
stage when when tensile stress in the timber flanges exceeds the ultimate tensile stress
obtained from experimental investigation on wood specimens (type B) in bending, see
Section 3.3.

Table 6.11 presents the results from numerical investigations and experimental testing
of life-size hybrid timber-glass beams. In the table only results form beams with strain
gauges attached were included. In terms of the load at first cracking in glass the results
from numerical investigation vary from -8 to +10%. Regarding the initial bending
stiffness the variation of results is ±4%.

In terms of cracking pattern the numerical models are in good agreement with the
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experimental results. From both methods several cracks were observed, see Figures
6.21 and 6.22. However, in the numerical analyses cracks forming outside the load
introduction points were observed, what did not occur during experiments.

Table 6.11: Experimental and numerical results of life-size beams with epoxy, acrylate
and silicone adhesives.

Model Experimental investigations Numerical investigations

Fcrack [kN] EI [MNm2] Fcrack [kN] EI [MNm2]

E-AF-01÷02 8.25 0.887 9.11 (+10.4%) 0.920 (+3.72%)
E-HS-01÷02 25.5 0.898 25.48 (-0.08%) 0.920 (+2.45%)
A-HS-01÷02 25.2 0.907 24.60 (-3.53%) 0.904 (+0.67%)
S-HS-01÷02 19.8 0.720 18.27 (-7.73%) 0.692 (-3.89%)

13.7 mm

18.3 mm

26.5 mm

Figure 6.21: Crack patterns obtained from numerical analyses.

Figure 6.22: Crack patterns obtained from experimental analyses.
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Thermal stress analysis
Figures 6.23 and 6.24 present stress profiles in the mid-span of the hybrid timber-glass
beam with life-size dimensions due to the variation of the temperature by ±25◦C. The
loading results in relatively low stresses in the components. No significant differences
were observed for the beams with epoxy, acrylate and silicone adhesives. Maximum
thermal stress in glass is approximately 4 MPa (at ∆T= -25◦C), which is 9% of the
tensile strength of glass (45 MPa according to [50]). Relatively low stress was obtained
for the adhesive and timber. Numerical analyses show that even the beams with stiff
bond line connection no failure of glass web, timber flanges and adhesive could be
predicted.
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Figure 6.23: Thermal stress profile caused by increasing the temperature of +25◦C.
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Figure 6.24: Thermal stress profile caused by increasing the temperature of -25◦C.
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6.5 Evaluation
In this section the results of numerical modelling of the structural response of small- and
life-size hybrid I-shaped beams were presented. Parametric studies were performed to
find the optimum model parameters for final beam models. Then, the model results were
compared with the experimental results. In addition, a simple thermal stress analysis
was performed to check how much temperature change results in thermal stress. Based
on a qualitative research with a limited number of models main conclusions are drawn.

From the parametric investigations it is concluded that Explicit solver and Brittle
cracking feature, available in Abaqus software, offer a suitable technique for simulating
cracking of the glass. Regarding the effect of the element geometry and element size on
the numerical results it is concluded that the parameters do not affect the response of the
model in terms of load-displacement plots. The same observation was made for models
with varying fracture energy of glass. However, mesh refinement does significantly
alter the cracking pattern. The models with larger number of elements result in a larger
number of cracks. In terms of the element type, models with brick elements show a
relatively limited number of orthogonal cracks while models with prism shape elements
demonstrate more extensive cracking and diagonal cracks. It was also observed that
the increase of fracture energy results in a decrease of number of cracks. If taking into
account the calculation time, load-displacement plots and cracking pattern 4 mm prism
elements with the the value of fracture energy of 3J/m2 is the optimum combination
of parameters. The combination was used in the final models to be compared with the
experimental results.

