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SUMMARY  

Thermal stresses can arise in glass used in architectonic realisations in 

buildings as a result of solar irradiation:  that is, sunlight.  The magnitude of 

these thermal stresses depends on the temperature conditions in the glass in 

terms of the temperature differences between warm and cold areas.   

The work described here has verified the existence and distribution of 

thermal stresses in glass, both theoretically and experimentally, in a load-

bearing element made of glass and wood, when exposed to incident solar 

radiation and various degrees of shading.   

The finite element method was used in order to simulate the temperature 

distribution in the glass, together with the resulting associated thermal 

stresses.  Parts of these model results were then compared with results and 

data from experimental investigations in a solar simulator.  The experimental 

trials were carried out on a plain glass sheet and on a wood-framed glass sheet.  

This frame assembly saw the glass fitted in a wooden frame such that its edge 

was flush with the edges of the frame and therefore freely exposed to the 

surroundings.  Two different grades of glass were analysed in the theoretical 

modelling and used in the experimental solar exposure:  a clear glass, with a 

low absorption coefficient, and a tinted glass having a relatively high 

absorption coefficient.  The experimental part of the work included two 

different finishes to the glass edge:  as-cut, with no further attention, and cut 

and smoothed.   

The results from the finite element method calculations agree relatively 

well with the experimental results.  When simulating the temperature values 

and distributions, the value of the coefficient of heat transfer is an important 

factor in determining the results.  The coefficient can be given either a 

constant value, taken from a standard, or a calculated value that varies 

depending on the surface temperature and ambient temperature at every 

instant.  For the clear glass with a low coefficient of absorption, the calculated 

temperatures did not differ significantly depending on which method had been 

used to provide a value for the coefficient of heat transfer.  However, for the 

glass with a high coefficient of absorption, and when exposed to high solar 

intensity, a calculated value of coefficient of heat transfer should be used in 

order to arrive at relevant values of surface temperatures and stresses.  

Thermal tensile stresses have more effect on the total stress level than have 

stresses arising from typical in-service vertical loads.  

 

Key words: Thermal stresses, thermal failure, glass and wood construction, 

incident solar radiation, shading, cracks, temperature difference, finite element 

method.  
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SAMMANFATTNING 

Termiska spänningar kan uppstå i glas med olika arkitektoniska applikationer i 

byggander på grund av solens energigivande strålar. Nivån på de termiska 

spänningarna är beroende av temperaturförhållande i glaset relaterat till 

differensen mellan varm och kall area. 

I avhandlingen har den termiska spänningsbilden i glas verifierats 

teoretiskt och experimentellt i en bärande glas- och träkonstruktion, när den är 

termisk belastad av infallande solstrålning under olika 

skuggningsförhållanden. 

Finita elementmetoden användes för att simulera temperaturfördelningen, och 

de därav inducerade termiska spänningarna. Delar av resultaten från 

simuleringen jämfördes därefter med experimentella studier med 

solsimulering. Den experimentella studien innehöll försök på en enkel 

glaspanel samt på en glas- och träkonstruktion i två olika dimensioner. I glas- 

och träkonstruktionen var glaset monterat i en träram så att glaskanten är fritt 

exponerat mot omgivningen. I både i den teoretiska och den experimentella 

delen av studien ingick olika glaskvalitéer, ett klarglas med låg 

absorptionskoefficient och ett infärgat glas med relativ hög 

absorptionskoefficient. I den experimentella delen ingick även två olika 

utförande på kanten, tillskuren kant utan bearbetning samt tillskuren och 

bearbetad.  

Resultaten från beräkningen med finita elementmetoden överensstämmer 

relativt väl med de experimentella resultaten. Vid simulering av temperaturen 

är värmeövergångstalet en viktig faktor vid bestämning av konstruktionens 

yttemperatur. Värmeövergångstalet kan antingen antas vara ett konstant värde 

hämtat från en standard eller ett beräknat värde beroende av yttemperatur och 

omgivningstemperatur. För klarglaset med låg absorptionskoefficient påverkas 

inte temperaturen nämnvärt av de olika alternativa metoderna för angivet 

värmeövergångstal. För glaset med hög absorptionskoefficient och vid hög 

solintensitet bör ett beräknat värmeövergångstal användas för att erhålla en 

relevant yttemperatur och spänningar.  

Uppkomna termiska dragspänningar i förhållande till dragspänningar på 

grund av vertikal last har störst inverkan på den totala spänningsnivån 

 

Nyckelord: Termiska spänningar, termisk bräckage, glas och träkonstruktion, 

solinstrålning, skugga, spricka, temperaturskillnad, finita elementmetoden 
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1 INTRODUCTION 

1.1 Background 

The use of glass in buildings today is increasing, to the extent that it is now an 

important part of today’s architecture.  Greater use is being made of it for 

various functions in buildings, to the extent that it can today even be a 

load-bearing part of the structure.  There is therefore a need to improve our 

knowledge of the behaviour and physical properties of load-bearing glass 

structures. 

One of the most important factors responsible for the formation of cracks 

in glass in buildings is that of thermal stresses.  When sunlight shines on a 

sheet of glass, some of the energy will be reflected, some will be absorbed by 

the glass and some will be transmitted through it.  The portion of the energy 

absorbed by the glass results in an increase in the temperature of the glass.  If 

part of a sheet of glass is screened from the sunlight, e.g. by means of a 

sunshade or as a result of shading from some other part of the building or from 

nearby features, the temperature distribution across the surface of the glass 

will be affected.  This non-uniform distribution of temperature can result in 

high thermal stresses which, if they interact with defects in the surface of the 

glass, can result in what is normally called thermal failure. 

