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Imanizabayo and Mohammadianfar 

Abstract 

The study of the influence of viscoelastic adhesives on timber-glass composite beams 

addresses the development of new and innovative load bearing structures. Hybrid 

timber-glass beams, comprising of timber flanges and a glass web, were considered. 

The solutions proposed in this study are based on utilizing viscoelastic adhesive bond 

lines to obtain optimal structural interaction between timber and glass. 

For hybrid timber-glass beams, numerical simulations have been developed with 

Abaqus, Finite element software which are verified by analytical methods according 

to the Eurocode 5 (EN 1995). In this study, three different bond-line geometries and 

three adhesives (epoxy, silicone and acrylate) have been investigated.  The beams 

were analyzed under four-point bending.  

This report summarizes theoretical investigations, background studies, numerical 

modelling and analytical solution that have been performed. Guidance is presented 

which can be used for the design of timber-glass composite beams. The study has 

shown that the viscoelastic properties of the adhesive had no significant influence for 

the selected epoxy adhesive, but it can slightly affect the beam behavior with the 

silicone and acrylate adhesives used. From the three geometries studied, the design 

with an epoxy bond-line on both sides and on top of glass is regarded the best way, 

leading to good load-bearing structural elements where the response of the adhesive 

was highly influenced by its near incompressible behavior. 

 

Keywords: Glass-timber composite beams, long-term behavior, viscoelastic bond-

line, Numerical simulations (finite element analysis), Analytical solution (Gamma 

method).  
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1 Introduction 

Nowadays, timber and glass are widely used in structural and architectural 

applications. Glass is known as a strong, stiff and transparent material. In the 

construction industry, glass is usually mounted in a frame and designed to 

carry its self-weight, wind and snow load which are then transferred to the 

supporting structure. In this case, it fills only the frame. Hence, it does not 

contribute to the total load bearing behavior.  

But glass is a stiff material which shows high bearing capacity. Still, due to 

its brittle failure without warning, it is not straight forward to use it in load-

bearing applications. It is sensitive to peak stresses which occur at e.g. 

connections so that these are often highly customized details.  

Therefore, timber is suitable to support glass since it can be formed easily 

and behaves ductile if used right. The use of timber makes composite 

elements easier to handle. An increased use of timber as a building material 

will allow to reduce CO2 emissions and mitigating climate change. Besides, 

timber has a low thermal conductivity and high strength to weight ratio 

which makes it to be a good alternative to other building materials. As a 

result, timber can be combined with glass to form composite sections that 

are able to take up external loading. 

In addition, timber–glass composite beams can play a great role in 

construction, structural, architectural and environmental fields if the bonding 

has been well studied. In this study, glass was used for the web and timber 

for the flanges in beam sections. The bending stiffness and the ultimate load 

of such composite beams have been analyzed considering the effect of 

adhesives with different stiffness and viscoelasticity properties. Then, it was 

interesting to study the bonding geometries and the impact of different 

gluing materials on load bearing capacity. 

1.1 Background and problem description 

The research on the combination of timber and glass started in the mid-

1990s where the main idea was the use of glass in structural timber 

construction as a load bearing material due to its high stiffness [1, 2]. 

Thereafter, timber-glass composite beams were applied in the roof structure 

of the conference room in the Palafitte Hotel in Switzerland after a concept 

developed by Kreher [3]. In 2000, more detailed technical research on 

timber-glass composite beams was conducted by Hamm [4, 5] with the 

investigations of the influence of combining timber and glass based on I-

shaped beams and plate elements using a polyurethane adhesive.  

In 2008, Cruz and Pequeno [6] studied timber-glass composite sections 

using three adhesives: superłex polymer (Sista Solyplast SP101) 
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and methacrylate (SikaFast 5211), silicone and polyurethane adhesives. In 

this research, silicone was suggested to be the most advisable adhesive 

material due to its high flexibility. Another research on I-shaped timber-

glass composite beams was performed by Blyberg and Serrano [7] in 2011. 

Two adhesive, namely an acrylic and a silicone adhesive, were used and an 

increase of load after the formation of the first crack in the glass web was 

observed before the maximum load was finally reached. 

Since then, the Department of Building Technology at Linnaeus University 

is continuously engaged in projects combining timber and glass to form load 

bearing composite structural elements. The concept with short term behavior 

of timber-glass beam has been shown in the previous research by means of 

Finite Element Simulations as well as practical experiments [8]. 

In previous research on the short term behavior, different bond line 

geometries and different types of adhesives were used, both playing a big 

role on the behavior. But all materials were considered to behave elastically 

and the analysis was done with one type of bond line geometry [8]. With 

time though, the beam may behave different from the short-term behavior or 

may even fail due to creep or relaxation effects since adhesives usually have 

both viscous and elastic behavior. The considerations of the adhesive as a 

viscoelastic material can lead to extended information of the beam response 

when loaded permanently. Hence, studies of beams under long time loading 

and with different bond line geometries are required to overcome those 

challenges.  

This study looks into the long-term behavior of timber-glass beam where 

different bond line geometries are applied. With Finite Element Simulations 

and considerations of different variations of bond lines, the beam response is 

analyzed with regard to viscoelastic properties of the adhesive.  

In all cases reported, the glass fails in the tension zone. Therefore, it is very 

important to study the bonding properties of timber-glass composite beams 

since they play a distinctive role in the transfer of forces from the glass web 

to the timber flange in the beam’s tension zone. As a result, the timber 

flanges will be able to transfer the load after glass failure, hence the collapse 

is delayed and a ductile behavior can be obtained. 

1.2 Aim and purpose 

The aim of the thesis is: 

• To study bending strength of timber-glass composite beams with 

respect to different viscoelastic adhesives by means of Finite 

Element Simulations and the Gamma Method.  
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• To analyze the bond-line geometry with different variations of the 

viscoelastic material in order to suggest an adequate design. 

• To increase safety and usable ductility of timber-glass composite 

section by investigating different bond line geometries. 

The purpose of this study is helping the structural, architectural, 

environmental, engineering and construction industry combining timber and 

glass to form a load bearing composite structural element. 

After studying the composite beam behavior under bending, a suitable bond 

line geometry and adhesive material have been selected to help structural 

engineers forming a load bearing composite structure. 

1.3  Hypothesis and limitations 

• Viscoelasticity of the adhesive and the bond line geometry could 

affect the beam bending strength due to long-term effects in the force 

transfer from the glass web to the timber flanges. 

• The failure of the glass does not lead to the total failure of composite 

section with webs made of annealed glasses if the composite action 

and the timber flanges are designed to take over 

• The viscoelastic materials may affect the beam behavior since the 

biggest part of composite section i.e. glass and timber behaves 

elastically. 

The study is limited to the analysis of beams using viscoelastic adhesives by 

means of numerical Finite Element Simulations and an analytical solution 

using the Gamma method. It focuses on varying bond-line geometry and 

different viscoelastic adhesives. No laboratory tests have been investigated.  

The scope of long term behavior includes the consequences of creep and 

relaxation in the materials and their interactions. The study has not 

considered the effects of the surrounding environment, particularly the 

impact of temperature and humidity on the materials.  

1.4  Reliability, validity and objectivity 

In order to obtain the high reliability for this thesis, Finite Element 

Simulations and the Gamma method has been mentioned in this study. The 

same procedures for load and bending stiffness calculations have been 

applied to different bond line geometries.  
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The Gamma method is used according to the Eurocode 5 (EN 1995-1-1, [9]). 

Besides, Abaqus is a powerful tool for numerical analysis. A 3-D model was 

created in Abaqus to gain more in-depth knowledge of the influence of 

viscoelasticity of the adhesives on the beam behavior. The numerical model 

was verified by the analytical results of bending stiffness from the Gamma 

method. This comparison has significantly validated the analytical results as 

well as the numerical models. Referring to previous literature studies and 

from discussions with the supervisors, some changes have been made to get 

more accurate data and prevent past mistakes to happen. 

The evaluation of the effect of viscoelastic adhesives on the beams is not 

straightforward, and of course, in the process some simplifications and 

choices were done. However, from an objectivity point of view, this should 

not pose problems since the procedures were described deeply. Besides, 

four-point bending analysis was used to give general conclusions on the 

structural behavior due to the impact of viscoelasticity. The behavior can 

also dependent on other modes of loading than bending (which is assumed 

in numerical analysis), also other support conditions and surrounding 

conditions (e.g. temperature, humidity) could influence the results. 
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2 Literature review 

This section firstly gives a brief description about timber, glass, adhesives, 

composite sections and then a short review for previous research related to 

this thesis. 

2.1 Timber in structural applications 

Timber has been used as a construction material, as Desch and Dinwoodie 

write, ‘since the early days of recorded history’ [18]. In 1874, a restriction to 

use structural timber in higher buildings in Sweden came into force [19], but 

in regulations valid from 1994 this has been replaced with performance 

requirements. 

Today, there are several examples of multi-story buildings with a load-

carrying timber structure, in Sweden as well as internationally. In addition, 

various kinds of larger glued laminated structures exist in Sweden. The 

examples include the railway stations of Malmö, Gothenburg and 

Stockholm, all built in the 1920s [19].  

To reduce the disadvantageous properties of timber and obtain larger spans, 

various kinds of engineered wood products have been developed. These are 

products with increased homogeneity, reduced influence of strength-

reducing defects and improved shape stability, e.g. finger-jointed structural 

timber, glued-laminated timber (GLT), cross-laminated timber (CLT), 

laminated veneer lumber (LVL) and oriented strand boards (OSB). 

Besides, timber was used in experimental investigations within the European 

research project "The Wood Wisdom-programme: Load Bearing Timber 

Glass Composites (LBTGC)". In this research, the pine wood of section 

measuring 45 x 60 mm have been used. Its strength and elasticity are good 

and glued connections are straightforward [8] 

Then, based on previous studies and properties of timber, pine wood has 

been investigated to represent flanges of composite beam in this thesis. 
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2.2 Glass in structural applications 

Although glass has been used since the Stone Age, the modern history of 

glass actually began in 1851 when English architect Joseph Paxton [29] 

designed a glass pavilion named "Crystal Palace" for the world exhibition in 

London. This revolutionary building made of glass prompted architects to 

start using glass as a building material.  

The common use of glass especially in facades helps architects to design 

aesthetically pleasing and energy efficient buildings. Structural engineers, 

particularly in recent years, have tried to utilize this interest as a privilege 

and define glass as a load bearing material in buildings. Although, the brittle 

failure of the glass without any pre-warning is a challenge in front of them. 

To solve the problem, some researchers look for ways to overcome this issue 

introducing composite sections made of glass and other materials [25]. 

In the year 1960, a high quality modern glass known as float glass was 

introduced to the market. This glass is capable to be produced in very large 

sizes and considerably high flatness. Based on float glass, a range of glass 

productions have been introduced as structural glasses i.e. annealed glass, 

heat strengthened glass, tempered or toughened glass and laminated glass 

are among them. Some examples of using this kind of glasses in structures 

are 13 m high window panes which have been used in terminals at the 

airport Charles de Gaulle [25]. 

2.2.1 Annealed and heat strengthened Glasses  

Annealed glass is obtained from the first float process and is considered as a 

basic flat glass product. In the production process, the molten glass should 

be allowed to cool slowly until getting the temperature of the room. This lets 

the glass to relieve any internal stresses and prevents any unwanted cracks in 

the glass [26]. This kind of glass is known for its large shards when it 

collapses. Annealed glass also is the initial material to produce more 

advanced structural glass types. 

In the heat strengthening process, annealed glass is heated again up to 650 to 

700 degrees Celsius and is thereafter cooled down quickly but not suddenly. 

This process increases mechanical and thermal properties about twice of 

annealed glass. After it breaks, it is more likely that parts stay together 

however the fragments are similar to the annealed glass. As is mentioned, 

this glass has better strength than annealed glass but is weaker than tampered 

or toughened glass [27]. 
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2.2.2 Tempered or toughened glass 

To produce this kind of glass the base glass is heated to 700 degrees Celsius. 

The cooling process here is sudden and should be uniform and simultaneous 

on the both sides of the glass to avoid different physical properties on the 

surfaces and in the middle of the glass. Tempered or toughened glasses are 

four or five times stronger than annealed glasses. When this kind of glass 

breaks it produces small, regular and normally square fragments [27]. 

2.2.3 Laminated glass 

Laminated glass is made from two or more glass plates glued together by a 

thin plastic interlayer. The common way to produce it is using two plates of 

toughened glass sandwich together with a 1.52 mm thick Polyvinyl 

Butyral (PVB) interlayer. Laminated glass is known as a safe and secure 

glass and it is less likely that both plates break at the same time which means 

that the healthy plate and interlayer can support the broken plate and prevent 

collapsing [28]. Additionally, the interlayer holds the pieces together, even 

in cases when both layers fail. 

The lack of ductility in glass have been overcome using laminated glasses by 

getting support of non-broken plate and interlayer material. The same 

concept was used by Kreher [24] reinforcing glass web with timber flanges 

in composite timber-glass beams. In addition, timber flanges at supports and 

joints carry the load and prevent local breakage and failure of glass web. 

Hence, due to high performance observation in previous studies, only 

annealed glasses have been investigated in this thesis. 

2.3 Adhesives for timber-glass applications 

In this study, adhesives are the key important material to analyze the beam 

behavior due to their viscoelastic properties. Therefore, this chapter explains 

in detail the previous applications of adhesives in composite sections and the 

reason why silicone, epoxy and acrylates adhesives have been chosen to be 

investigated in this study. 