From the final models of small-size hybrid beams it is concluded that the numerical
results of models with the modulus of elasticity of the acrylate adhesive determined in
the cyclic test overestimate the experimental results. To obtain better agreement the
results of the relaxation test must be used. The numerical models simulate correctly the
load at first cracking in glass and overestimate slightly the initial bending stiffness. In
terms of number of cracks and cracking pattern the numerical simulations are in good
agreement with experiments.

From the final models of life-size hybrid beams with annealed float glass it is concluded
that the numerical results (including the load at first cracking and initial bending stiffness)
are in very good agreement with the experimental results. From the final models of
life-size hybrid beams with heat-strengthened glass only the value of initial bending
stiffness could be obtained.

From thermal stress analyses at the temperature change of ±25◦C it is concluded
that the load does not lead to failure of glass. The stress corresponds to the level of
approximately 9% of the tensile strength of glass.
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7 Analytical considerations

This chapter focuses on a simple analytical tool to investigate the structural response of
hybrid timber-glass beams. The test results presented in Chapters 4 and 5 are used as
a reference to validate the model. The findings from the analytical investigations are
presented.

7.1 Introduction
When considering a hybrid beam, in which materials with different stiffness are com-
bined, a key element is the shear stiffness of the connecting media. It has a significant
influence on the overall stiffness, strain distribution through the cross-section and also
on the load-bearing capacity of the beam component.

Figure 7.1: Behaviour of a hybrid beam depending of the flexibility of joints: full
composite action (left), partial composite action (center), non-composite action (right).

Figure 7.1 presents the behaviour of a hybrid beam depending of the flexibility of joints.
Two bounds can be distinguished:

• a lower bound - the stiffness of the connecting media is negligible and the compo-
nents act separately (non-composite action),

• an upper bound - the stiffness of the connecting media is infinite (rigid connection)
and the components act together (fully composite action).
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Regarding the hybrid timber-glass beams with adhesive bond connections under loading
there is always a slip between the components and thus a partial composite action has
to be considered. The following section presents a simplified method to determine the
effective bending stiffness and the load at first cracking in glass of a hybrid I-shaped
beam with elastic connections between components.

7.2 Analytical solution
An I-shaped hybrid timber-glass beam presented in Figure 7.2 composed of two flanges
and a web, combined with adhesive bond connections, is considered. Although the
notation system relates to asymmetric cross-section, in the following calculations a
symmetrical cross-section is assumed.

Figure 7.2: Notation system for the cross-section (left), timber flange (center) and bond
connection (right).

In case of a very stiff connection between the web and flanges there is no slip between
components under loading. Therefore the beam presents fully composite action and to
determine the moment of inertia of the cross-section the parallel axis theorem can be
used:

Iy = 2 Iy1 + Iy2 + 2A1 a1
2 (7.1)

Another case relates to a situation when there is no connection between the web and
flanges or the stiffness of the connection is negligible. The connection cannot take
any shear stress and the components act separately. The moment of inertia in case of
non-composite action comes down to a sum of the properties of the components:

Iy = 2 Iy1 + Iy2 (7.2)

The structural behaviour of hybrid timber-glass beams combined with adhesive bond
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connections cannot be classified to any situations presented before. To determine the
effective stiffness of such a component a partial composite action must be considered.

The approach with a gamma-factor used in timber engineering, see PN-EN 1995-1-1
[83] was applied in the work. The gamma-factor reduces the second component of the
parallel axis theorem contribution of bending stiffness, depending on the stiffness of the
connecting media:

Iy,ef = 2 Iy1 + Iy2 + γ 2A1 a1
2 where 0 ≤ γ ≤ 1 (7.3)

The connection efficiency factor γ was introduced by Möhler in 1956 [84]. A derivation
of the gamma-factor can be found in [85]. It is expressed as:

γ =
1

1 + k
where k =

π2E A1

L2Kk
(7.4)

The γ factor depends on the properties of the flanges E and A1, length of the beam L
and stiffness of the connections Kk. According to [83] the gamma-method applies to
composite beams with mechanical connections. Based on dimensions of the bond line
connection presented in Figure 7.2 a formula to determine Kk is proposed:

KK =
2Ghfg
t1

+
Gwfg

t2
(7.5)

where G is the shear modulus of adhesive, hfg , wfg , t1, t2 are the dimensions presented
in Figure 7.2.