This work on thermal stresses is part of the Glass and timber - Innovative 

components with added-value, a project which is investigating the feasibility 

of using structural adhesives to bond glass and wood to form a load-bearing 

and/or stabilising structural wall element.  In addition to admitting daylight, 

the function of the glass in such elements is to act as a load-bearing part of the 

structure in conjunction with the wood. 

The project includes sub-projects investigating the mechanical properties 

of various types of adhesives and the load-bearing capacities of various types 

of structural element, energy performance, life-cycle analysis (LCA) and, 

finally, investigations of the architectonic opportunities provided by the ability 

to use transparent glass as a load-bearing material. 
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Figure 1 shows the prototype of the wall element that has been developed 

in the above project.  Measuring 1,2 x 2,4 m, the wall element is made of glass 

and wood, consisting of a 10 mm thick load-bearing sheet of glass adhesively 

bonded between wooden frames made of laminated veneer lumber (LVL).  

The inside of the element is provided by a sealed double-glazing unit, while 

the outside consists of a 6 mm protective glass pane.  An acrylate adhesive has 

been used for bonding the glass and the wood. 

 

 
Figure 1. The wall element with a sealed double-glazing unit on the inside, a load-bearing 

centre pane and a protective sheet of 6 mm glass on the outside.  Illustration:  Maria 

Runesson. 

1.2 Purpose, objective and method of working  

The main purpose of this work has been to acquire new knowledge of thermal 

failures in glass structures. 

The specific objective has been to verify the stress pattern in a 

load-bearing glass and wood wall element when it is thermally loaded by 

incident solar radiation on the surface.  The work has also included the 

objective of investigating how this can be done using practical and theoretical 

methods, and evaluation of whether there is a risk for cracks arising in the 

glass, i.e. of thermal failure. 

The method of working has involved performing simulations using the 

finite element method in order to calculate temperature distributions in the 

structure and the resulting induced stresses in the glass under varying 

conditions of incident solar energy intensity.  The results of these calculations 

were then compared with those from an experimental investigation using solar 
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simulation in order to evaluate and calibrate the theoretical calculation 

method. 

1.3 The format of this report 

This thesis is divided into seven chapters.  The introductory chapter describes 

the background and purpose, objectives and the method of working employed 

in the project.  Chapter 2 describes methods of calculating temperatures and 

stresses in glass exposed to solar radiation, as described in relevant scientific 

articles in this field (thermal stresses in glass).  Chapter 3 briefly describes 

theories of the physical properties that are described in this report:  radiation, 

thermal transport and optical properties.  In addition, it describes the basic 

theory of calculations using the finite element method.  Chapter 4 provides a 

general overview of the properties of the various types of relevant materials, 

concentrating mainly on the glass, together with a brief description of the 

materials used in the work.  Chapter 5 describes the work involved in 

simulations of a single glass panel and of two different designs of glass and 

wood assemblies, together with the results obtained.  Chapter 6 describes the 

experimental investigations and the results obtained, while finally Chapter 7 is 

a discussion of the results, complemented by recommendations for continued 

work. 
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2 PREVIOUS WORK 

This section presents methods of calculating temperatures and stresses in glass 

when exposed to solar radiation.  The presentation is based on scientific 

publications found by a search of the literature.  

2.1 Methods of calculation 

It is not always economically feasible to invest resources in carrying out 

detailed stress calculations using the finite element method in every single 

project.  This is the result reached by Lingnell and Beason [1], who present a 

theoretical model for calculating thermal stress levels caused by solar 

radiation and shading effects from the surrounding frame.  Their model is 

based on total absorption of the solar energy, calculated by multiplying the 

maximum solar radiation intensity by the absorption of the glass expressed as 

a percentage, together with a thermal stress factor.  The nominal stress along 

the edge of the glass is then assumed to be given by the following equation: 

 

                

 

where thermal stress,         , is expressed in kPa, and where the total 

absorbing solar energy, SL, is given in  W/m
2
, and the thermal stress factor, 

TSF, in kPa/Wm
2
.  

 

The thermal stress factor, TSF, was calculated [1] using the FE method for a 

rectangular sheet of 6 mm glass mounted in three different types of frame:  a 

traditional design and two further designs, with respectively favourable and 

unfavourable conditions. 

Favourable conditions are those where the edge of the glass is completely 

insulated, so that there is no heat flux in either direction through the edge of 

the glass.  This means that the only heat flux to the edge of the glass is that 

which occurs by conduction through the glass. 
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Unfavourable conditions are those where the edge of the glass is screened 

from solar radiation, and thus prevented from heating, by the glass being fitted 

in a thick-walled frame or in a concrete wall having high thermal mass.  This 

means that an equilibrium temperature from, for example, night-time 

conditions applies around the edge of the pane, while the temperature of the 

centre of the pane quickly rises when the glass is exposed to the sun.  

A traditional system for glazing units consists of a rubber gasket between 

the glass and the thin-walled wood, aluminium or vinyl frame, in order to 

avoid direct contact between the materials.  To avoid the risk of mechanical 

stresses arising from adjacent supports, the glass is fitted so that there is 

sufficient space around it to allow it to expand when its temperature rises. 

The results for the thermal stress factor with the three different frames 

considered in the work is presented in diagrammatic form, showing the 

maximum main stress as a function of the width of the screened edge, from 0 

to 35 mm [1]. 

According to [1], this method of calculation is unproven, but the authors 

claim that the model uses only reasonable assumptions and parameters, and 

that it should be suitable for verifying whether various proposed glass 

applications are feasible in a structure.  Lingnell and Beason also state that the 

model should be expanded to include further factors in order better to agree 

with real conditions to which the window is exposed.  Factors that should be 

included in the model include shading caused by external conditions, such as 

overhanging roofs, nearby buildings or plants, trees etc., the effects of physical 

properties of the glass, such as low-emission coatings, and the effects of 

sealed double panes.  With a model incorporating these additions, a designer 

would be better placed to assess the performance of different types of designs 

and decide whether stress levels are acceptable or not. 