In fact, the adhesives came in prepackaged containers allowing an easy, 

quick and controlled mixing an application process. Cruz and Pequeno [6] 

had tested several adhesive types for timber-glass applications, e.g. 

polyurethane (Sikaflex 265), silicone (SG-20), super flex polymer 

(Sista Solyplast SP101) and methacrylate (SikaFast 5211). From shear tests 

with a constant loading rate of 15 μm/s on specimens with a bond area of 

400×100 mm2, the super flex polymer adhesive was reported to have the 

best balance between strength and ductility. It was also shown that the load 
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capacity of polyurethane adhesive bonds for some specimens is at least as 

high as for the polymer adhesive, but there is a large variation in the results.  

Besides, Hamm [4] tested four different adhesives; two different 

polyurethanes and two different epoxies. Shear tests were performed at a 

loading rate of 11.2 μm/s and the specimens had a bond area of 54×35 mm2. 

The adhesives were tested after several climatic cycles with varying 

temperature and humidity. The one-component polyurethane adhesive (Jet-

Weld TS-230) was found to perform best based on considerations of 

strength, stiffness, ductility and ability to withstand the climate cycles. 

Moreover, Niedermaier [21] studied the creep properties in tension tests of 

silicone and polyurethane adhesives. The specimens had a bond area of 

50×12 mm2 and were tested in tension at a load level of 30 % of the ultimate 

strength in short-term tests. It is reported that, at least after 5000 hours, there 

was no apparent convergence of the strain neither with silicone nor with 

polyurethane. 

Blyberg and Serrano [7] did experiments on three adhesives, a silicone 

(SikaSil SG-20), an acrylate (SikaFast - 5215) and polyurethane 

(Prefere 6000). The adhesives were tested using specimens consisting of 

timber and glass glued together. The specimens where tested in tension 

perpendicular to the adhesive bond and in shear. The results showed that the 

acrylate had the highest strength and the polyurethane the lowest. 

Hence, due to their best performance behavior in previous studies, epoxy, 

silicone and acrylate adhesives have been selected to be investigated in this 

thesis and represent a wide range of adhesives. 

2.4 Composite sections 

In this thesis, I-shaped beam will be investigated as a composite section 

which is made of timber and glass, joined by an adhesive material. 

Therefore, the following part explains previous studies and applications of 

composite section. 

The earliest times of researches for timber-glass composite sections can be 

considered as the 1990s and the early 2000s. These studies were about the 

fundamentals of making glass panes, bonded with an elastic material, with a 

frame of timber, aluminum or glass fiber reinforced plastic (GPR). Later in 

2000, Hamm [5] also conducted another study on I-shaped composite 

beams. He used two separate timber parts glued to a glass web as shown 

in Figure 1. The flange dimensions varied from 30×50 mm2 to 50×60 mm2 

and the glass web for all beams had a thickness of 10 mm. He used four-

point bending tests in his study and tested eight 4 m long and 250 mm high 

beams with a polyurethane adhesive. The result of the study depicted that 

after the first crack in the glass, the section continues to carry more loads. 
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The study illustrated a dramatic increase of nearly 250 % for collapse load 

compared to the first crack load. 

 
 

Figure 1: Timber-glass composite section for beams as used by Hamm [5]. 

Another research on I-shaped timber-glass composite beams was conducted 

by Kreher [24] in 2004. The specimens were designed similar to previous 

study of Hamm’s [5] beams. However, float, heat-strengthen and fully 

tempered glass was used with a thickness of 4 and 6 mm as webs. The 

length here was 2000 mm with a height of 150 mm. The flange dimensions 

were 30×30 mm2 to 50×50 mm2. The increase of load after first crack and 

before collapse of the beam was reported as 150 %. It has been observed by 

Kreher [24] that the highest remaining load-carrying capacity after failure, 

happened in ordinary annealed float glass. 

To determine the stiffness of the studied sections before and after crack, 

Kreher [3] developed an analytical approach which was utilized in the roof 

structure of the conference room in the Palafitte Hotel in Switzerland. It is 

an example of applying I-Shaped timber-glass composite beams in a built 

structure. The beams were used in girders to support the roof. The applied 

adhesive’s name mentioned as hot melt polyurethane which refers to ‘HGV 

125 glue’. To investigate the long-term deflection of girders, a test has been 

conducted on prototypes of the girders of the hotel. After four weeks and the 

assumed maximum loads applied, the deformation stayed at 12 mm. 

However, some other temporary deformations happened due to the 

difference of temperature during day and night cycle. The built measures of 

the hotel depicted only 4 mm of deflection though. Each beam was 

6000 mm long and 580 mm high with a single glass pane and timber flanges 

which was glued in both side of the glass. In this application the upper and 

lower flanges had different dimensions. The upper flange has been made of 

two solid timber blocks 100×160 mm2 and the lower flange consist of two 

timber blocks 65×65 mm2. The thickness of the glass web was 12 mm, made 

of fully tempered glass. 
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Moreover, Cruz and Pequeno [6] had performed another research on I-

shaped composite beams involving timber and glass. Two 3.2 m long I-

shaped beams were studied when superflex polymer for the first sample and 

silicone for the second one was used as adhesives. The web was a laminated 

glass consisting of two 6 mm annealed float glass panes with a PVB 

interlayer. Cruz reported a 77 % of load increase for the superflex polymer 

and an 86 % increase for the silicone before failure [6].  

The next research for the same kind of beam was conducted by Blyberg and 

Serrano [7] in 2011 in research of load carrying composite elements 

combining glass and timber. All beams were 240 mm high and 3850 mm 

long. The glass pane was made of annealed float glass with 10 mm 

thickness. The flanges were created from laminated veneer lumber (LVL) 

with the dimension of 45×60 mm2. The adhesive type was an acrylic 

adhesive for 13 specimens and a silicone sealant for one other specimen. 

They reported an increase of 40 % increase in the collapse load compared to 

the first crack load. 

Based on those previous tests, the present study was conducted to increase 

the knowledge of composite behavior under bending due to the influence of 

viscoelastic adhesives. Then, the section has been composed of two similar 

timber flanges with rectangular cross sections and annealed single glass web 

which has been analyzed with different bond line geometries. 
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3 Theory 

In this study, different theories have been investigated. Among them, linear 

elasticity and viscoelasticity, the concept of composite beam section, Finite 

Element simulations, beam bending theory and the Gamma Method are 

described below. 

3.1 Linear elasticity 

An applied force to an element causes a deformation in that element. To 

study these deformations the concepts of stress and strain have been defined. 

Stress (𝜎) is the act of applied internal force on a unit area of cross section of 

an element. For instance, for a bar element (Figure 2) with a pure tensile 

force the normal stress can be calculated by Eq. ( 1 ), where 𝐹 is the tensile 

force and 𝐴 is the area of the cross section. 

 
Figure 2: A bar element with a pure tensile force 

 

 
𝜎 =

𝐹

𝐴
  . ( 1 ) 

The internal forces are categorized as normal forces, shear forces, bending 

moments and torsional moments and each of them cause stresses in the cross 

sectional-area. The concept of stress was defined by Cauchy in 1822 for the 

first time [13]. 

On the other hand, strain (𝜀) is the response of the element to an applied 

stress. The stress causes a deformation in the material. The ratio of the 

deformation along the applied stress to the initial length of the element in the 

same direction is called strain. 

 𝜀 =  
∆𝐿

𝐿
  , ( 2 ) 

where ∆𝐿 is elongation and 𝐿 is the initial length of element in the same 

direction as the elongation. 

Elastic materials are those which retake their initial state after unloading. In 

elastic materials, if the relation between strain (𝜀) and stress (𝜎) remains 

linear, the material is called linear elastic (Figure 3). Hooke’s law expresses 

linear elasticity for the one-dimensional case by Eq. ( 3 ) where 𝐸 is the 

modulus of elasticity of the material. 
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 𝜎 = 𝐸 ∙ 𝜀  , ( 3 ) 

This law is based on the proportionality of strain and stress. 

 
Figure 3: Stress-strain graph according to Hooke's law 

For three-dimensional cases, Hooke’s law is also valid with the difference 

that the relation changes to a matrix relation. Then Eq. ( 3 ) changes to the 

form of Eq. ( 4 ) in which 𝝈 is the stress matrix and 𝜺 is the elastic strain 

matrix with 6 components. 𝑫 is the stiffness matrix. 

 

 𝝈 = 𝑫. 𝜺  , ( 4 ) 

Where: 

𝝈 = 

[
 
 
 
 
 
 
 
 
 
 
𝜎𝑥𝑥

𝜎𝑦𝑦

𝜎𝑧𝑧

𝜎𝑥𝑦

𝜎𝑥𝑧

𝜎𝑦𝑧]
 
 
 
 
 
 
 
 
 
 

 ,                       𝑫 =

[
 
 
 
 
𝐷11 ⋯ 𝐷16

⋮ ⋱ ⋮

𝐷61 ⋯ 𝐷66]
 
 
 
 

 ,                     𝜺 =

[
 
 
 
 
 
 
 
 
 
 
𝜀𝑥𝑥

𝜀𝑦𝑦

𝜀𝑧𝑧

𝜀𝑥𝑦

𝜀𝑥𝑧

𝜀𝑦𝑧]
 
 
 
 
 
 
 
 
 
 

  

 

 
𝑫 =

𝐸

(1+𝜈)(1−2𝜈)
.

[
 
 
 
 
 
 
 
1 − 𝜈 𝜈 𝜈 0 0 0

𝜈 1 − 𝜈 𝜈 0 0 0
𝜈 𝜈 1 − 𝜈 0 0 0

0 0 0
1

2
(1 − 2𝜈) 0 0

0 0 0 0
1

2
(1 − 2𝜈) 0

0 0 0 0 0
1

2
(1 − 2𝜈)]

 
 
 
 
 
 
 

  , ( 5 ) 
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For isotropic materials, the 𝑫 matrix is often expressed in terms of the elastic 

modulus 𝐸 and Poisson’s ratio 𝜈 as shown in Eq. ( 5 ). 

The shear modulus 𝐺 then is calculated by:  

 
𝐺 =  

𝐸

2(1 + 𝜈)
  . 

( 6 ) 

3.1.1 Mechanical properties of timber  

In this study, timber was used for the flanges in composite beams. Timber is 

an anisotropic material where the properties vary in different directions. This 

is due to the annual rings formed during the growth of a tree.   

Therefore, timber presents highly anisotropic behavior due to the orientation 

of the wood fibers and the annual ring pattern. Ideally, timber is an 

orthotropic material with respect to a cylindrical coordinate system, as 

shown in Figure 4.  

 
Figure 4: The local coordinate system for wood material 

For an orthotropic material such as timber, Hooke’s law sometimes is 

defined in a local coordinate system (𝑙 − 𝑡 − 𝑟) where 𝑙 indicates the fibers 

direction, 𝑡 indicates the tangential direction to the grain and 𝑟 the radial 

direction (Figure 4). Therefore, the mechanical properties are often assumed 

to be distinct along three perpendicular axes i.e. parallel to the fibers, normal 

and tangential to the annual rings. 

In this system, Hooke’s low is expressed as Eq. ( 7 ) where �̅� is the stress 

matrix and  �̅� the strain matrix in the local coordinate system. 
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�̅� = �̅�−1. �̅� = �̅�. �̅�  , ( 7 ) 

and  �̅� matrix is expressed as: 

 

 
�̅�  =  

[
 
 
 
 
 
 
 
 
 
 
 

1

𝐸𝑙
−

𝜈𝑟𝑙

𝐸𝑟
−

𝜈𝑡𝑙

𝐸𝑡
0 0 0

−
𝜈𝑙𝑟

𝐸𝑙

1

𝐸𝑟
−

𝜈𝑡𝑟

𝐸𝑡
0 0 0

−
𝜈𝑙𝑡

𝐸𝑙
−

𝜈𝑟𝑡

𝐸𝑟

1

𝐸𝑡
0 0 0

0 0 0
1

𝐺𝑙𝑟
0 0

0 0 0 0
1

𝐺𝑙𝑡
0

0 0 0 0 0
1

𝐺𝑟𝑡]
 
 
 
 
 
 
 
 
 
 
 

  , 
( 8 ) 

where 

𝐸𝑙, 𝐸𝑟 and 𝐸𝑡 denote the modulus of elasticity parallel to grain, in radial 

direction and in tangential direction, respectively. 

𝐺𝑙𝑟, 𝐺𝑙𝑡 and 𝐺𝑟𝑡 denote the shear modulus in 𝑙 − 𝑟, 𝑙 − 𝑡 and 𝑟 − 𝑡 planes in 

local coordinate system, respectively. 

𝜈𝑟𝑙, 𝜈𝑡𝑙 and 𝜈𝑟𝑙  denote the Poisson’s ratios perpendicular to the 𝑟 − 𝑙, 𝑡 − 𝑙 
and 𝑟 − 𝑙 planes in local coordinate system, respectively. 

Elasticity and strength of timber usually increases as its density increases. 

The strength of the wood is fundamentally affected by the direction in which 

it is loaded in relation to the grain. In the direction of the grain, the bending 

strength is approximately proportional to the density of the wood. In 

uniform, flawless wood, the bending strength is as great as the tensile 

strength. 

When subjected to compression, timber behaves in a rather ductile manner, 

while loaded in tension the failure is brittle. Typically, modulus of elasticity 

of pine wood is 7–16 GPa along the grain and 0.23–0.53 GPa perpendicular 

to the grain direction. Characteristic strength in fiber direction is typically 8–

30 MPa in tension and 16–30 MPa in compression while the corresponding 

values across the fibers are 0.4–0.6 MPa and 2–3.2 MPa in tension and 

compression, respectively (EN 338 [22]). The main differences in material 

properties exist therefore along the grain versus perpendicular to the grain 

direction. For the longitudinal direction, properties such as stiffness and 
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strength are much higher. Tensile stresses perpendicular to the grain should 

hence be avoided. 