The general formula to determine the effective bending stiffness for the cross-section
built with several components with different values of modulus of elasticity can be
expressed:

Iy,eff =

3∑
1

ni Iyi + γi niAi a
2
i (7.6)

where:
ni = Ei/Ev

Ei modulus of elasticity of i-component,
Ev comparative modulus of elasticity,
Ii moment of inertia of i-component,
γi connection efficiency factor,
Ai area of cross-section of i-component,
ai distance between the center of gravity of i-component and center of gravity of the
entire cross-section.
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For the symmetrical cross-section presented in Figure 7.2, with n1 = n3, γ1 = γ3,
A1 = A3 and a1 = a3, the formula (7.6) is expressed:

Iy,ef = 2n1 Iy1 + n2 Iy2 + 2 γ1 n1A1 a1
2 (7.7)

where:

Iy1 =

[
bf hf

3

12
+

(
hf
2
− yfs

)2

bf hf

]
−
[
wfg hfg

3

12
+

(
hf − yfs −

hfg
2

)2

wfg hfg

]
(7.8)

yfs =
hf
2

+
hg

2 wfg − hf hfg wfg

2 bf hf − 2hfg wfg
(7.9)

Iy2 =
bw hw

3

12
(7.10)

a1 = hw + 2(t2 + (hf − hfg − yfs)) (7.11)

The following formulas are used to determine stress in the components:

- flange (centroid):

σf,c = ± M

Ieff
γ a1 n1 (7.12)

- flange (outer edge):

σf = ± M

Ieff
(γ a1 + yfs)n1 (7.13)

- web (edge):

σw = ± M

Ieff

hw
2

(7.14)

where M is the bending moment, Ieff is the effective bending stiffness, γ is the
connection efficiency factor, a1 is the distance between the center of gravity of flange
and center of gravity of the entire cross-section, yfs is the distance between the center
of gravity of flange and its outer edge, hw is the height of the web.
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7.3 Comparison of analytical, experimental
and numerical results

The section presents the results of analytical studies compared to the experimental and
numerical results. Tables 7.1 and 7.2 present a comparison of results from analytical
considerations and experimental and numerical investigations of life-size hybrid timber-
glass beams. The analytical solution is in very good agreement with the experimental
and numerical results. In terms of initial bending stiffness mean deviations of results
were about 0.5 to 8.7%, see Table 7.1.

Table 7.1: A comparison of initial bending stiffness [MNm2] obtained from experimental
investigations, numerical simulations and analytical solution for life-size hybrid timber-
glass beams.

Specimen Experimental
investigation

Numerical
investigation

Analytical
solution

∆exp [%] ∆num [%]

E-AF-
01÷06

0.898 0.920 0.925 +3.01 +0.54

E-HS-
01÷02

0.898 0.920

A-HS-
01÷02

0.907 0.904 0.923 +1.76 +2.10

S-HS-
01÷02

0.720 0.692 0.752 -3.89 +4.44

Table 7.2: A comparison of load at first cracking in glass [kN] obtained from experi-
mental investigations, numerical simulations and analytical solution for life-size hybrid
timber-glass beams.