Mai [2] has used an experimental method to show that fracture-mechanical 

relationships can be used to calculate and analyse the magnitudes of tensile 

stresses caused by crack formation in a single sheet of glass.  The calculation 

includes the initiation point of the crack formation, which is usually known as 

a mirror due to its polished surface, and the factor of fracture toughness, KIC, 

together with other fracture-mechanical relationships:  

 

  
   

√   
     

   

√ 
 
 

√ 
 

 

where the fracture toughness, KIC, has been calculated as 0,85 MPa, √  by 

experimental investigations [2], and where the size of the crack, ac, has been 

calculated as  0,1 r, [2], where r is the radius of the mirror surface. From 

this, constant A becomes 1,90 (= 2,24 x 0,85) MPa √  for solar shading 

glass, [2].  
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The experimental study also includes a study of the effects of different 

patterns of shade across the surface of the glass.  The work set factors for 

horizontal and diagonal shading at temperature differences ranging from 20 C 

to 70 C.  In both cases, the thermal stress values increased by about 10 % in 

comparison with the value when the entire area was exposed to solar radiation.  

In a diagram [2], Mai presents the results for several models of different 

shading patterns.  From the diagram, it looks as if the proportion of shade 

across the entire area of the glass varies, but the grouping of the factors does 

not indicate what proportion was shaded horizontally and what proportion was 

shaded vertically.  According to [3, 4], the stress level in the glass depends on 

the proportion of shade. 

The model has been validated, showing that the calculated stresses are in 

good agreement with the experimentally measured strain values (measured by 

strain gauges). 

The drawback of this method is that it requires an experimental procedure 

in order to determine the mirror radius, together with calculation to obtain the 

end result.  Such an experiment would probably be time-consuming.  It would 

require additional resources in order to manufacture samples, perform the 

experiments and determine the mirror radius, as well as to calculate the final 

result.  The time and expense saved in comparison with a complete experiment 

would probably be small.  The difference is the time required for applying 

strain gauges in comparison with analysis of the mirror radius and associated 

calculations. 

This method would probably be most suitable for verifying some of the 

alternative designs, and should be complemented by other methods of 

calculation.  Mai has used the method in connection with development of new 

surface coatings and sealing materials in order to minimise stress levels. 

Using finite element calculations, Zhong-Wei [3] has investigated how the 

temperature of the glass is affected by the absorption of the glass and the solar 

intensity.  The finite element results have been compared with another method 

of calculation [3] and with experimental results.  The calculation using the 

finite element method gives results which are closer to those obtained by the 

experimental measurements than are those given by the other method of 

calculation.  One factor that affects the final result is the value of coefficient of 

heat transfer used in the temperature analysis.  According to Mai, the finite 

element calculations should use a coefficient of heat transfer between 3 and 

7 W/m
2 

K for the indoor climate if the calculated temperature is to agree with 

the experimental results.  The finite element calculation assumed a value of 

4 W/m
2 

K in order to match the value to that of the laboratory conditions in 

which the experimental work was performed, as against a value of 7 W/m
2 

K 

for the other method of calculation.  This possibly explains the differences in 

temperature between the different methods of calculation. 

In one study, Zhong-Wei has investigated the effects of different types of 

shading of the glass surface.  These results show that tensile stresses in the 
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glass increase with a growing proportion of shade, up to 25 %, after which 

they decline.  

Zhong-Wei has compared calculated stress levels for two cases:  one in 

which the glass can expand, and one where it cannot thermally expand.  The 

tensile stresses in glass that cannot expand amount to only 4 % of the tensile 

stresses in glass that can expand.  This shows that the ability of the glass to 

expand, and how it is fitted into the structure, are factors of extreme 

importance for the final result.  It is therefore important to list all the boundary 

conditions when performing calculations or experimental investigations. 

 

Table 1. Calculated stresses for different expansion modes of the glass. 

 T max (MPa) min (Mpa) 
Expansion 25 15,19 -4,4 

No expansion 25 0,68 -20,3 

Factor  0,045 0,22 

 

Zhong-Wei has also performed an experimental investigation of stress and 

compared the results with those from a calculated finite element analysis.  The 

difference between these results is about 4-8 %.  

 

Table 2. Temperatures,T, and maximum stresses, max, MPa. 

 No. 1 No. 2 No. 3 

 T max T max T max 
Measured 19 8,6 24 11,1 31 14,7 

Calculated 18 9,2 22 12,0 29 15,3 

 

In his investigation, Zhong-Wei has stated the temperature field across the 

glass surface, but it is not clear whether the entire pane was exposed to the sun 

or whether the edges were shaded by a frame.  Even in the experimental study, 

it is very difficult to decide from a picture of the test arrangement whether the 

glass is fitted into a frame or not, and if so, how it has been secured.  Zhong-

Wei also states that strains were measures along the edge of the pane, but says 

nothing of how the measurements were made.  All these boundary conditions 

are very important in making it possible to reproduce and compare the results, 

both for calculated and for measured stress levels.  

Chowdhury [5] has investigated stress values in a long and narrow design 

with two different methods of fastening.  One arrangement fixed the pane at 

all four corners, while the other fixed it only at the two bottom corners.  The 

lower half of the pane was exposed to solar radiation.  The coefficient of 

thermal transmittance was assumed, for the purposes of temperature 

calculation, to be dependent on the surface temperature and the ambient 

temperature [5].  The results show that compressive stresses dominate if the 

glass is fixed at all four corners, (as was found in the Zhong-Wei study), while 
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the stresses changed to tensile stresses along the edges of the pane when the 

glass is fixed only at the bottom corners. 