Wood formed when the tree is young has different properties than the wood 

formed later on. If a tree is exposed to unsymmetrical loading, e.g. wind 

conditions or heavy branches, reaction wood with different properties 

compared to normal wood, will be formed [18]. 

3.1.2 Mechanical properties of glass 

The transparency of glass makes it a favorite material among architects and 

encourages them to use it in buildings. Glass is an elastic material without 

any yield point in the stress-strain diagram. This means that there are no 

permanent deformations before fracture. Glass shows a high compressive 

strength while its tension strength is lower. Furthermore, glass is a 

homogeneous and isotropic material. The mechanical properties can be 

manipulated by suitable tempering process as is the failure pattern. In 

structural glasses with increasing the amount of tempering of the glass the 

post-breakage capacity decreases while the load resistance increases. In the 

other words increasing temperature when heating glass increases strength 

and reduces ductility [26].  

In this study timber and glass materials are assumed to behave ideally 

elastic. 

3.2 Linear Viscoelasticity 

The theory of viscoelasticity is an essential for this study when analyzing 

adhesive materials. The principal objective of this section is to demonstrate 

how linear viscoelasticity can be incorporated into the general theory of 

mechanics of materials, so that structures containing viscoelastic 

components can be analyzed and designed properly. 

Viscoelastic materials are materials for which the relationship between stress 

and strain is time dependent. The basic constitutive elements used to 

describe viscoelasticity are springs and dampers. The spring has a stiffness 

property and is time independent and stress is proportional to 

strain(𝜎~𝜀).The damper has a viscosity property and is time dependent and 

the stress is proportional to the rate of strain(𝜎~𝜀)̇. 

The combination of damper and spring elements will lead to the constitutive 

model with both elastic and viscosity properties. When testing and 

describing viscoelastic materials, it is preferable to apply a step strain or step 

stress in time rather than a ramp (constant rate of strain). 
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In a viscoelastic material, the response to a step strain is stress relaxation, 

stress will decrease with time. In contrast to that, the response to a step 

stress is creep; strain will increase with time [14].  

Creep and stress relaxation tests are convenient for studying material 

response at long times (minutes to days), but less accurate at shorter times 

(seconds and less).  

3.2.1 The Maxwell spring-dashpot model for linear viscoelastic response 

The time dependence of viscoelastic response can be described by ordinary 

differential equations in time. A convenient way of developing these 

relations employs “spring-dashpot” models. These mechanical analogs use 

“Hookean” springs, depicted in Figure 5 (left) and described by 

 𝜎 = 𝑘 𝜀 , ( 9 ) 

where 𝜎 and 𝜀 are analogous to the spring force and displacement, and the 

spring constant 𝑘 is analogous to the Young’s modulus 𝐸 ( 𝑘 therefore has 

units of N/m2). The spring models the instantaneous bond deformation of the 

material and its magnitude will be related to the fraction of mechanical 

energy stored reversibly as strain energy [15]. 

 
Figure 5: Hookean spring (left) and Newtonian dashpot (right) 

The entropic uncoiling process is fluidlike in nature, and can be modeled by 

a “Newtonian dashpot” also shown in Figure 5, in which the stress produces 

not a strain but a strain rate as  𝜂𝜀̇ . Here the over dot denotes time 

differentiation and 𝜂 is a viscosity with units of Ns/m2. In many of the 

relations to follow, it will be convenient to employ the ratio of viscosity to 

stiffness (𝜏 =  𝜂/ 𝑘). The unit of 𝜏 is time, and it will be seen that this ratio 

is a useful measure of the response time of the material’s viscoelastic 

response. 

The “Maxwell” solid shown in Figure 6 is a mechanical model in which a 

Hookean spring and a Newtonian dashpot are connected in series. The 

spring represents the elastic or energetic component of the response, while 

the dashpot represents the conformational or entropic component. 

 
Figure 6: The Maxwell model 
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Combined as a series such as in a Maxwell model, the stress on each 

element is the identical and equal to the imposed stress (Eq. ( 10 )), while 

the total strain is the sum of the strains in each element (Eq. ( 11 )). 

 𝜎 =  𝜎𝑠  =  𝜎𝑑  , ( 10 ) 

 
𝜀 =   𝜀𝑠  +   𝜀𝑑 , 

( 11 ) 

Here, the subscripts 𝑠 and 𝑑 represent the spring and dashpot, respectively.  

In seeking a single equation relating stress to strain, it is convenient to 

differentiate the strain equation and then write the spring and dashpot strain 

rates in terms of the stress: 

 𝜀̇ =  𝜀�̇�  +  𝜀�̇� = 
�̇�

𝑘
+

𝜎

𝜂
 . ( 12 ) 

Multiplying by 𝑘 and using 𝜏 =  𝜂/𝑘 leads to  

 𝑘 𝜀̇ = �̇� + 
1

𝜏
𝜎 . ( 13 ) 

This expression is the constitutive equation for the Maxwell material, an 

equation that relates stress to strain and can be solved for the stress 𝜎(𝑡) 

once the strain  𝜀(𝑡) is specified or for the strain if the stress is specified.  

3.2.2 The Standard Linear Solid (Maxwell Form) 

Placing a spring in parallel with a Maxwell unit gives a very useful model, 

known as the “Standard Linear Solid” (S.L.S.) shown in Figure 7. This 

spring has stiffness 𝑘𝑒, so named because it provides an “equilibrium” or 

rubbery stiffness that remains after the stresses in the Maxwell arm have 

relaxed away as the dashpot extends. 

 
Figure 7: The Maxwell form of the Standard Linear Solid 
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In this arrangement, the Maxwell arm and the parallel spring 𝑘𝑒 experience 

the same total strain, while the total stress 𝜎 is the sum of the stresses in 

each arm:  

 𝜎 = 𝜎𝑒 + 𝜎𝑚  . ( 14 ) 

It is awkward to solve the equation for the stress 𝜎𝑚 in the Maxwell arm 

using Eq. ( 13 ), since that contains both the stress and its time derivative. 

The Laplace transformation is very convenient in this and other 

viscoelasticity problems, because it reduces differential equations to 

algebraic ones [15].  

Then writing the transform of an expression such as Eq. ( 13 ) is done by 

placing a line over the time-dependent functions, and replacing the time-

derivative over dot by an 𝑠 coefficient: 

 𝑘𝜀̇ = �̇�𝑚 +
1

𝜏
𝜎𝑚 ( 15 ) 

 

𝑘1𝑠𝜀̅ = 𝑠𝜎𝑚 +
1

𝜏
𝜎𝑚  , 

( 16 ) 

solving for σ̅m: 

 �̅�𝑚 =
𝑘1𝑠

𝑠 +
1
𝜏

𝜀 ̅ , ( 17 ) 

 

adding the stress 𝜎𝑒 = 𝑘𝑒𝜀 ̅ in the equilibrium spring, the total stress is: 

 𝜎 = 𝑘𝑒𝜀̅ +
𝑘1𝑠

𝑠 +
1
𝜏

𝜀̅ = (𝑘𝑒 +
𝑘1𝑠

𝑠 +
1
𝜏

)𝜀 ̅ , ( 18 ) 

this result can be written: 

 𝜎 = 𝜀. 𝜀 ̅ , ( 19 ) 

where for this model the parameter 𝜀 is 

 𝜀 = (𝑘𝑒 +
𝑘1𝑠

𝑠 +
1
𝜏

)  , ( 20 ) 

Eq. ( 19 ), which is clearly reminiscent of Hooke’s Law 𝜎 = 𝐸𝜀 but in the 

Laplace plane, is called the associated viscoelastic constitutive equation. 



19 

Imanizabayo and Mohammadainfar 
 

Here, the specific expression for 𝜀 is that of the Standard Linear Solid 

model, but other models can be used as well. 

For a given strain input function 𝜀(𝑡), the resulting stress function leads to 

the inverse transform of the result to yield the stress function in the time 

plane.  

Then, a simple Maxwell model consisting of a spring connected in series 

with a dashpot as shown in Figure 7, represents successfully the time-

dependent properties of a variety of viscoelastic materials. This model is a 

good assumption and helpful for studying the material response at long 

times (minutes to days). This is the main time scale for this thesis where the 

model is very sensitive to the magnitude of the strain rate. 

3.2.3 Generalized Maxwell Model (Prony series) 

The generalized Maxwell model is currently considered to be one of the 

most suitable to characterize the mechanical behavior of viscoelastic 

materials. The stress relaxes exponentially from its equilibrium value to 

zero. The rate constant 𝜏𝑀 is called the 'relaxation time'. 

 𝜏𝑀 =
𝜂

𝐸
  . ( 21 ) 

The Maxwell model is generally too over simplified to describe real linear 

viscoelastic behavior. For example, it cannot simulate creep behavior well 

and it has the problem of giving zero stress at infinity in relaxation tests. 

Furthermore, real materials do not relax with a single relaxation time as 

predicted by the previous models. To overcome these problems, the 

generalized model, shown in Figure 8, consisting of a spring and multiple 

Maxwell elements in parallel, can be used. The general Maxwell model was 

also proposed to solve the problem and to be used in appropriate modeling 

of complicated viscoelastic materials [31]. 
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Figure 8: The generalized Maxwell model 

The total stress is given by  

 𝜎(𝑡) = 𝐸∞𝜀0 + ∑ 𝐸𝑖𝜀0𝑒
−𝑡

𝜏𝑖𝑛
𝑖=1 = 𝜀0 [𝐸∞ + ∑ 𝐸𝑖𝑒

−𝑡

𝜏𝑖𝑛
𝑖=1 ] . ( 22 ) 

The relaxation modulus 𝐸(𝑡) is defined as  

 𝐸(𝑡) =
𝜎(𝑡)

𝜀0
= 𝐸∞ + ∑𝐸𝑖𝑒

−𝑡
𝜏𝑖

𝑛

𝑖=1

  , ( 23 ) 

which is essentially the Prony series representation. 

𝐸∞ is the final (or equilibrium) modulus, and  

 𝐸𝑜 = 𝐸∞ + ∑𝐸𝑖

𝑛

𝑖=1

  , ( 24 ) 

where 𝐸𝑜 is the instantaneous modulus (at time point zero). A pair of 𝐸𝑖 and 

τ𝑖 is referred to as a Prony Pair. 

 𝐸(𝑡) = 𝐸0 − ∑𝐸𝑖 [1 − 𝑒
−𝑡
𝜏𝑖 ]

𝑛

𝑖=1

  , ( 25 ) 

In this part, Prony series are the best functions for modelling the behavior of 

viscoelastic materials and were then proposed by the Eq. ( 26 ) and ( 27 ) 

relating shear modulus and shear modulus ratio over the time. 
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 𝑔(𝑡) = 1 − ∑𝑔𝑖  (1 − 𝑒
−𝑡
𝜏𝑖 )

𝑛

𝑖=1

  , ( 26 ) 

 𝑔(𝑡) =  
𝐺(𝑡)

𝐺0
  , ( 27 ) 

Where 𝐺0 is the initial value of 𝐺(𝑡) at time point zero [31]. 

3.3 The concept of timber glass Composite beams 

The theory of composite beams relates to the basic studies on hybrid 

structural panels consisting of glass panes and frames made of timber, 

aluminum and glass fiber reinforced plastic (GRP), bonded with elastic 

connections. This concept provides ductility and prevents brittle failure of 

the glass. It involves a single pane web made of glass and timber flanges 

bonded together with an adhesive as shown in Figure 9. 

 
Figure 9: Schematic idea of the concept for timber-glass composite beams: Cross-

section of the hybrid beams (left), side–view of the beam with cracked glass (right) 

 

Even if the glass web fails, the glass shards are held in place by the timber 

flanges and the beam can still withstand loading if properly designed. 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 [8]. 

Therefore, the concept prevents the brittle failure of the beam, provides 

ductility and offers high post-breakage strength after glass failure as shown 

schematically in Figure 10. 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.  
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Figure 10: Force - displacement diagram presenting the idea of ductility and post-

breakage strength of timber-glass composite beams 

Hence, the choices of the geometry as well as of the materials (adhesive 

stiffness, timber quality and glass type) have influence on the behavior and 

the possible formation of usable ductility. This theory is very important, 

especially when the bond line geometry will be improved and variated by 

use of different viscoelastic materials and then, the study will analyze if the 

failure of one glass does not lead to the failure of the whole composite 

section [8]. 

3.4 Finite Element Method 

The Finite Element Method is a numerical approach by which general 

differential equations can be solved in an approximate way. Within the 

method, the region is subdivided into small elements, so-called finite 

elements, and a simplified approximation of the unknown quantity is carried 

out over each small element. The collection of all elements is called a finite 

element mesh. 

After determination of the behavior of all small elements, they are then put 

together by specific rules to obtain the solution for the whole region. Since 

the finite element method is a numerical means of solving general 

differential equations, it can be applied to various physical phenomena. In 

the following section the FE formulation for three-dimensional elasticity is 

described [32]. 

3.4.1 Strong form, weak form and Finite Element formulation  

For a three-dimensional body in 𝑥, 𝑦 and 𝑧 plane, equilibrium requires  

 ∫ 𝒕𝑑𝑠 +

𝑆

∫ 𝒃𝑑𝑉

𝑉

= 0, ( 28 ) 
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where, 𝒕 is a traction vector acting on the boundary surface 𝑆 and 𝒃 are the 

body forces (N/m3) in the region 𝑉.  