Specimen Experimental
investigation

Numerical
investigation

Analytical
solution

∆exp [%] ∆num [%]

E-AF-01÷06 11.6 9.11 8.7 -25.0 -4.5
E-AF-01÷02 8.25 9.11 8.7 +5.3 +5.3
E-HS-01÷02 25.5 25.5 24.5 -3.8 -3.9
A-HS-01÷02 25.2 25.2 24.4 -3.0 -3.2
S-HS-01÷02 19.8 18.3 19.7 -0.5 +7.7

Alike the initial bending stiffness, the load at first cracking calculated analytically
shows very good agreement with experiments and numerical calculations, see Table
7.2. The value of ultimate tensile stress in glass of 45 MPa was taken into account in
analytical calculations. Regarding the results for the beams with epoxy adhesive and
annealed float glass (E-AF), if taking the mean value from all specimens (E-AF-01÷06)
the analytical solution underestimate the experiments by 25%. However, only two
specimens were equipped with strain gauges (E-AF-02÷02) and the ultimate stress in
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glass could have been calculated. For remaining specimens (E-AF-03÷06) the value of
ultimate tensile stress in glass was probably higher. If comparing the analytical solution
with the experimental results for specimens E-AF-01÷02 the analytical solution is in
much better agreement, it overestimates the load only by 5%. The analytical solution
for beams with heat-strengthened glass presents very good agreement with experiments
and numerical analyses (mean deviations are about -3.9 to +7.7%. Figures 7.3÷ 7.6
present a comparison between the stress profiles derived using the gamma-method and
the stresses calculated from the strain gauge readings. A very good agreement was
obtained.

Figure 7.3: Stress profile derived using gamma-method compared to reading from strain
gauges at a load of approximately 80% of ultimate load for specimens E-AF.

Figure 7.4: Stress profile derived using gamma-method compared to reading from strain
gauges at a load of approximately 80% of ultimate load for specimens E-HS.
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Figure 7.5: Stress profile derived using gamma-method compared to reading from strain
gauges at a load of approximately 80% of ultimate load for specimens A-HS.

Figure 7.6: Stress profile derived using gamma-method compared to reading from strain
gauges at a load of approximately 80% of ultimate load for specimens S-HS.

Figure 7.7 shows the influence of adhesive stiffness on the load level when first crack-
ing in glass occurs for the life-size beam model with epoxy, acrylate and silicone
adhesives. In the figure two levels are highlighted: the load for the beam model with
fully-composite and non-composite action calculated with the analytical method pre-
sented in this chapter. Since the adhesives used in the research cover a wide range
of stiffness, from approximately 3 to 1600 MPa, the horizontal axis was shown in a
logarithmic scale. The epoxy is approximately twenty times stiffer if compared to
the acrylate adhesive. Despite significant difference in stiffness of epoxy and acrylate
adhesives almost the same load level at initial cracking in glass was observed. For the
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beam model with the silicone adhesive, five hundred times less stiff, the load level was
lower only by 22% compared to the load level for the beams with stiff adhesives and the
theoretical beam with fully-composite action.
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Figure 7.7: Influence of adhesive stiffness on force at first cracking in glass.

7.4 Evaluation
In this section the results of analytical method were presented. Based on a qualitative
research main conclusions are drawn.

The analytical solution presented in the chapter confirms that the modified gamma
method included in PN-EN 1995-1-1 can be successfully adapted for determination
of initial bending stiffness and a load at initial cracking in glass of hybrid timber-
glass beams. The results of the analytical method show very good agreement with the
experimental testing and numerical simulations. In terms of the initial bending stiffness
and the load at first cracking in glass the mean deviation of the results were about ± 5%
and ± 8%, respectively.
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8 Conclusions and future
research
This chapter provides the conclusions from the research presented in the preceding

chapters. It also presents the directions for future research.

The main purpose of the thesis was to extend the knowledge about structural response of
hybrid timber-glass beams. Moreover, it was focused on the try to simulate numerically
the behaviour under loading and failure mechanism including formation and propagation
of cracks in the glass web. In addition, it aimed at a simple method to estimate the
stiffness and load-bearing capacity of hybrid timber-glass beam components.