Pilette [4] has investigated temperatures and thermal stresses using the 

finite element method under steady-state conditions in a winter climate, using 

three different double-glazed windows with different grades of glass. Pilette 

has also calculated the coefficient of heat transfer for one of the seven 

double-glazed windows that Sasakis [4] investigated under real conditions.  

Pilette performed calculations for both steady-state and transient conditions, 

and compared the results with those of Sasakis.  Compared with the measured 

temperatures, the calculated values are 1 – 3 C lower in the inner and outer 

glass.  

Using the finite element method, Pilette has also investigated thermal 

stresses in three dimensions.  The results showed that high tensile stresses 

arose along the edge of the glass, with only low compressive stresses in the 

centre of the pane.  The distribution of maximum tensile stresses along the 

short sides and long sides are practically identical [4]. 

The analysis considered a total of nine different dimensions, with the 

results showing that the size of the window has no effect on the magnitude of 

the stress in the glass when the entire structure is exposed to the sun, and only 

20 mm of the glass is screened by the frame.  According to Pilette, the 

likelihood of flaws in the glass increases with increased area, and therefore 

presents an increased risk of crack formation. 

Pilette has also performed a detailed study of the effects of different 

shading dispositions across the surface of the glass, with different proportions 

of horizontal and vertical shade, and reached the result that the level of 

thermal tensile stresses increases with an increase in proportion of shade up to 

shading of about one-third of the total area. 

Summarising, it can be said that the literature contains some, although not 

particularly many, reports on earlier investigations of thermal stresses in glass.  

Several of these investigations point to two important parameters:  the way in 

which the glass is secured, and the coefficient of thermal transmittance 

between the glass and its surroundings.  It is also clear that most of these 

reports lack detail in terms of describing these very important conditions. 
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3 THEORY 

This chapter briefly describes the theories of the physical phenomena 

described in this report.  It also describes the basic theory of the finite element 

method.  

3.1 Black body radiation and incident solar radiation 

All objects absorb and emit energy from incident electromagnetic radiation.  A 

body that absorbs all the radiation incident upon it is referred to as a black 

body.  The radiation which is in turn emitted by the body is referred to as 

black body radiation.  The total radiated energy from a black body depends on 

the temperature, and can be expressed in accordance with Planck’s Law [6, 7]  

 

    
        

 
  
     

  3.1 

  

where    is the total emitted radiation power, per square metre (m
2
), at 

wavelength  . p is Planck’s constant, B is Boltzmann’s constant, c is the 

velocity of light, and T is the temperature in Kelvin. 

 

The total intensity of the emitted radiation from a black body, expressed as 

radiated power per unit of area (W/m
2
), is given by Stefan Boltzmann´s law, 

by:  

 

  ∫   
 

 
        3.2 

 

where   is Stefan Boltzmann’s constant and T is the temperature (K).  The 

radiant intensity from a real body is somewhat lower:  

 

        3.3 
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where   is the emittance of the body.  For an ideal black body,   = 1, while for 

all non-ideal materials,   <1.  

 

The incident radiation will be absorbed, transmitted and reflected.  The 

respective proportions of the incident radiation corresponding to these 

phenomena are referred to as    (absorption)   (transmission), and   
(reflection).  The relative proportions of these three effects are functions of the 

wavelength.  The total of these contributions must equal the total quantity of 

incident radiation, i.e.  

 

 ( )   ( )   ( )     3.4 

 

and, if this relationship is in thermodynamic equilibrium, we also have 

 

 ( )   ( )  3.5 

 

The sun is a source of electromagnetic radiation, with most of its energy in the 

300-4000 nm wavelength range, which in turn is often divided into four 

wavelength intervals [8]:  

 

1. 280 nm<   < 380 nm:  Invisible ultraviolet radiation (UV), containing 

about 5-10 % of solar radiation energy.  Window glass is transparent 

to UV-A, but absorbs essentially all radiation of wavelengths shorter 

than 300 nm, such as UV-B and UV-C.  

 

2. 380 nm<   < 780 nm: Visible light (VIS), containing about 50 % of 

solar radiant energy.  Ordinary window glass has a high transmittance 

in this range. 

 

3. 780 nm<   < 2500 nm: Infrared radiation (NIR).  This is the portion 

of the solar spectrum that reaches the ground, and which carries the 

rest of the solar energy, about 40-45 %.  

 

4. >2500 nm: Infrared radiation (IR).  All surfaces emit radiation in this 

range at room temperature.  Ordinary window glass is opaque to these 

wavelengths. 

 

If the earth had no atmosphere, solar radiation intensity at the surface would 

be about 1360 W/m
2
.  Insolation is often divided into direct and diffuse 

radiation, with the diffuse radiation being that received after scattering in the 

atmosphere due to molecules, particles or reflection from clouds.  Under a 

completely cloud-covered sky, all radiation reaching the earth’s surface is 

diffuse.  The sum of direct and diffuse radiation is usually referred to as global 

irradiation, with the incident radiant power per unit of area being referred to as 
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global irradiance or the solar constant, I0, and expressed as W/m² [9].  The 

direct radiation intensity can vary very rapidly during the day, from, say, 

900 W/m
2
 down to 0 W/m

2
 over a few seconds, or vice versa, with the 

changes being due primarily to the effect of clouds shading the sun.  Direct 

radiation values in Sweden have sometimes been measured at over 

1000 W/m
2
, but a commoner value is around 800-900 W/m

2
. 

 

 
Figure 2. Incident solar radiation, minute by minute, for 11th May 2004.  Source:  SMHI. 