Considering the 𝑥 direction, the equation can be written as  

 ∫ 𝑡𝑥𝑑𝑆 +

𝑆

∫ 𝑏𝑥𝑑𝑉

𝑉

= 0 ⇒ ∫ 𝒔𝑥
𝑇𝒏𝑑𝑆 +

𝑆

∫ 𝑏𝑥𝑑𝑉

𝑉

= 0. ( 29 ) 

The traction vector 𝒕 can be written in terms of the symmetric stress tensor 

𝑺, by the relation  

 𝒕 = 𝑺𝑻. 𝒏 = 𝑺. 𝒏. ( 30 ) 

By Gauss divergence theorem, Eq. ( 29 ) can then be expressed more 

explicitly in 𝑥, 𝑦 and 𝑧 by 

 𝑑𝑖𝑣𝑺 + 𝒃 = 0. ( 31 ) 

The equilibrium equations can be written in the compact matrix form and a 

strong form is given as: 

 �̃�𝑻𝝈 + 𝒃 = 0, ( 32 ) 

where the natural boundary condition (load) is 𝒕 = 𝑺𝒏 = 𝒉 on 𝑳ℎ and the 

essential boundary condition (displacement) is 𝒖 = 𝒈 on 𝑳𝑔. 

The kinematic equation relates the strain vector to the displacement vector 

by the use of differential operator as 

 𝜺 = �̃�𝒖  , ( 33 ) 

 
�̃�𝑻 =

[
 
 
 
 
 
 

𝜕

𝜕𝑥
0 0

𝜕

𝜕𝑦

𝜕

𝜕𝑧
0

0
𝜕

𝜕𝑦
0

𝜕

𝜕𝑥
0

𝜕

𝜕𝑧

0 0
𝜕

𝜕𝑧
0

𝜕

𝜕𝑥

𝜕

𝜕𝑦]
 
 
 
 
 
 

 

 

, ( 34 ) 

where the differential operator shown above is used in strong form.  

The weak formulation for three or two-dimensional elasticity is derived from 

strong form as follows: 

 
𝜕𝜎𝑥𝑥

𝜕𝑥
+

𝜕𝜎𝑥𝑦

𝜕𝑦
+

𝜕𝜎𝑥𝑧

𝜕𝑧
+ 𝑏𝑥 = 0  . ( 35 ) 

Multiply the Eq. ( 35 ) with the weight function 𝜈 and integration leads to  

 ∫ 𝜈𝑥

𝑉

𝜕𝜎𝑥𝑥

𝜕𝑥

𝑑𝑣 + ∫ 𝜈𝑥

𝑉

𝜕𝜎𝑥𝑦

𝜕𝑦

𝑑𝑣 ( 36 ) 
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+ ∫ 𝜈𝑥

𝑉

𝜕𝜎𝑥𝑧

𝜕𝑧

𝑑𝑣 + ∫ 𝜈𝑥

𝑉

𝑏𝑥𝑑𝑣 = 0  , 

use of the gauss theorem to integrate the equation Eq. ( 36 ): 

 

∫ 𝜈𝑥

𝑠

𝜎𝑥𝑥𝑛𝑥𝑑𝑠 − ∫
𝑑𝜈𝑥

𝑑𝑥

𝜎𝑥𝑥𝑑𝑣

𝑉

+ ∫ 𝜈𝑥

𝑠

𝜎𝑥𝑦𝑛𝑦𝑑𝑠 − ∫
𝑑𝜈𝑥

𝑑𝑦

𝜎𝑥𝑦𝑑𝑣

𝑉

 

+∫ 𝜈𝑥

𝑠

𝜎𝑥𝑧𝑛𝑧𝑑𝑠 − ∫
𝑑𝜈𝑥

𝑑𝑧

𝜎𝑥𝑧𝑑𝑣

𝑉

+ ∫ 𝜈𝑥

𝑉

𝑏𝑥𝑑𝑣 = 0  , 
( 37 ) 

 𝜎𝑥𝑥𝑛𝑥 + 𝜎𝑥𝑦𝑛𝑦 + 𝜎𝑥𝑧𝑛𝑧 = 𝑡𝑥  ,  ( 38 ) 

where 𝒕𝒙 is the traction vector. 

 

∫ 𝜈𝑥

𝑠

𝒕𝒙𝑑𝑠 = ∫
𝜕𝜈𝑥

𝜕𝑥

𝜎𝑥𝑥𝑑𝑣

𝑉

− ∫
𝜕𝜈𝑥

𝜕𝑦

𝜎𝑥𝑦𝑑𝑣

𝑉

 

− ∫
𝜕𝜈𝑥

𝜕𝑧

𝜎𝑥𝑧𝑑𝑣

𝑉

+ ∫ 𝜈𝑥

𝑉

𝑏𝑥𝑑𝑣 = 0  . 
( 39 ) 

These steps are performed similar ways for the 𝑦 and 𝑧 directions and 

adding them and re-arrange: 

 ∫ 𝜈𝑥

𝑠

𝒕𝒙𝑑𝑠 + ∫ 𝜈𝑦

𝑠

𝒕𝒚𝑑𝑠 + ∫ 𝜈𝑧

𝑠

𝒕𝒛𝑑𝑠 = ∫ 𝜈𝑇

𝑠

𝒕 𝑑𝑠  , ( 40 ) 

 ∫(𝜵

𝒔

𝝂)𝑻𝝈𝑑𝑉 = ∫ 𝝂𝑻

𝒔

𝒕𝑑𝑠 + ∫ 𝝂𝑻

𝑽

𝒃𝑑𝑉  . ( 41 ) 

 

The FE formulation is based on approximations for the unknowns element-

wise and carries out the same approximation over the whole region to get the 

solution. The finite elements are connected with each other by nodes and the 

unknown parameters (displacements in elasticity problems) are continuous 

between elements connected to a certain node [32]. 

The approximation for displacement vector 𝑢 at any point (𝑥, 𝑦, 𝑧) within an 

element can be written as 

 𝒖 = 𝑵𝒆. 𝒂𝒆   . ( 42 ) 

The strain vector  at any point can be written as 

 
 = 𝒖 = 𝑵𝒆. 𝒂𝒆 = 𝑩𝒆. 𝒂𝒆  , 

( 43 ) 



25 

Imanizabayo and Mohammadainfar 
 

where 𝑁𝑒 is the shape function given below: 

 

, ( 44 ) 

The next step is to choose the arbitrary weight function by the Galerkin 

method, which means that the same type of functions is used for the weight 

functions as for the approximation function. The approximation for the 

weight vector 𝑣 by the Galerkin method is thus  

 𝒗 = 𝑵𝒄   , ( 45 ) 

and 

 ̃𝒗 = 𝑩𝒄   , ( 46 ) 

where the weight function 𝒗 and the 𝒄 matrix are arbitrary. 

By inserting these expressions into the weak form yields the Finite Element 

formulation given below 

 ∫ 𝑩𝑇𝝈𝑑𝑉
𝑠

= ∫ 𝑵𝑇
𝑠

𝒕𝑑𝑠 + ∫ 𝑵𝑇
𝑉

𝒃𝑑𝑉   . ( 47 ) 

This equation corresponds to the general finite element relation between the 

stiffness matrix 𝑲𝒆, displacement vector 𝒂𝒆 and the element load vector 𝒇𝒆 

as 

 𝑲𝒆. 𝒂𝒆  = 𝒇𝒆  . (48) 

Hence, based on this form, a finite element software evaluates the element 

stiffness matrices by numerical integration to calculate the global stiffness 

matrix and the global load vector and, finally, a solution for the 

displacement vector is obtained [32]. 

By following this relation, element displacements are computed and stresses 

and strains are determined at the so-called integration points of the elements 

by the relation 

  𝝈 = 𝑫𝜺 = 𝑫𝑩𝒂  . ( 49 ) 

3.5 Beam bending theory 

By definition, beam elements are elements with the lengths considerably 

longer than its widths and depths. It is typically assumed that the smallest 

dimension is less than 0.1 of the others. In structural mechanics, the 

behaviour of a beam element under perpendicularly applied external loads to 

its longitudinal axis is described as beam bending and causes deformation 

and stress in the beam. A downward pointing transverse point load in the 

middle of a simply supported beam leads to material being stretched at the 
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underside and being compressed at the top side. Lateral loads cause two 

forms of stresses in the beam: 

1- Shear stress in the same direction with the applied load. 

2- Compressive stress in the upper side and tensile stress in the lower 

side of the neutral axis [33]. 

From Euler-Bernoulli bending theory, there are two major assumptions: 

1- Plane sections remain plane, which means that the shear deformation 

of the sections should be neglected. 

2- The linear distribution of stress is only valid if the maximum stress is 

less than the yield stress of material. 

For an originally straight slender beam of isotropic or orthotropic, linear 

elastic and homogeneous material along its length without any taper and 

when only small deflections are taken into account, the bending moment 𝑀 

and the shear force 𝑄 in the beam coming from a lateral load 𝑞(𝑥) can be 

calculated using Eq. ( 50 ) and Eq. ( 51 ), respectively. In that equations, 𝐸 is 

is the modulus of elasticity, 𝐼 is the second moment of inertia, and 𝑤 is the 

beam deflection. 

 𝑀(𝑥) =  −𝐸𝐼
𝑑2𝑤

𝑑𝑥2
  , 

( 50 ) 

 𝑄(𝑥) =
𝑑𝑀

𝑑𝑥
 , 

( 51 ) 

To calculate the bending stiffness 𝑘 of a beam applying a certain load, the 

bending moment can be calculated by double integration of Eq. ( 50 ) so that 

the deflection 𝑤 will be known. 

The formula to calculate the maximum stress coming from the bending 

moment is shown in Eq. ( 52 ) where 𝑀 is the bending moment, 𝑦 is the 

perpendicular distance to the neutral axis and 𝐼 is the second moment of 

inertia of the section [33]. 

 𝜎 =
𝑀𝑦

𝐼
 . ( 52 ) 

3.6 Theory of the Gamma method  

When analyzing mechanically joined composite beams in timber 

engineering, a simplified method has been introduced in the Annex B of the 

Eurocode 5 which is known as the Gamma method [9]. 

The method is used when fasteners (nails, dowels, etc.) connect webs to 

flanges and it is based on the theory of linear elasticity. In Section 4 an 

adapted form of the method for I-shaped composite sections will be 

introduced. 
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According to the method, an effective bending stiffness for composite 

sections is defined as  

 (𝐸𝐼)𝑒𝑓 = ∑(𝐸𝑖𝐼𝑖

3

𝑖=1

+ 𝛾𝑖𝐸𝑖𝐴𝑖𝑎𝑖
2), ( 53 ) 

where 

𝐸𝑖 is the modulus of elasticity of the composite components, 

𝐴𝑖  is the cross-section of the composite components, and 

𝐼𝑖 is the second moment of inertia of the composite components. 

In Eq. ( 53 ), for the web component the values are defined as  

 

 𝛾𝑖 = 1, ( 54 ) 

 𝑎𝑖 =
𝛾𝑓1𝐸𝑓1𝐴𝑓1(ℎ𝑓1 + ℎ𝑤) − 𝛾𝑓2𝐸𝑓2𝐴𝑓2(ℎ𝑤 + ℎ𝑓2)

2. ∑ (3
𝑖=1 𝛾𝑖𝐸𝑖𝐴𝑖)

, ( 55 ) 

 

where 

𝛾𝑓𝑖, 𝐸𝑓𝑖,𝐴𝑓𝑖 indicate the properties of flange 𝑖, and  

ℎ𝑓1, ℎ𝑓2, ℎ𝑤 are dimensional properties as defined in Figure 11 for the web 

and the flanges, respectively.  

 

 𝛾𝑖 = [1 +
𝜋2. 𝐸𝑖. 𝐴𝑖. 𝑠𝑖 

𝐾𝑖. 𝑙2
]

−1

, ( 56 ) 

 

where 

𝐾𝑖 = 𝐾𝑠𝑒𝑟,𝑖 is the connector stiffness in the serviceability limit state 

calculations (𝐾𝑖 = 𝐾𝑢,𝑖 in the ultimate limit state), 

for the ultimate limit state calculations, 

𝑠𝑖 is the spacing of the fasteners, and  

𝑎𝑖 is the distance of the flanges’ centre from the neutral axis as shown in 

Figure 11. 

 

 
Figure 11: Geometric parameters for I-shaped composite beams 
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4 Methodology 

The study has been carried out using two methods: numerical analysis (FE 

modelling) and analytical analysis (Gamma method). This chapter explains 

in detail the methods and materials which have been investigated in the 

project thesis. 

4.1 Description of the study 

The study of the influence of viscoelastic adhesives in composite beam 

behavior is due to the lack of knowledge regarding the proper formation of 

load bearing composite structural elements. This study relates to the long-

term aim of broadening and deepening the knowledge about how to make an 

efficient use of two materials (glass and timber), which have a long tradition 

in the south-Swedish industry [7].  

In this project, different data has been collected. The secondary data given in 

this chapter were collected from literature studies and they have been used 

as input in modelling. These data are beam sample length and geometry of 

the models. They also include modulus of elasticity, Poisson’s ratios and 

viscosity of adhesives. Thus, moduli of elasticity and Poison’s ratios for 

timber and glass were also used. 

In fact, the prototype beam sample was analyzed under four-point-bending 

and different loads, two bond line geometries and viscoelastic adhesives 

have been applied. The models and sub-models were used for detailed 

information. 