The following objectives were successfully accomplished:

• Preparation of a literature review. Current state of knowledge within the subject
of the thesis was presented and current research was situated within the work
done by others;

• Experimental investigations on materials (glass, timber and adhesives) used in the
research. In this part mechanical properties of materials were evaluated;

• Experimental testing of 1800 mm long small-scale beam specimens bonded with
three different types of adhesives. Within the part the concept was tested, results
were evaluated and conclusions were drawn;

• Experimental testing of 4800 mm long life-scale beam specimens bonded with
three different types of adhesives. In this part the results were evaluated and
conclusions were drawn;

• Numerical modelling of the structural response of hybrid timber-glass beam.
Within the part a numerical model which includes brittle failure of glass was
presented and results were evaluated;

• Analytical model. In this part the hybrid timber-glass beams were investigated
analytically and a analytical tool to determine bending stiffness and load at initial

97



Chapter 8. Conclusions and future research

cracking was proposed. The results were compared with numerical analyses and
experiments;

Referring to the hypotheses presented in Chapter 1 it is concluded that:

• Experimental investigations on models of hybrid timber-glass beam specimens
confirm that a combination of a glass web and timber flanges bonded with struc-
tural adhesives provides a practical, durable and environmentally-friendly basis
for a building system;

• Four-point bending tests on hybrid timber-glass beams, both small- and life-
scale specimens, confirm that the hybrid timber-glass beam components make
possible predictable and safe structures by providing ductility and high post-
breakage strength (from 140 to 210% of the load at initial cracking of glass). The
conclusion is valid only for beams with the web made of annealed float glass,
the beams with the web made of heat-strengthened glass, despite almost double
load-bearing capacity, show no post-breakage strength; it was observed that the
ultimate failure of the hybrid beams was caused by failure of the flange working in
tension. Thus a material with higher strength is recommended for future research;

• The bending stiffness and load-bearing capacity of hybrid beams are highly influ-
enced by the stiffness of the bond line adhesive connection; it was observed that
the beams bonded with stiff adhesives present higher bending stiffness and load-
bearing capacity; Epoxy adhesive is recommended for the bond line connection;

• Numerical analyses performed confirm the ability to reliable model the behaviour
of the hybrid beams under loading; Explicit solver and Brittle cracking material
model, available in Abaqus software, offer a suitable technique for simulating
cracking of the glass; based on parametric studies it is concluded that the element
geometry, element size and variation of fracture energy do not affect the response
of the models in terms of load-displacement plots; however, the factors affect the
cracking pattern of glass; the models with prism elements, size of 2 mm and the
value of fracture energy of 3 J//m2 prisent the cracking pattern the closest to the
pattern observed in experiments; the numerical models of small- and life-scale
specimens show very good agreement with experiments regarding the value of
bending stiffness, a load at initial cracking of glass; the numerical models allow
for reliable simulations of formation and propagation of cracks in the glass web;

• Analytical solution proposed in the thesis confirms that the modified gamma
method included in PN-EN 1995-1-1 can be successfully adapted for determina-
tion of initial bending stiffness and a load at initial cracking of glass; the results
of analytical method show good agreement with experiments and numerical simu-
lations; in terms of initial bending stiffness and load at first cracking in glass the
mean deviation of results were about about ± 5% and ± 8%, respectively;

• From the practical point of view it is possible to apply the hybrid beams inves-
tigated in a real structure; however, modifying the geometry of the components
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(hight and thickness of a web, the cross-section of flanges) it is possible to control
the stiffness and the load-bearing capacity of the elements.

The above conclusions are based on studies including short, repetitive series and can
not be considered as universal.

Based on studies and analyses performed a number of topics is recommended to investi-
gate in future research:

• Experimental investigations on adhesives including long-term behaviour, ageing,
climate loading;

• Experimental investigations on beam specimens with a web made of laminated
glass;

• Use of more homogeneous and stable wood material for flanges (e.g. laminated
veneer lumber LVL);

• Experimental investigation on hybrid beams under long-term loading;

• Experimental investigation on hybrid beams under climate loading (e.g. tempera-
ture change);

• Improvement of the analytical methods and numerical models including the
results of additional studies.
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