The thermal power, q, absorbed by a surface depends on the absorptance of 

the surface and the angle of the surface in relation to the radiation.  The angle 

of incidence varies as the earth rotates around its axis, with the sun being 

highest in June and lowest in January.  If ϕ  is the angle between the normal to 

the surface and the radiation direction, we obtain the relationship [10]   

 

             ϕ  3.6 

 

where      is the short-wave absorptance of the surface, and    is the solar 

radiation intensity. 

 

The highest energy incidence on a surface therefore occurs when the radiation 

is perpendicular to the surface.  For practical purposes, it can be regarded as 

relatively constant up to about 30 - 40, after which it declines rapidly [11].  
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Figure 3. Angle ϕ between the normal to the surface, n, and the incident radiation. 

3.2 Optical properties  

Transmittance, reflectance, absorptance and emittance, all as functions of 

wavelength, or as spectral average values, represent the various optical 

properties that a glass can have.  In practice, it is the average value over a 

limited wavelength interval that is of interest.  These intervals can be, for 

example, ultra-violet, visible light, solar radiation and thermal spectra.  

Integration over a specific spectral interval gives a value for the desired area, 

either as transmittance, reflection or absorptance [12]. 

 

Directly transmitted solar energy,     , for a single pane of glass can be 

calculated from the following formula [12], 

 

     
∑    ( )  

      
     

 ∑     
      
     

 3.7 

 

where    is the normalised value of the spectral global solar radiation, and is 

specified in EN 410 [12], where   ( ) the spectral transmission for glass and 

   is the relevant wavelength interval.  In the same way, we can calculate 

corresponding values for other ranges (ultraviolet and visible light) for 

transmittance, absorption or reflection [12].  For a normal single sheet of 

4 mm thick glass, as normally used in windows, about 83 % of the solar 

radiation is transmitted (     ), with about 7 % being reflected (rsol).  The 

emittance,  korr, for a sheet of clear glass is about 84 %. 

From the point of view of energy, an ideal window glass would admit all 

solar radiation.  By applying a coating to the glass, in the form of a thin layer 

of metal or metal oxide, we can control the relative proportions of 

transmittance, reflectance, absorptance and emittance in the various 

wavelength ranges.  In this way, glasses can be designed for different 

purposes, such as reducing incident solar radiation in order to avoid high 

indoor temperatures, or reducing heat losses from the interior to the exterior. 

 

n 
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3.3 Thermal transport  

Thermal transport occurs as soon as there is a temperature difference, resulting 

in energy flow from warmer to colder parts, and tending to eliminate the 

temperature difference.  The three basic mechanisms for thermal transport are 

conduction, radiation and convection.  

 

Thermal conduction involves the transfer of energy from one molecule to a 

nearby molecule, and occurs both in solid bodies and fluids, such as gases or 

liquids. 

Thermal conduction through a material depends on the conductivity of the 

material, with a low coefficient of thermal conductivity meaning that the 

material has a thermal insulation characteristic.  Fourier’s Law states that the 

following relationship applies for one-dimensional thermal conduction under 

steady-state conditions 

 

   
     
 

 3.8 

 

where the heat flow, q, is expressed as energy flow per m², k is the thermal 

conductivity of the material, and d is the thickness of the material.  T1 and T2 

are the temperatures of (for example) the two surfaces of a layer of material. 

 

Radiation does not require any physical medium to carry the energy flow, 

and represents the exchange of energy between a surface and its surroundings. 

 

Convection is the transfer of heat in a boundary layer between a solid body 

and a fluid, or between a liquid and a gas.  Heat exchange occurs when the 

fluid flows along the solid surface.  The fluid motion may either be forced or 

natural, with the moving fluid carrying away heat from a warmer surface or 

supplying it to a colder surface.  In the case of natural convection, air currents 

arise due to the difference in density resulting from temperature differences in 

the air.  When the air currents are due to external factors, such as fans or the 

effect of wind, the result is known as forced convection.  Wind-powered air 

flows on the outside of (for example) a window mean that more heat will 

either be removed from or supplied to the inside of the window, as the air 

currents there are considerably less than on the outside.  In a multi-pane 

window, air currents can arise as convection.  Natural convection can arise if 

the air gap between the panes is sealed relative to the air on the outside, while 

forced convection can occur in other cases, such as when there are air leaks 

between what are known as ‘linked panes’. 
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3.3.1 Coefficient of heat transfer  

Heat flow through the surface of a building towards its surroundings depends 

on the internal and external coefficients of heat transfer, hi and he, which by 

definition include the effects of convection, conduction and radiation.  The 

values of the heat transfer coefficients used for, say, an energy calculation 

may be taken either from a standard or can be worked out by calculation.  

According to EN 673, the values of the internal and external coefficients of 

heat transfer of a vertical glass panel are 8  W/m
2 

K and 23 W/m
2 

K 

respectively [13].  The inverse of the coefficient of heat transfer is the 

coefficient of surface thermal resistance, values for which are given in EN 673 

as Rsi = 0,13 m
2
K/W and Rse = 0,04 m

2
K/W for the internal and external 

coefficients respectively. 

 

The coefficient of heat transfer, h, can also be calculated from the following 

relationship [14] 

 

  
 

     
 3.9 

 

where    is the coefficient of heat transfer for convection and conduction, and 

   is the coefficient of heat transfer for radiation. 

 

Coefficient    can be calculated from 

 

   
    

  
  3.10 

 

where NuL is the Nusselt number for the glass, and where k is the thermal 

conductivity of air and Gf  is the height of the sheet of glass (m). 