Therefore, data processing was done by modelling and simulation with the 

help of the finite element program Abaqus. Then, the primary data was 

obtained as outputs. Results data included load-deflection plots which has 

been used to analyze the beam response due to viscoelastic adhesives. Their 

influence on the overall behavior was compared with the previous studies 

for elastic modelling.  

At the end of this methodology chapter, the Gamma method is introduced. It 

is an analytical method to analyze the load bearing behavior of composite 

elements with a shear lag in the connection of the elements, in that case the 

connection between timber and glass. It was used to calculate overall beam 

stiffness and the results were compared with the numerically determined 

stiffness to have a good agreement of the method. 

However, the following part explains in detail the two methods, materials, 

data collection and data processing, analysis and comparison with the 

previous studies.  
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4.2 Adhesive properties  

For the adhesives, a linear viscoelastic material model was used to consider 

the effect of long-term behavior on beam response. Their values for 

viscosity and modulus of elasticity were used and are tabulated in Table 1 to 

Table 3. The data comes from an experimental study which conducted creep 

tests on the named adhesives in order to quantify the viscoelastic properties 

[8, 17].  

 
Table 1: Viscosity and MOE for epoxy 3M DP 490 (data from [8]) 

 
Table 2: Viscosity and MOE for silicone SikaSil SG 500 (data from [8]) 

 

 

 

 

 

 

No 
Sample 
Identity 

𝑬𝟎 𝑬𝒊𝒏𝒇 𝑬𝟏 𝑬𝟐 𝑬𝟑 𝜼𝟏 𝜼𝟐 𝜼𝟑 

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa*s) (MPa*s) (MPa*s) 

1 R-546 1697 1242 144 159 150 203 2992 87227 

2 R-547 1803 1291 172 168 171 282 4351 95305 

3 R-548 1746 1262 148 164 171 199 3010 90459 

4 R-549 1771 1292 147 176 156 164 3016 71345 

5 R-550 1776 1284 159 171 161 209 3292 71947 

Average: 1758.6 1274.2 154.0 167.6 161.8 211.4 3332.2 83256.6 

N0 
Sample 
Identity 

𝑬𝟎 𝑬𝒊𝒏𝒇 𝑬𝟏 𝑬𝟐 𝑬𝟑 𝜼𝟏 𝜼𝟐 𝜼𝟑 

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa*s) (MPa*s) (MPa*s) 

1 R-616 3.15 2.44 0.34 0.24 0.12 0.1 1.51 29 

2 R-617 3.45 2.23 0.67 0.35 0.18 0.18 2.16 48 

3 R-618 3.44 2.39 0.54 0.33 0.18 0.17 2.15 44 

4 R-619 3.69 2.63 0.54 0.34 0.17 0.2 2.46 44 

5 R-620 3.84 2.74 0.55 0.36 0.19 0.19 2.43 45 

Average: 3.514 2.486 0.528 0.324 0.168 0.168 2.142 42.000 
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Table 3: Viscosity and MOE for acrylate SikaFast-5215 NT (data from [8]) 

Using the Prony coefficients from Table 1 to Table 3, the relaxation plots 

shown in Figure 12 to Figure 14 confirm their viscoelastic properties. The 

plots show the dimensionless shear modulus as a function of time for the 

epoxy, silicone and acrylate adhesive, respectively. The comparison of the 

relaxation behavior is shown in Figure 15. 

 

 

 
 

Figure 12: Relaxation behavior of the epoxy adhesive 3M DP490 

N0 
Sample 
Identity 

𝑬𝟎 𝑬𝒊𝒏𝒇 𝑬𝟏 𝑬𝟐 𝑬𝟑 𝜼𝟏 𝜼𝟐 𝜼𝟑 

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa*s) (MPa*s) (MPa*s) 

1 R-531 529 102 176 148 104 126 1841 28808 

2 R-532 485 85 158 146 96 1010 1622 23335 

3 R-533 467 81 151 140 94 104 1567 25190 

4 R-534 442 75 150 137 79 103 1561 23652 

5 R-535 425 65 146 138 76 94 1393 16992 

Average: 469.6 81.6 156.2 141.8 89.8 287.4 1596.8 23595.4 
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Figure 13: Relaxation behavior of silicone adhesive SikaSil SG500 

 
 

Figure 14: Relaxation behavior of acrylate adhesive SikaFast-5215 NT 
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Figure 15: Comparison of relaxation behavior of the three adhesives 

 

4.3 Numerical analysis using FE modelling  

The finite element method has been used to solve engineering problems in 

general and also in timber design in particular and is the same approach that 

was used in previous studies. Hence, it is a confidential way to obtain 

precise and accurate measurements in this study. 

4.3.1 First bond – line geometry with one glass in composite beam 

The prototype beam sample has a length of 4800 mm and was analyzed 

under four-point-bending with linear viscoelastic properties of the adhesive. 

The geometry of the prototype and model is shown in Figure 16 and 

Figure 17 where the model has an 8 mm thick and 190 mm high glass web. 

The bond-line was 2 mm in thickness and 20 mm in width in all models [7].  

Since the prototype beam is double-symmetric, to model a quarter of beam 

section has simplified the work and was enough to estimate the behavior of 

the whole composite section.  
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In this first bond line geometry, adhesives were applied on both sides of 

timber and there is no bond connection at the top of glass. 

 
Figure 16: Geometry of the prototype beam sample 

For the web of the composite beam, the glass was modeled as an isotropic 

linear elastic material with 𝐸 = 70 GPa and 𝜈 =  0.23 according to [12]. 

For the flanges, the timber was modeled as an orthotropic linear elastic 

material with the following parameters: 𝐸1 = 12.41 GPa, 𝐸2 = 𝐸3 =
0.88 GPa, 𝐺12 = 𝐺13 = 1.09 GPa, 𝐺23 = 0.14 GPa, 𝜈12 = 0.44, 𝜈13 = 0.40, 
and 𝜈23 = 0.52 whereby 1 indicates the longitudinal direction and 2 and 3 

indicate the transversal directions [8]. 

 
Figure 17: Geometry of the composite beam model 

Three different adhesives were selected: epoxy, acrylate and silicone. Their 

values for stiffness, strength and viscosity represent adhesives with a wide 

range of mechanical properties. The silicone Sika Sil SG500 with 

𝐸  =  3.17 MPa and 𝜈 =  0.462, the acrylate Sika Fast 5215 with 

𝐸 =  78 MPa and 𝜈 = 0.459 and the epoxy 3M DP490 with 𝐸 = 1595 MPa 

and 𝜈 = 0.422 have been chosen [8]. 

All components were modeled using a 3D solid model and the global 

element size mesh was 8 mm. Within this 3D model, changes in material 
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properties along the thickness of structure are not negligible and it becomes 

a more confidential way to model 3D than 2D. Hence, the use of solid 

elements has given most accurate stresses in each direction and better load-

deflection plots since the mesh was small. 

As shown in Figure 16, the nominal distance between the supports is 

4320 mm (18×h) and the forces were introduced symmetrically at one-thirds 

of the beam span in form of displacements. The load was applied in 3 steps. 

The duration of loading was 9 minutes with total a displacement of 15 mm. 

In the first step, the applied displacement was 3 mm, applied in 91 seconds. 

In the second step, the same displacement was kept constant within the same 

duration as in first step to have a relaxation behavior. In the third step, the 

total displacement was 12 mm in 365 seconds. 

The study has referred to the method used by Blyberg and Serrano [11]. The 

procedure was to increase a load until the tensile stress in the glass web 

reached the tensile strength of glass. But this study was only considered the 

analysis of the load at first crack in the glass.  

Then, load-deflection plots of the beam were obtained. These plots have 

helped in the analysis of mechanism failure of the beams and to evaluate the 

relationship between load, vertical mid-span displacement and beam 

stiffness. Finally, the study has highlighted the influence of viscoelastic 

behavior compared to elastic modelling in term of load and bending 

stiffness. 

4.3.2 Variation of bond line geometries with three different adhesives  

In this analysis, the bond line geometry was variated using three different 

adhesives in a composite beam structure. The main reason of this variant is 

to see how the geometry of the bond line influences the load-bearing 

behavior. 

As shown in Figure 18, three different variants for bond line geometry have 

been analyzed and studied by means of Finite Element simulations. A bond 

line of 2 mm in thickness was used in all models. A width of 20 mm was 

used for the first and second bond line and a width of 35 mm for the third 

bond line. In the second bond line, adhesive of 1 mm thickness was also 

introduced at the top of glass. In the third bond line geometry, the adhesives 

were only introduced for both sides but there were no timber flanges at the 

top of the glass as used by Hamm [5] and Premrov [30]. 



35 

Imanizabayo and Mohammadainfar 
 

 

Figure 18: Different variants for bond line geometries 

Within this study, the prototype beam sample, materials properties, applied 

loads, and modelling method were the same as in section 4.1.1 where the 

single bond-line geometry was analyzed [7]. 

Hence, the evaluation of the influence of viscoelastic adhesives was based 

on load-deflection plots of the beams to highlight their effect on the 

composite beam response. 

Finally, the bonding characteristics of adhesives has been studied by 

variation of bond line connection and gluing material. With the stiffness and 

the viscosity values of the epoxy, acrylate and silicone adhesives, the study 

has analyzed their impact on three different variants of bond line geometries 

as shown in Figure 18. Then, a suitable adhesive and proper adequate bond 

line geometry have been recommended for structural and architectural 

engineers in order to mount a good load bearing structural elements. 

4.4 Analytical Analysis using the Gamma method 

The Gamma method was used since it provides a quantitative value to 

measure the composite behavior of the section. Furthermore, the method 

provides an effective stiffness value to compare with the modeled beam 

sections in Abaqus. Therefore, this method was used to analyze the load 

bearing behavior of timber-glass composite section.  



36 

Imanizabayo and Mohammadainfar 
 

In Eurocode 5 [9], a gamma factor was introduced which depends on the 

spacing and the stiffness of the connectors. In this thesis, adhesives were 

used based on the customization presented by Kreher [16], to provide 

continuous connection between timber and glass. Within this approach, a 

gamma factor has been calculated based on the following equation: 

 

 𝛾𝑖 = [1 +
𝜋2. 𝐸𝑖 . 𝐴𝑖  

(
2. 𝐺. ℎ𝑎𝑑ℎ

𝑡1
+

𝐺.𝑊𝑎𝑑ℎ

𝑡2
) . 𝑙2

]

−1

, ( 57 ) 

 

where, 

𝐸𝑖 is the mean value of modulus of elasticity of composite components, 

𝐴𝑖   is the cross-section of composite components, 

𝐺:is the shear modulus of elasticity of adhesive,  

l is the length of flange that adhesive has been used, and  

ℎ𝑎𝑑ℎ , 𝑤𝑎𝑑ℎ, 𝑡1, 𝑡2  are the dimensions of the bond line as shown in 

the Figure 19. 

 
Figure 19: Geometry of the bond line 

In the study, the Gamma method was defined so that a 𝛾-value of 1 means 

full composite action (no slip) while a 𝛾-value of 0 was defined as identical 
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to fully independently acting webs and flanges [9, 16]. Hence, the value of 

zero for 𝛾 was interpreted as none composite action. 

The determination of 𝛾-values was a hint to calculate an effective bending 

stiffness of composite section as shown by the following equation:  

 

 (𝐸𝐼)𝑒𝑓 = ∑(𝐸𝑖𝐼𝑖

3

𝑖=1

+ 𝛾𝑖𝐸𝑖𝐴𝑖𝑎𝑖
2), ( 58 ) 

 

where 

𝐸𝑖 is the mean value of modulus of elasticity of composite components, 

𝐴𝑖  is the cross-section of composite components, and  

𝐼𝑖 is the second moment of inertia of composite components [3, 9]. 

Finally, based on the analytically determined 𝛾-values of the beams, the 

beam stiffness was analyzed to have a good agreement to the numerically 

determined stiffness. Then, the comparison of this thesis and previous 

studies was highlighted in terms of mean deviations which has been 

evaluated in percentage. 
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5 Implementation 

The activities proposed are carried out with the aim of achieving the 

objectives and deliver significant results and outputs. The success of the 

application and implementation of those activities in the study depended on 

an organized team and effective monitoring of the project progress and 

related expenditures. 

The chart in Figure 20 presents the implementation of the numerical and 

analytical methods in this study. Both methods were compared in terms of 

the load at support and bending stiffness to highlight similarities and 

deviations of the results.  

 
Figure 20: Chart of implementation of the methods in this study 
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6 Results 

6.1 Results from the numerical simulations (FEM Method) 

All finite element simulations were run in displacement control. Each 

variation has six different sub-models where three of them were run for 

viscoelastic analysis with the three different adhesives: epoxy, silicone and 

acrylate. The remaining three sub-models with the three respective adhesives 

were run in an elastic analysis. The reason behind is to analyze the influence 

of the viscoelastic properties of the adhesives on beam load carrying 

capacity. 

The Abaqus model and loading steps are given in Figure 21 where the 

displacement was kept constant in the second step to allow for relaxation. 

 
 

Figure 21: Beam model sample from Abaqus 

Interesting results were found regarding load-displacement plots and load-

stress plots. In terms of the load-displacement curves, the results present 

very small differences between the simulations with viscoelastic and pure 

elastic adhesive properties. The relationship between the load and vertical 

mid-span displacement is perfectly linear for the elastic adhesive model but 

it is slightly affected in viscoelastic models as shown in the coming figures 

for the different cross-sections and adhesives.  