 

The dimensionless Nu and Ra numbers can be calculated as follows: 

 

            ⁄                                Laminar flow 3.11 

 

            ⁄                          Turbulent flow 3.12 

 

   
  (     )  

 

   
 3.13 

 

where   is the acceleration due to gravity (9.81 m/s
2
),  is the coefficient of 

thermal expansion of air,  = 1/(Tl + 273),  is the kinematic viscosity of air,   

is the thermal diffusivity of air, and Hf  is the height of the sheet of glass.  
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The coefficient of heat transfer for de radiation,   , is given by:  

 

     ((      )
  ((        )

 )  (            

   )  
3.14 

 

where   is the emittance,   is the Stefan-Boltzmann constant,    is the 

temperature of the glass and      is the ambient temperature.  

3.4 The Finite Element method – theory  

The finite element method, FEM, is a numerical method for finding 

approximate solutions to differential equations.  A characteristic feature of the 

method is the subdivision of the model in small areas or volumes, known as 

finite elements.  These elements are in turn connected to each other at a 

number of nodes at the corners or along the edges of the elements.  An 

interpolating function (generally a polynomial function) is applied between the 

nodes within an element in order to approximate such quantities as 

temperature distribution within a structure.  The polynomials that are generally 

used are either linear, quadratic or cubic.  In other words, the polynomials 

within each element describe the variation in the sought variable for given 

values of the variable at the element nodes.  By considering the continuity of 

the variable at the nodes that link the elements with each other, and by 

introducing boundary conditions and loads, it is possible to calculate how the 

sought variable varies across the model.  In its simplest form, the finite 

element method results in linear equation systems, the primary unknowns of 

which consist of the values of the sought variable at the model nodes.  

3.4.1 Heat transport calculations  

This section describes the calculation of heat transport for a transient heat 

analysis.  The results from these calculations are used later as input data for 

stress analysis for calculation of deformation, strain and stress.  The equations 

presented in the sections of this report dealing with heat transport and stress 

calculation are taken from the literature. 
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3.4.1.1 Fundamental differential equations 

 
Figure 4. Heat flow through a unit volume.  

By regarding an infinitesimal part of the body,     as shown in  

Figure 4, having an internal heat source Q [W/m
3
], we can calculate the 

energy balance.  Finding the energy balance for volume    requires the input 

energy to be equal to the energy needed to increase the temperature plus the 

energy flowing out of the body, all quantified per unit of time.  According to 

[15], the energy balance then becomes 

 

             ̇        
   
  

        
   
  

       

 
   
  
        

3.15 

 

where the material parameters are  , density, and   is the thermal capacity, 

and where  ̇ is the temperature change per unit of time, 
  

  
.  By dividing by 

          , we obtain the balance equation 

 

 
   
  

 
   

  
 
   
  
     

  

  
 3.16 

 

Introducing the divergence operator   , Equation 3.16 can be compacted  

 

         
  

  
 3.17 

 

Inserting Fourier’s Law, 3.18 

 

       3.18 

 

x 
z 

y 

qx qx + qx 
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in Balance Equation 3.17 results in the differential equations for transient heat 

transport [15] 

 

          
  

  
 3.19 

 

3.4.1.2 Finite element formulation  

Solving Equation 3.19 requires insertion of the boundary conditions.  These 

consist of either a known temperature or a known heat flow along the edge, 

and are expressed as [15] 

 

    
                      3.20 

 

                                    3.21 

 

where   is the outward-facing normal along edge  .  By multiplying by an 

arbitrary time-independent function,    ( ), known as the weighting 

function, and by integrating across the region, we obtain the weak formulation 

of the problem.  To solve this equation also requires assumption either of a 

temperature or of heat flow along the edge, together with specification of an 

initial temperature for all points in    at time    . 

 

∫    
  

   

    ∫     
 

    ∫      
  

 3.22 

 

The second term in Equation 3.22 can be expressed as:  

 

∫     
 

    ∫     
 

   ∫ (  )  
 

   3.23 

 

Inserting Expression 3.23 and boundary conditions 3.20 and 3.21 in Equation 

3.22 produces the weak form of the Balance Equation as [15] 

 

∫    
  

   

 ∫ (  )  
 

   

  ∫     
  

 ∫       ∫     
   

 

3.24 

 

where    is the unknown heat flow that leaves the body along   .  
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The finite element approximation can now be constructed from Equation 3.24.  

By applying variable separation, the temperature variable   can be expressed 

as  

 

 (   )   ( ) ( ) 3.25 

 

where N is a row matrix containing shape functions, and d is a column matrix 

containing time-dependent temperatures at the nodes. 

 

Using the Galerkin method, we choose the weighting functions as follows 

 

 ( )   ( )   3.26 

 

where   is a vector having constant values.  Inserting 3.26 in Equation 3.24 

gives 

 

  [(∫   

 

  

  
   ))  ∫ (  )  

 

  

  ∫      
  

 ∫         ∫       
   

] 

3.27 

 

where the right-hand half of Equation 3.28 is a force vector 

 

    ∫      
  

 ∫         ∫       
   

 3.28 

 

If we use the notation      , Equation 3.27 becomes 

 

∫     
 

  

  
    ∫    

 

     3.29 

 

which is the finite element form of the Balance Equation [15]. 

 

The finite element approximation of the time derivative     ⁄  gives 

 
  (   )

  
  ( ) ̇( ) 3.30 

 

from which Equation 3.24 becomes 
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(∫      
 

   ))  ̇( )  ∫    
 

     3.31 

 

where the first term in Equation 3.27 is the thermal capacity matrix  

 

  ∫      
 

    3.32 

 

After inserting Equation 3.25 in the constitutive position, the finite element 

approximation of heat flow q is given by  

 

     (  )       3.33 

 

from which Equation 3.31 can now be expressed as  

 

  ̇( )  ∫     
 

    ( )    3.34 

 

where the second term in Equation 3.34 is the conductivity matrix 

 

  ∫     
 

    3.35 

 

Finally, this can be expressed in the compact form:  

 

  ̇( )    ( )   ( ) 3.36 

 

which is the linear finite element equation for transient thermal conduction 

[15].  