40 

Imanizabayo and Mohammadainfar 
 

6.1.1 Global load-displacement 

Figure 23 and Figure 24 show details of the load-displacement curves. A 

limited relaxation behavior was observed during step two in the simulation. 

There is a low of load of approx. 0.2 % for the acrylate and silicone models 

but much lower even negligible for the epoxy adhesive as shown in 

Figure 22. 

Figure 25 and Figure 26 show the load-displacement curves for the second 

and third bond line geometries. 

 

 

 

 

 
 

Figure 22: Load-displacement curves obtained from the numerical analysis for the 1st 

bond line with epoxy, acrylate and silicone adhesives 
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Figure 23: Detail of the load-displacement curves obtained from the numerical analysis 

for the 1st bond line for the silicone and acrylate adhesives 

 
Figure 24: Detail of the load-displacement curves obtained from the numerical analysis 

for the 1st bond line with the epoxy adhesive 
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Figure 25: Load-displacement curves obtained from the numerical analysis for the 2nd 

bond line with epoxy, acrylate and silicone adhesives 

 
 

Figure 26 : Load-displacement curves obtained from the numerical analysis for 

the 3rd bond line with epoxy, acrylate and silicone adhesives 
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6.1.2 Allowable load at glass failure  

The following part discusses the maximum stress in the glass in dependence 

of the applied load. The maximum load of the beam is calculated using an 

allowable ultimate stress in the glass of 45 MPa. 

The relationship between the load and stress presents the same behavior as 

the relationship between load and displacement which are not perfectly 

linear for the viscoelastic material behavior as shown in Figure 27 to 

Figure 29. The relaxation behavior was also observed in viscoelastic models 

and it was high for acrylate and silicone models but it was very low even 

negligible for epoxy adhesives. For the elastic models, the relationship 

between the load and stress was perfectly linear.  

The allowable maximum ultimate load in the elastic models was 8.788 kN, 

8.770 kN, and 9.302 kN for the 1st, 2nd and 3rd bond line geometries 

respectively. The maximum ultimate load in viscoelastic models was 

8.676kN, 8.678kN, and 9.293kN for 1st, 2nd and 3rd bond line geometries 

respectively. Those maximum values were obtained in models with epoxy 

adhesive. 

 

 

 
 

Figure 27: Load-stress curves obtained from the numerical analysis for 1st bond 

line with epoxy, acrylate and silicone adhesives 
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Figure 28: Detail of the load-stress curves obtained from the numerical analysis 

for 1st bond line with acrylate and silicone adhesives 

 

 

 
 

Figure 29: Detail of the load-stress curves obtained from the numerical analysis 

for 2nd bond line with epoxy adhesives 

 

Table 4 summarizes the results from models with adhesives as elastic 

materials and models where the viscoelastic properties have been 

considered. After 9 minutes of loading, load and bending stiffness have been 

calculated. The maxima were observed in bond lines with epoxy and minima 
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in bond lines with silicone adhesives. The same trend was observed when 

ultimate stress of 45 Mpa in glass has been used as shown by results given in 

Table 5. 

Table 4 Numerical results of the load after 9 minutes (𝐹09𝑚𝑖𝑛 [kN], displacement 

(𝑑 [mm]) and bending stiffness (𝐸𝐼 [MNm2])  

 

 
Table 5 Numerical results of ultimate load (𝐹𝑢𝑙𝑡 [kN]), displacement (𝑑 [mm]) 

and bending stiffness (𝐸𝐼 [MNm2]) of composite beam for ultimate stress of glass 

of 45 MPa 

Bond line 
geometry 

 Adhesive 

Elastic Models Viscoelastic Models 

Fult [kN]  d [mm]  EI [MNm2] Fult [kN]  d (mm)  EI [MNm2] 

1st 

E-3MDP 490 8,788 13,577 0,9261 8,788 13,586 0,9255 

S-SikaSil SG 500 6,695 14,374 0,6664 6,228 14,368 0,6202 

A-Sika Fast-5215 NT 8,788 13,882 0,9057 8,588 14,212 0,8646 

2nd 

E-3MDP 490 8,646 13,327 0,9282 8,645 13,335 0,9276 

S-SikaSil SG 500 7,268 14,139 0,7355 6,842 14,071 0,6957 

A-Sika Fast-5215 NT 8,770 13,722 0,9144 8,692 14,000 0,8883 

3rd 

E-3MDP 490 9,302 11,775 1,1303 9,298 11,779 1,1294 

S-SikaSil SG 500 7,999 12,399 0,9230 7,632 12,420 0,8792 

A-Sika Fast-5215 NT 9,290 11,932 1,1140 9,209 12,128 1,0865 

Bond line 
geometry 

 Adhesive 

Elastic Models Viscoelastic Models 

F09min   
[kN] 

 d [mm]  EI [MNm2] 
F09min 
[kN] 

 d (mm)  EI [MNm2] 

1st 

E-3MDP 490 11,265 17,404 0,9261 11,256 17,402 0,9255 

S-SikaSil SG 500 7,813 16,774 0,6664 7,222 16,672 0,6198 

A-SikaFast-5215 NT 10,961 17,315 0,9057 10,360 17,184 0,8626 

2nd 

E-3MDP 490 11,305 17,426 0,9282 11,297 17,425 0,9276 

S-SikaSil SG 500 8,866 17,246 0,7355 8,382 17,252 0,6952 

A-SikaFast-5215 NT 11,113 17,388 0,9144 10,757 17,354 0,8869 

3rd 

E-3MDP 490 13,733 17,383 1,1303 13,720 17,381 1,1294 

S-SikaSil SG 500 10,838 16,801 0,9230 10,252 16,699 0,8784 

A-SikaFast-5215 NT 13,481 17,316 1,1140 13,039 17,210 1,0840 
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The ultimate load was calculated by consideration of elastic and viscoelastic 

adhesives for three different bond line geometries. Figure 30 summarizes the 

results from numerical simulations. 

 

 

 
Figure 30: Numerical results of ultimate load considering elastic and viscoelastic 

behavior of adhesives  

6.2 Results from the analytical method (Gamma method) 

In the analysis of timber-glass beams with to adhesive bond connections, the 

assumption of a slip between the components was made and thus a partial 

composite action has to be considered. This simplified method was used to 

determine the effective bending stiffness and the load at first cracking in 

glass of an I-shaped beam with both elastic and viscoelastic connections. 

Since the composite beam relates to a symmetric cross-section, the 

following calculations results are based on assumption of a symmetrical 

cross-section. 
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Figure 31: Dimensions of the cross-section (left), timber flange (center) and bond 

line (right) 

The approach with a gamma-factor used in the results calculations is based 

on Möhler theory in timber engineering, as shown in EN 1995-1-1 [9,17]. 

The gamma-factor reduces the second component of the parallel axis 

theorem contribution of bending stiffness, depending on the stiffness of the 

connecting media so that  

 

 𝐼𝑦,𝑒𝑓𝑓 = 2𝐼𝑦,1 + 𝑛𝐼𝑦,2 + 2𝛾1𝐴1𝑎1
2 , ( 59 ) 

with 

 𝑛 =
𝐸2

𝐸1
 . ( 60 ) 

𝛾1is the factor of effectiveness and was calculated from Möhler formula  

 𝛾 =
1

1 + 𝑘
  , ( 61 ) 

𝑘 is an effective section property calculated as  

 𝑘 =
𝜋2𝐸1𝐴1

𝑙2 + 𝐾𝑘
  , ( 62 ) 

with 𝐾𝑘 the effective connection stiffness of bonded joint calculated as  

 𝐾𝑘 = 2𝐺
ℎ𝑓𝑔

𝑡1
 + 𝐺

𝑤𝑓𝑔

𝑡2
  . ( 63 ) 

The following geometric and material properties are use:  

ℎ𝑓𝑔 : adhesive joint height, 
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𝑤𝑓𝑔 : adhesive joint width, 

𝑡1  , 𝑡2 : thickness of the adhesive joint,  

𝐺: shear modulus of the adhesive, and 

l :the length between supports as shown on Figure 32. 

 

 
Figure 32: Loading under four-point bending 

Table 6 and Table 7 show the results from calculations with the Gamma 

method. The stress values in the glass and timber were calculated based on 

Eq ( 65 ), ( 66) and ( 67 ) 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 as shown in Figure 31.  

It is quite important to note that the maximum bending moment used in 

stress calculations was evaluated from the Figure 32 where the beam was 

analyzed under four-point bending. 

 

 𝑀𝑚𝑎𝑥 =  
𝐹𝑙

6
 . ( 64 ) 

Stress in the flange (centroid): 

 𝜎𝑓,𝑐 = ±
𝑀

𝐼𝑦,𝑒𝑓𝑓
𝛾𝑎1𝑛1 , ( 65 ) 

Stress in the flange (outer edge) 

 𝜎𝑓 = ±
𝑀

𝐼𝑦,𝑒𝑓𝑓
(𝛾𝑎1 + 𝑦𝑓𝑠)𝑛1  , ( 66 ) 

Stress in the web (edge): 
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 𝜎𝑤 = ±
𝑀

𝐼𝑦,𝑒𝑓𝑓
×

ℎ𝑤

2
  , ( 67 ) 

 
Table 6: Load, bending stiffness, stress and gamma factor values for analytical solution 

for maximum stress in glass 

 
Table 7: Load, Bending stiffness, Stress and Gamma factor values for analytical 

solution for ultimate stress in glass of 45 MPa 

Bond line 
geometry Adhesive 

Fmax   
[kN]  EI [MNm2] 

𝜎𝑓, 𝑐 

[MPa] 

𝜎𝑓 

[MPa] 
𝜎𝑤 

[MPa] 
Gamma 
Factor 

1st 

E-3MDP 490 8,688 0,9244 8,279 10,066 45,003 0,9986 

S-SikaSil SG 500 6,309 0,6712 4,752 6,539 45,003 0,5732 

A-Sika Fast-5215 NT 8,532 0,9078 8,048 9,835 45,003 0,9707 

2nd 

E-3MDP 490 8,693 0,9249 8,285 10,071 45,003 0,9991 

S-SikaSil SG 500 6,958 0,7403 5,714 7,500 45,003 0,6890 

A-Sika Fast-5215 NT 8,597 0,9147 8,143 9,929 45,003 0,9820 

3rd 

E-3MDP 490 9,291 1,1447 7,065 8,697 45,000 0,9991 

S-SikaSil SG 500 7,650 0,9425 4,820 6,452 45,000 0,6817 

A-Sika Fast-5215 NT 9,200 1,1334 6,940 8,572 45,000 0,9814 

In this study, viscoelastic properties of adhesives were analyzed within 

Gamma method. The load duration was 9 minutes (547 seconds) as 

performed for numerical simulations. Here, bending stiffness, load and 

displacement are time dependent variables. Table 8 tabulates the results for 

second bond line geometry with the epoxy adhesive where the values shown 

were calculated from summation of data within the time interval of 

Bond line 
geometry Adhesive 

Fmax   
[kN]  EI [MNm2] 

𝜎𝑓, 𝑐 

[MPa] 

𝜎𝑓 

[MPa] 
𝜎𝑤 

[MPa] 
Gamma 
Factor 

1st 

E-3MDP 490 11,308 0,9244 10,775 13,101 58,572 0,9986 

S-SikaSil SG 500 8,211 0,6712 6,185 8,511 58,572 0,5732 

A-Sika Fast-5215 NT 11,105 0,9078 10,474 12,800 58,572 0,9707 

2nd 

E-3MDP 490 11,314 0,9249 10,783 13,107 58,572 0,9991 

S-SikaSil SG 500 9,056 0,7403 7,436 9,761 58,572 0,6890 

A-Sika Fast-5215 NT 11,190 0,9147 10,598 12,923 58,572 0,9820 

3rd 

E-3MDP 490 14,003 1,1447 10,648 13,107 67,821 0,9991 

S-SikaSil SG 500 11,529 0,9425 7,265 9,724 67,821 0,6817 

A-Sika Fast-5215 NT 13,865 1,1334 10,459 12,919 67,821 0,9814 
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50 seconds. The total load at support and displacement were 11.1450 kN and 

14.9918 mm respectively.  

 
Table 8: Load, bending stiffness, and Gamma factor values for the analytical solution 

for the second bond line with epoxy adhesive 

 

No Time [s] γ  EI [MNm2] u [%] Δu [mm] Δf [kN] 

1 (0-49) 0,99837     0,92443     10,746 1,6110 1,2002 

2 (50-99) 0,99838     0,92443     9,211 1,3808 1,0288 

3 (100-149) 0,99839     0,92444     0,000 0,0000 0,0000 

4 (150-199) 0,99840     0,92444     3,728 0,5589 0,4153 

5 (200-249) 0,99841     0,92445     10,965 1,6438 1,2214 

6 (250-299) 0,99842     0,92445     10,965 1,6438 1,2214 

7 (300-349) 0,99843     0,92446     10,965 1,6438 1,2214 

8 (350-399) 0,99844     0,92447     10,965 1,6438 1,2214 

9 (400-449) 0,99846     0,92448     10,965 1,6438 1,2214 

10 (450-499) 0,99849     0,92449     10,965 1,6438 1,2214 

11 (500-547) 0,99870     0,92462     10,526 1,5781 1,1725 

Total       100,00 14,9918 11,1450 

To analyze the influence of viscoelastic properties of adhesives on the beam 

load carrying capacity, the same procedures as in Table 8 was followed for 

the all bond line geometries and all adhesives. The results for load after 

9 minutes, ultimate load for stress in glass of 45 MPa and bending stiffness 

are shown in Table 9. 

 
Table 9: Load at support and bending stiffness values for beams with viscoelastic 

adhesives from the Gamma method 

Bond line 
geometry 

Adhesive F09min [kN] Fult [kN] EI [MNm2] 

1st 

Epoxy 3MDP 490 11,143 8,676 0,912 

Silicone SikaSil SG 500 7,771 6,049 0,640 

Acrylate Sika Fast-5215 NT 10,979 8,546 0,906 

2nd 

Epoxy 3MDP 490 11,145 8,678 0,919 

Silicone SikaSil SG 500 7,772 6,050 0,640 

Acrylate Sika Fast-5215 NT 10,981 8,548 0,906 

3rd 

Epoxy 3MDP 490 13,799 9,293 1,139 

Silicone SikaSil SG 500 10,956 7,376 0,903 

Acrylate Sika Fast-5215 NT 13,682 9,212 1,130 

Viscoelastic properties were analyzed within Gamma method. The ultimate 

load was calculated by consideration of elastic and viscoelastic adhesives for 



51 

Imanizabayo and Mohammadainfar 
 

three different bond line geometries. Figure 33 summarizes the results from 

the analytical solution. 

 

 
Figure 33: Analytical results of ultimate load considering elastic and viscoelastic 

behavior of adhesives 
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7 Analysis  

7.1 Analysis of results from the numerical simulations  

With Prony series shown in Figure 12 to Figure 14, the relaxation analysis 

was done by evaluating the time required for the adhesives to lose 80% of 

the initial modulus. Hence, it was observed that epoxy, silicone and acrylate 

adhesives lose 80% of the initial shear modulus within 175, 13 and 

44 seconds, respectively. 

From Figure 22 to Figure 26, the load-displacement plots, the behavior in all 

bonds with different adhesives is perfectly linear for the elastic models and 

is only slightly affected for the viscoelastic models. From the parametric 

investigations it is observed that implicit solver available in Abaqus offer a 

suitable technique for simulating influence of viscoelastic adhesives. 

In all load-displacement curves, it was observed that the load after 9 minutes 

and the ultimate load are high in all models and bond line geometries with 

the epoxy adhesive but they are low for models with the silicone adhesives. 

From the models of beams with the three bond line geometry, it was 

observed that the numerical results of models with epoxy and acrylate 

adhesives simulate correctly the load after 9 minutes and overestimate 

slightly the initial bending stiffness. They are in good agreement with 

analytical results by the Gamma method. The numerical results of models 

with the silicone adhesive though are underestimating bending stiffness. The 

reason might be the low value of the modulus of elasticity of silicone.  

With the epoxy adhesive and annealed float glass, the load in glass after 

9 minutes changes slightly in all three bond line geometries. The epoxy 

adhesive was observed to be the best adhesive that could lead to the good 

load bearing material. It is also important to note that in the numerical 

simulations, the ultimate load in glass was evaluated by taking into account 

the value of ultimate tensile stress in glass of 45 MPa.  

It was also observed that for all models with viscoelastic adhesives, the load 

and bending stiffness have been slightly decreased compared to models with 

elastic adhesives. This observation in all results confirms the small influence 

of viscoelasticity on the beam load-carrying capacity.  

The load-stress plots for the epoxy, acrylate and silicone adhesives  

(Figure 28 and Figure 29) have presented another important remarkable 

thing in the relaxation behavior. In step 2, the relaxation step, there is a drop 

in the total force applied. The stresses the glass though do not reduce for the 

silicone adhesive (blue curve in Figure 28) whereas there is a loss of the 

stress for the epoxy adhesive (light brown curve in Figure 29). The beam 
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with the stiffer adhesive hence shows a more linear behavior than the one 

with the soft adhesive.  

Although the epoxy adhesive is almost 20 times stiffer than acrylate, there is 

no big difference in the results of load at first crack in glass. Within the bond 

line geometry, the load at support after 9 minutes has been increased in third 

bond line geometry compared to other bond line geometries.   

7.2 Analysis of results from the analytical method 

The value of ultimate tensile stress in glass of 45 MPa was taken into 

account also in the analytical calculations. Alike the bending stiffness, the 

ultimate load calculated analytically shows very good agreement with the 

numerical calculations. The epoxy adhesive itself is approximately twenty 

times stiffer if compared to the acrylate adhesive. Despite the significant 

difference in stiffness of the epoxy and acrylate adhesives almost the same 

ultimate load level was observed when the stress in glass reached its ultimate 

value. 

From Table 4, the maximum stress in glass was 58.572 MPa (evaluated from 

load after 9 minutes) with investigations of both 1st and 2nd bond line 

geometries whereas the investigation of the 3rd bond line geometry lead to 

maximum stress of 67.821 MPa (evaluated from ultimate load in glass). But 

from Table 5, the ultimate stress in glass was kept to 45 MPa within the 

investigations of all bond line geometries. In Table 4, a difference of 

9.248 MPa was observed due to increase of glass height in the 3rd bond line. 

In this analytical solution, it was observed that the gamma factor was high in 

models with epoxy (i.e. fully composite action) and low in models with 

silicone adhesives (i.e. least composite action). Hence, the models with the 

epoxy adhesive have shown a high strength compared to models with 

acrylate and silicone adhesives. The epoxy adhesive proved to be the stiffest 

one, and the silicone adhesive was the least stiff. 

Within the analytical solution, the maximum gamma factor is 0.9991 and 

was observed in models with 2nd bond line geometry with the epoxy 

adhesive. The minimum gamma factor is 0.5732 and was observed in 

models with 1st bond line geometry with the silicone adhesive.  

7.3 Comparison of results 

7.3.1 Comparison of results from elastic and viscoelastic analysis 

This section presents the comparison of results from elastic and viscoelastic 

models. Table 10 and Table 11 present a comparison of elastic and 
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viscoelastic considerations for load after 9 minutes and for ultimate stress in 

glass of 45 MPa.  

Deviations in the load after 9 minutes and bending stiffness (Table 10) vary 

with the adhesives used. For the stiff epoxy, almost no influence is seen, the 

largest deviation is less than 1 %. For the acrylic and the silicone adhesive 

though, the differences are much higher but are clearly different. The softest 

adhesive (silicone) has highest deviations of up to 7.5 %.  

Similar values are found for the deviations of ultimate load in glass  

(Table 11).  

In this part, the decision about the influence of viscoelastic adhesive on 

beam behavior was based on the assumption of reference value of 0.75 % 

because the value greater than this can be rounded to 1% which is a 

significant value in this study.  All results greater than 0.75 % were assumed 

to have a slightly effect on beam response whereas the results less than 

0.75 % were considered as having negligible impact on timber-glass 

composite beam. The last column Table 10 and Table 11 therefore indicates 

if there is influence on the beam behavior. The values with red colour show 

the results greater than 0.75 % where the beam section was slightly affected 

by viscoelastic property of the adhesives. 

 
Table 10: Influence of viscoelastic adhesive on load after 9 minutes (𝐹09𝑀𝑖𝑛 [kN]) and 

bending stiffness (𝐸𝐼 [MNm2]) for timber-glass composite section 

Bond line 
geometry 

Adhesive ∆F [kN] 
∆d 

[mm] 
 ∆EI 

[MNm2] 
∆F [%] ∆EI [%] 

Influence on 
beam 

1st E-3MDP 490 -0,009 -0,002 -0,001 -0,082  -0,071 NO 

S-SikaSil SG 500 -0,591 -0,102 -0,047 -7,563  -6,999 YES 

A-Sika Fast-5215 NT -0,601 -0,131 -0,043 -5,480  -4,759 YES 

2nd 

E-3MDP 490 -0,008 -0,001 -0,001 -0,070  -0,065 NO 

S-SikaSil SG 500 -0,483 0,007 -0,040 -5,452  -5,489 YES 

A-Sika Fast-5215 NT -0,355 -0,034 -0,028 -3,199  -3,011 YES 

3rd 

E-3MDP 490 -0,013 -0,001 -0,001 -0,093  -0,085 NO 

S-SikaSil SG 500 -0,587 -0,102 -0,045 -5,413  -4,834 YES 

A-Sika Fast-5215 NT -0,442 -0,106 -0,030 -3,279  -2,686 YES 
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Table 11 Influence of viscoelastic adhesive on ultimate load in glass (𝐹𝑢𝑙𝑡 [kN]) and 

bending stiffness (𝐸𝐼 [MNm2]) for timber-glass composite section with stress of glass 

of 45 MPa 

Bond line 
geometry 

Adhesive ∆F [kN] ∆d [mm] 
∆EI 

[MNm2] 
∆F  [%] ∆EI [%] 

Influence on 
beam 

1st  

E-3MDP 490 0,000 0,009 -0,001 -0,001  -0,069  NO 

S-SikaSil SG 500 -0,467 -0,007 -0,046 -6,977  -6,934  YES 

A-Sika Fast-5215 NT -0,200 0,329 -0,041 -2,276  -4,542  YES 

2nd  

E-3MDP 490 0,000 0,008 -0,001 -0,005  -0,063  NO 

S-SikaSil SG 500 -0,427 -0,068 -0,040 -5,871  -5,417  YES 

A-Sika Fast-5215 NT -0,078 0,278 -0,026 -0,888  -2,853  YES 

3rd  

E-3MDP 490 -0,004 0,005 -0,001 -0,041  -0,081  NO 

S-SikaSil SG 500 -0,366 0,021 -0,044 -4,581  -4,742  YES 

A-Sika Fast-5215 NT -0,080 0,196 -0,027 -0,866  -2,468  YES 

7.3.2 Comparison of results from numerical and analytical methods 

This section presents the results of the analytical study compared to the 

numerical results. Table 12 to Table 17 present a comparison of results from 

analytical considerations and numerical investigations of timber glass 

beams. The comparison was based on bending stiffness, load after 9 minutes 

and ultimate load for ultimate stress in glass.   

In terms of bending stiffness, load after 9 minutes and ultimate load, the 

mean deviations of the results were about 0.029 to 2.066 %, 0.084 to 

5.994 % and 0.116 to 6.118 % as shown in Table 12, Table 13 and Table 14 

respectively. 

In terms of bending stiffness and ultimate load the maximum mean deviation 

of results was about 2.07 % and 6.12 %, respectively when the ultimate 

stress in glass was 45 MPa. 

In terms of bending stiffness and load at support after 9 minutes, the 

absolute mean deviations of results were about 0.835 to 8.614% and 0.574 to 

7.852% as shown in Table 15 and Table 16, respectively. The maximum 

absolute mean deviation was observed in second bond line with silicone 

adhesive but the minimum was in 3rd bond line with epoxy adhesive. For 

models with viscoelastic adhesives, both maximum and minimum absolute 

mean deviation were observed in second bond line with silicone and epoxy 

respectively. 
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Table 12: Comparison of bending stiffness 𝐸𝐼 [MNm2] obtained from the numerical and 

analytical solutions for elastic models 

Bond line 
geometry 

Adhesive 
Numerical 

investigation 
Analytical 
solution 

∆num [%] 

1st 

Epoxy 3MDP 490 0,926 0,924 -0,191% 

Silicone SikaSil SG 500 0,666 0,671 0,719% 

Acrylate Sika Fast-5215 NT 0,906 0,908 0,229 % 

2nd 

Epoxy 3MDP 490 0,928 0,925 -0,359% 

Silicone SikaSil SG 500 0,736 0,740 0,645 % 

Acrylate Sika Fast-5215 NT 0,914 0,915 0,029 % 

3rd 

Epoxy 3MDP 490 1,130 1,145 1,253 % 

Silicone SikaSil SG 500 0,923 0,942 2,066 % 

Acrylate Sika Fast-5215 NT 1,114 1,133 1,717 % 

 

 
Table 13: Comparison of load [kN] after 9 minutes from the numerical and analytical 

solution for elastic models 

Bond line 
geometry 

Adhesive 
Numerical 

investigation 
Analytical 
solution 

∆num [%] 

1st 

Epoxy 3MDP 490 11,265 11,308 0,375 % 

Silicone SikaSil SG 500 7,813 8,211 4,856 % 

Acrylate Sika Fast-5215 NT 10,961 11,105 1,299 % 

2nd 

Epoxy 3MDP 490 11,305 11,314 0,084 % 

Silicone SikaSil SG 500 8,866 9,056 2,106 % 

Acrylate Sika Fast-5215 NT 11,113 11,190 0,688 % 

3rd 

Epoxy 3MDP 490 13,733 14,003 1,933 % 

Silicone SikaSil SG 500 10,838 11,529 5,994 % 

Acrylate Sika Fast-5215 NT 13,481 13,865 2,769 % 
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Table 14: Comparison of ultimate load [kN] obtained at 45 MPa (ultimate stress in 

glass) for the numerical and analytical solution of elastic models 

Bond line 
geometry 

Adhesive 
Numerical 

investigation 
Analytical 
solution 

∆num [%] 

1st  

Epoxy 3MDP 490 8,788 8,688 1,152 % 

Silicone SikaSil SG 500 6,695 6,309 6,118 % 

Acrylate Sika Fast-5215 NT 8,788 8,532 2,993 % 

2nd  

Epoxy 3MDP 490 8,646 8,693 -0,543% 

Silicone SikaSil SG 500 7,268 6,958 4,457 % 

Acrylate Sika Fast-5215 NT 8,770 8,597 2,009 % 

3rd  

Epoxy 3MDP 490 9,302 9,291 0,116 % 

Silicone SikaSil SG 500 7,999 7,650 4,559 % 

Acrylate Sika Fast-5215 NT 9,290 9,200 0,975 % 

 