 

If the heat conductivity is temperature-dependent, the constitutive relationship 

becomes non-linear in form [15]  

 

     ( )   3.37 

 

At the same time, the thermal capacity can also be temperature-dependent, in 

which case the equation takes the form 

 

 ( ) ̇   ( )    3.38 

 

Equation 3.38 is difficult to solve analytically, however, using a time 

increment method (not presented here), it is possible to solve the problem. 
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3.4.2 Stress analysis  

3.4.2.1 Fundamental differential equations  

The relationship between stresses and strains depends on the material’s 

properties, and is usually referred to as the constitutive law or the material 

relationship.  For uniaxial stress conditions, linear elasticity is expressed by 

Hooke’s Law  

 
       3.39 

 

where the material parameter   is the Young’s-modulus (modulus of 

elasticity), and     is the elastic strain (mechanical strain). 

 

If the material is subject to temperature differences, the total strains      will 

consist of the sum of the elastic strains and the thermal strains.  The elastic 

strains    are still given by Hooke’s Law, while the thermal strain    is given 

by       , where   is the coefficient of linear expansion of the material and 

   is the change in temperature from a stress-free reference state. 

 

In the general three-dimensional case, the stress matrix S is given by [16] 

 

  [

         
         
         

] 3.40 

 

The body may be loaded by volume forces [N/m
3
], which are given by the 

volume force vector,   

 

  [

  
  
  

] 3.41 

 

By considering an arbitrary small part of a body, we can express the following 

partial differential equations with the help of the equilibrium conditions [16, 

17] 
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3.42 

 

which, compacted, give [17] 

 

 ̃       3.43 

 

By multiplying by arbitrary weighting functions, and applying the Green-

Gauss Theorem, we finally obtain the weak form of the differential equation 

[17] 

 

∫ ( ̃ )     
 

   ∫        
 

∫       
 

 3.44 

 

3.4.2.2 Finite element formulation  

By using global form functions   to approximate the displacements and, in 

accordance with Galerkin’s Method, using the same form functions for the 

arbitrary weighting functions, we can express the finite element formulation in 

weak form as follows:  

 

∫       
 

 ∫        
 

∫       
 

 3.45 

 

where    ̃  is the derivative of the form and weighting functions. 

 

By introducing a constitutive model for a thermo-elastic material, in which D 

is the constitutive matrix and   is the total strains, and where    is the initial 

strains (in this case, thermal strains), we can formulate the following equation: 

 

         3.46 

Inserting kinematic relationships [17] in Equation 3.46, we obtain: 

          3.47 

 

Inserting these values in Equations 3.47 and 3.45, we obtain: 
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(∫        
 

)  ∫        
 

∫       
 

 ∫         
 

 3.48 

 

In order to be able to solve Equation 3.49, we need to apply the boundary 

conditions: 

 

                   

 

                         
3.49 

 

inserting boundary conditions 3.49 in Equation 3.48 produces:  

 

(∫        
 

)  ∫        
  

∫        
  

∫       
 

 ∫         
 

 

3.50 

 

Before expressing the finite element formulation in compact form, we have 

the following definitions: 

 

  ∫        
 

 

 

   ∫        
  

∫       
  

 

 

   ∫       
 

 

 

   ∫         
 

 

 

3.51 

Finally, the FE-formulation can be expressed in compact form as: 

 

     3.52 
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4 MATERIALS 

This chapter presents a general overview of the properties of the relevant types 

of materials, with the main emphasis being on glass, together with a brief 

description of the materials used in the work described in the report. 

4.1 Properties 

4.1.1 The properties of glass  

Glass is used for many different applications.  The most widespread 

application is that of glass packaging, while in buildings it is used as windows, 

facades and in the form of glass wool. 

Flat glass, with a composition in accordance with EN 572-1 [18], is widely 

used in the building sector.  It is produced by the float glass process, 

accompanied by typical ancillary process stages such as handling of raw 

materials, melting, shaping, conditioning and processing. 

Glass is a transparent material with an irregular molecular structure that 

permits light to pass through it.  It is hard and brittle, and a sheet of ordinary 

glass shatters into large fragments when it fails.  For applications where high 

safety and/or protection is required in buildings, glass can be either toughened 

and/or laminated. 

As new methods have made possible the application of thin surface layer 

coatings on glass, glass has acquired an increasingly important role in attempts 

to create better indoor climate conditions and improve thermal performance.  

Radiation losses through glass can be reduced by applying a coating to reduce 

the emissivity of the glass surface.  Sunshading protection can be achieved 

either by using coloured glass that absorbs the heat from the sun, or by 

applying a suitable surface coating to reflect sunlight.  Regardless of which 

method is used, this can result in higher glass temperatures during sunny 

months of the year. 
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4.1.1.1 Mechanical properties 

Glass is often assumed to be an isotropic and linearly elastic material that fails 

by brittle failure without any plastic (residual) deformation. 

Theoretically, sheet glass has a very high compressive strength (typically 

quoted as about 21 GPa), but which in practice is very much lower due to the 

effect of microscopic flaws in the surface [6].  The number of micro-cracks 

(per m
3
 or per m

2
) in the glass varies from one glass to another.  Along the cut 

edge of the glass, and depending on the method of cutting used, there are 

cracks which act as stress raisers.  A perfectly cut edge (i.e. without 

unevenness) can have at least the same strength as a ground and polished edge 

[6, 19].  Flaws in the glass have a greater effect on the breaking stress when 

the glass is in tension than when it is in compression, as tensile stresses tend to 

‘open up’ the flaws, which in turn increases the stress concentration in the 

flaws, resulting in increased crack propagation and failure. 