 
Table 15: Comparison of bending stiffness 𝐸𝐼 [MNm2] obtained from the numerical and 

analytical solution for viscoelastic models 

Bond line 
geometry 

Adhesive 
Numerical 

investigation 
Analytical       
solution 

∆num [%] 

1st  

Epoxy 3MDP 490 0,925 0,912 -1,476% 

Silicone SikaSil SG 500 0,620 0,640 3,149% 

Acrylate Sika Fast-5215 NT 0,863 0,906 4,814% 

2nd  

Epoxy 3MDP 490 0,928 0,919 -0,892% 

Silicone SikaSil SG 500 0,695 0,640 -8,614% 

Acrylate Sika Fast-5215 NT 0,887 0,906 2,152% 

3rd  

Epoxy 3MDP 490 1,129 1,139 0,835% 

Silicone SikaSil SG 500 0,878 0,903 2,775% 

Acrylate Sika Fast-5215 NT 1,084 1,130 4,042% 
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Table 16: Comparison of load at support [kN] obtained after 9 minutes from the 

numerical and analytical solution for viscoelastic models 

Bond line 
geometry 

Adhesive 
Numerical 

investigation 
Analytical       
solution 

∆num [%] 

1st  

Epoxy 3MDP 490 11,256 11,143 -1,015% 

Silicone SikaSil SG 500 7,222 7,771 7,067% 

Acrylate Sika Fast-5215 NT 10,360 10,979 5,638% 

2nd  

Epoxy 3MDP 490 11,297 11,145 -1,361% 

Silicone SikaSil SG 500 8,382 7,772 -7,852% 

Acrylate Sika Fast-5215 NT 10,757 10,981 2,038% 

3rd  

Epoxy 3MDP 490 13,720 13,799 0,574% 

Silicone SikaSil SG 500 10,252 10,956 6,429% 

Acrylate Sika Fast-5215 NT 13,039 13,682 4,698% 

 

 
Table 17: Comparison of ultimate load [kN] obtained for ultimate stress in glass from 

the numerical and analytical solution for viscoelastic models 

Bond line 
geometry 

Adhesive 
Numerical 

investigation 
Analytical       
solution 

∆num [%] 

1st  

Epoxy 3MDP 490 8,788 8,676 1,293% 

Silicone SikaSil SG 500 6,228 6,049 2,959% 

Acrylate Sika Fast-5215 NT 8,588 8,546 0,486% 

2nd  

Epoxy 3MDP 490 8,645 8,678 -0,376% 

Silicone SikaSil SG 500 6,842 6,050 13,085% 

Acrylate Sika Fast-5215 NT 8,692 8,548 1,686% 

3rd  

Epoxy 3MDP 490 9,298 9,293 0,058% 

Silicone SikaSil SG 500 7,632 7,376 3,475% 

Acrylate Sika Fast-5215 NT 9,209 9,212 -0,030% 
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8 Discussion 

In Figure 12 to Figure 14, the relaxation behavior of three different 

adhesives was presented, showing they are not elastic as considered in 

previous studies but having viscoelastic behavior. In this study, acrylate Sika 

Fast-5215 NT loses its shear modulus faster than epoxy 3M DP 490. This 

behavior shows that this epoxy is a good adhesive which may have a very 

small effect on the beam behavior whereas the acrylate adhesive can 

significantly affect the load bearing behavior of a composite beam.   

Besides, the relationship between the load and vertical mid-span 

displacement was not perfectly linear in viscoelastic models. The reason 

might be the loading behavior in three steps where in the second step the 

displacement was kept constant to allow for relaxation. The curves in 

Figure 22, Figure 25 and Figure 26 present the load displacement plots for 

the three different bond line geometries, respectively. It is significantly clear 

that the plots with viscoelastic adhesives slightly deviate from the plots with 

elastic adhesives. This shows the slight effect of viscoelastic properties of 

adhesives on load bearing capacity. For the epoxy adhesives, the curves 

almost coincide with each other, hence an almost the negligible effect of 

viscoelastic properties of the epoxy adhesive on beam section. 

The load at support has been increased in third bond line geometry 

compared to other bond line geometries. The reason might be the increase of 

glass size in the third bond line since the height of the glass was 190 mm in 

the 1st and 2nd bond line but it was 220 mm in the 3rd bond line.  

Using the Gamma method, this study has proved that the stiff adhesive led 

to good load bearing behavior. The epoxy adhesive was observed as the best 

adhesive for timber-glass composite beams. The maximum gamma factor is 

0.9991 and was observed for the 2nd bond line geometry with the epoxy 

adhesive. The minimum gamma factor is 0.5732 and was observed for the 

1st bond line geometry with the silicone adhesive. This observation confirms 

that the 2nd bond line is the best way that can lead to good load bearing 

behavior. The reason is the application of the adhesive of 2 mm at both sides 

and of 1 mm at the top of glass so that the behavior of the adhesive was 

highly influenced by its near incompressible behavior. 

So far, the results from the analytical solution have shown among other 

things that the use of structural adhesives in timber-glass composites can 

result in reliable bonds giving structural components of considerable 

strength. 

The comparison of results given in Table 10 and Table 11 has shown that 

viscoelasticity has a very small influence on the models with the epoxy 

adhesive but they have a slightly remarkable influence on models with the 

acrylate and silicone adhesives. Hence, it is wise and efficient to model 
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timber-glass composite beam with epoxy adhesive as an elastic material. But 

it is advised to model timber-glass composite beams with acrylate and 

silicone adhesives as viscoelastic materials to show their impact on beam 

behavior. 

The curves in Figure 28 and Figure 29 have presented another important 

remarkable thing. The load-stress plots for the epoxy, acrylate and silicone 

adhesives present the same relationship where the stress decreases as the 

displacement was kept constant in step 2 of the simulations. This 

observation confirms the presence of relaxation behavior in timber-glass 

composite sections and the effect of viscoelastic gluing materials on the 

beam section. The load decreases more for acrylate, stress decreases more 

for epoxy but the change of both load and stress was in the same way for 

silicone. The reason might be the difference in relaxation time since acrylate 

Sika Fast-5215 NT loses its shear modulus faster than both epoxy and 

silicone adhesives. Another reason is the difference in load transfer from 

glass to timber within those gluing materials. The behavior in Figure 29 is 

nearly linear and proved how the epoxy’s viscoelasticity has a very small 

even negligible effect timber-glass composite beam. 

In this study, it was observed that within viscoelastic adhesives, the bending 

stiffness of timber glass composite beams has been reduced by 0.063 % in 

the 2nd bond line geometry with the epoxy adhesive and by 6.934 % in 1st 

bond line geometry with the silicone adhesive. This observation was shown 

in Table 11 and has proved again that the epoxy is the best adhesive and that 

the 2nd bond line was the best geometry that together can lead to the 

formation of good load bearing structural elements. 

The comparison of the numerical simulations and the analytical solutions for 

both elastic and viscoelastic models have shown that both methods are in 

very good agreement. The minimum absolute mean deviation was 0.029 % 

and the maximum was 8.614 %.  
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9 Conclusion and future research 

This chapter provides the conclusions from the study presented in the 

preceding chapters. It also presents possible directions for future research. 

This study has proven that adhesives and bond line geometry affect the 

composite beam behavior. This will be a great contribution to the knowledge 

regarding the analysis of composite beams. Therefore, the analysis has been 

done with both numerical and analytical methods for elastic and viscoelastic 

behavior. Epoxy is the best adhesive that has a very small, even negligible 

effect on the timber-glass composite section. Since the bending stiffness and 

the load bearing capacity increase from the 1st to the 3rd bond line, the last 

bond line could be the best one but the second bond line is recommended for 

bond line geometry. The reason is due to an increase of glass height in the 

3rd bond line with an increase of material uses and it is not easy to mount 

such section. 

In this study, the bending stiffness and load-bearing capacity of timber-glass 

composite beams are slightly influenced by the stiffness of the bond line 

adhesive connection and the variation of the bond line geometry. It was 

observed that the beam models bonded with stiff adhesives present higher 

bending stiffness and load-bearing capacity as shown in Table 4 and 

Table 5. The epoxy adhesive is recommended for the bond line connection. 

The influence of the adhesive stiffness on the composite beam stiffness is 

surprisingly low considering the fact that the stiffness of the acrylate and 

epoxy adhesives compared to the silicone adhesive is approximately 100 

times and 1000 times higher, respectively as shown by Table 1, Table 2 and 

Table 3. However, the adhesive used for bond line connections influences 

the bending stiffness of beams less than expected, mainly due to the fact that 

the glass web contributes most to the beam’s overall bending stiffness. 

The analytical analysis performed in this study confirms that the modified 

gamma method included in Eurocode 5 can be successfully adequate for 

determination of bending stiffness and load after 9 minutes and when the 

ultimate stress in glass is 45 MPa. The results of the analytical method 

showed good agreement with the numerical simulations. 

Changes of temperature and moisture should also be taken into 

consideration to get a more detailed picture of the influence of viscoelastic 

adhesives on beam behavior both in relaxation and creep. 

Based on studies and analyses performed on the different bond line 

geometries, it is recommended for future research to perform experimental, 

numerical and analytical investigations on beam specimens with a web made 

of multiple laminated glasses. It is quite interesting to perform this research 



62 

Imanizabayo and Mohammadainfar 
 

since it could increase safety and usable ductility so that the failure of one 

glass cannot lead to the failure of whole composite section. 

It was observed that viscoelastic properties of the bonding connection has a 

small effect on whole composite beam behavior. Still, the study is limited to 

an uncracked glass web. So, the analysis of the influence of viscoelastic 

adhesive connections until the failure of the beam is required for detailed 

information regarding ductility and post-breakage strength of timber-glass 

composite beams. This is due to the distinctive role of the adhesives in 

(tensile) force transfer from the glass web to the timber flanges when glass 

fails. As a result, the timber will be able to transfer load after glass failure 

and hence, the collapse will be delayed and a ductile behavior can be 

obtained. 

Finally, based on results from this study, the knowledge of composite beams 

will be increased in the structural and construction industry so that any 

structure with viscoelasticity property can be designed and well analyzed. 
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APPENDIX 1: Explanation of acronyms and abbreviations 

%: Percentage 

𝜀�̇�: The dashpot or damper strain rate 

𝜀̇: The spring strain rate 

2D model: two-dimensional model 

3D model: three-dimensional model 

CO2: Carbon Dioxide 

DIN: The German Institute for Standardization (Deutsches Institut für Normung e.V. 

= DIN) in Germany 

EN: The European standards. Its purpose is the harmonization of technical 

regulations and laws within the single market of the European Union  

Eurocodes: They are ten European standards; harmonized technical rules specifying 

how structural design should be conducted within the European Union .   

FEM: Finite Element Method 

GRP: Glass fiber reinforced plastic                 

HGV 125 glue: A hot melt polyurethane adhesive. A test to establish the long-term 

deformation was performed on prototypes of the Hotel Palafitte girders in 

Switzerland 

EU: The European Union 

𝐼: Second moment of Inertia 

ISO: The international standards and it is supposed to standardize technical 

regulations worldwide 

Jet-weld TS-230: Extruding or spraying product with longer initial cure used for 

gluing plastics in general, including polystyrene and acrylic and aluminum bonding 

and glass to plastic and wood. 

LVL: Laminated veneer lumber  

𝜌0.14 : Mean dry density of wood at moisture content of 14% 

𝑘𝑔 : Kilogram 

𝑚3 : Cubic meter 

𝜎 : Normal stress  

https://en.wikipedia.org/wiki/Structural_engineering
https://en.wikipedia.org/wiki/European_Union
https://en.wikipedia.org/wiki/European_Union
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𝐹: Pure tensile force  

𝐴: Area of cross section 

𝑀: Bending momen 

mm: millimeter, the length unit equivalent to 10-3 m 

mm2: millimeter squared, the surface unit equivalent to 10-6 m2 

MOE: Modulus of Elasticity 

OSB: Oriented strand boards  

PVB: Polyvinyl Butyral interlayer 

𝑞(𝑥): Lateral load 

𝜈: Poisson ratio 

𝜌: Density of material  

𝜏: Viscosity ratio 

𝑘 : Stiffness in N/m 

𝜂 : Viscosity  

𝑤 : Beam deflection 

𝐾 ∶ Connection stiffness of the bonded joint  

𝐾𝑘 : Effective connection stiffness 

𝐺 : Shear modulus of the adhesive  

𝐼𝑦,𝑒𝑓𝑓∶  Effective moment of inertia of the flexible composed section  

ℎ𝑎𝑑ℎ: Height of gluing material (adhesive) 

𝑤𝑎𝑑ℎ: Width of gluing material (adhesive) 

𝑡1, 𝑡2: Thickness of adhesive 

𝛼𝑖(𝑡): Shear modulus ratio (dimensionless parameter) 

𝛾𝑖 : Gamma factor 

(𝐸𝐼)𝑒𝑓: Effective bending stiffness 

𝑑 : Displacement  

𝐹09𝑚𝑖𝑛 ∶ Load at support in after 9 minutes of load duration 
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𝐹𝑢𝑙𝑡 ∶ Load at support when the ultimate stress in glass is 45Mpa 

𝑀𝑚𝑎𝑥  : Maximum bending moment 

𝑦𝑓𝑠 ∶ Distance between the center of gravity of flange and its outer edge 

𝜎𝑓,𝑐: Stress in center of timber flange 

𝜎𝑓: Stress at the outer edge of timber flange 

𝜎𝑤: Stress in glass web 

∆:  Absolute mean deviation  
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