 

Strength values for float glass:  

Compressive strength 880-930 MPa 

Tensile strength 30-90 MPa 

Bending strength 30-100 MPa 

 

The strength of glass is considerably lower when exposed to long-term loads 

than when it is exposed to short-term loads.  This is due to the fact that, when 

loaded above a certain value, glass exhibits what is known as static fatigue.  

This is caused by ageing effects resulting from the joint effects of water, 

humidity and mechanical surface damage from handling or use. 

4.1.1.2 Thermal properties and thermal failure  

Temperature differences between one part of the surface of the glass and 

another can cause high induced stresses which, if exacerbated by flaws in the 

glass, can result in thermal failure.  In practice, the most common failure 

scenario is that the edges of the pane are exposed to higher tensile stresses 

than the surfaces in the middle of the pane, which means that defects such as 

cracks in the edge of the glass are a worse scenario from the point of view of 

thermal strength than are defects further in towards the centre on the glass 

surface [20].  Breakages at the edge of the glass usually result in a 

characteristic crack, normally containing both vertical and horizontal 

branches, and propagating inwards, perpendicular to the edge, and dividing 

into ‘leaders’ further in towards the centre of the pane, depending on the 

overall stress pattern. 
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Source: Pilkington 
 

Figure 5. Growth of a crack perpendicular to the edge of the glass and to the surface, 

caused by thermal stresses. 

The heating effect of sunshine is one of the commonest causes of breakage of 

glass in buildings.  A classic thermal failure situation arises when one edge of 

a pane of glass is shaded, e.g. by the frame or some projecting part of the 

building or an object in the landscape, while the centre part of the glass is 

heated by the sun.  This uneven heating of glass creates tensile stresses along 

the edge which, according to [21], are of the order of 0,3 MPa for each degree 

(C) temperature difference.  On a windless day, a sheet of heat-absorbing 

glass can easily reach a temperature of 40 °C higher than that of the ambient 

air.  If the tensile stress at the edge of the glass exceeds 12 – 15 MPa, the 

probability of a break is very high [21].  

According to [20], the greatest proportion of breaks occur on clear cold 

winter days. During the cold night the glass cools to an equilibrium condition 

that depends on the temperature outside and inside the building. When 

sunlight begins to shine, the exposed area of the glass is heated. As the 

exposed area of the glass expands, the unheated edges of the glass are forced 

in tension.  

The poor thermal conductivity of glass means that a thin sheet of glass is 

more resistant to thermal failure than is a thick sheet. A comparison [22] 

between two glass panes showed a temperature difference of 60 C for a 6 mm 

sheet of glass, and a temperature difference of 100 C for a 2 mm sheet of 

glass.  
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The risk of thermal breakage increases [23] if the following temperature 

differences are exceeded: 

• 40 K for float glass 

• 100 K for heat strength glass 

• 200 K for toughened glass 

Thermally toughening glass can increase its strength by 4-5 times.  The 

process involves heating the glass up to its softening temperature, of about 

650 °C, and then rapidly cooling it by forced air on both sides.  As a result of 

the material’s poor thermal conductivity, the surface layer cools more quickly 

than the glass in the centre of the sheet.  As a result, when the glass in the 

centre of the sheet has cooled and contracted, compressive stresses are 

induced in the surface layer and tensile stresses in the centre.  This toughened 

glass will not break until the integral compressive stresses are neutralised or 

changed to tensile stress due to external factors.  When the glass does break, it 

granulates into small pieces. 

Heat strengthened glass is manufactured in approximately the same way as 

toughened glass, but is subjected to less intensive cooling.  The tensile stresses 

in the centre of the material are considerably less than in toughened glass, 

which means that this type of glass breaks into large pieces. 

Laminated glass involves bonding two or more sheets of glass to a thin 

intermediate layer of a material such as polyvinylbutyral (PVB), which holds 

the pieces of glass together in the event of breakage. 

Borosilicate glass has a lower coefficient of thermal expansion and higher 

softening temperature than has common float glass, and is therefore capable of 

withstanding greater temperature differences (about 230 C) between centre 

and edge before thermal failure occurs. 

4.1.2 The properties of wood  

Wood is an anisotropic material, i.e. its properties vary in different directions. 

It is strongest in the fibre direction, but the presence of knots interrupts the 

fibre direction and reduces the strength of the wood.  Different types of 

processed wood have been developed in order to improve the properties of 

wood, e.g. glulam and laminated veneer lumber (LVL).  These materials have 

higher strength than ordinary structural timber, and also have considerably 

higher shape stability in response to variations in moisture content. 

The strength also varies depending on the type of wood used.  For most 

types of wood, tensile strength is higher than compressive strength.  Bending 

strength lies between these two, although closer to tensile strength.  A small 

defect-free test piece made of spruce with 12 % moisture ratio has the 

following approximate strength values: tensile, 90 MPa, compressive, 40 MPa, 

and bending, 75 MPa [24].   

Wood of normal sizes, and including defects, generally exhibits strengths 

of about ½ - ⅔ of the strength value of small, defect-free test pieces.  When 
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exposed to long-term loads, strengths are less than for short-term loads.  Long 

periods of elevated temperatures can also result in lower strength. 

The porosity of wood gives it good thermal insulation properties.  As it is 

an anisotropic material, the insulation properties vary somewhat depending on 

direction.  The coefficient of thermal conductivity, λ, is greater in the grain 

direction than perpendicular to it.  The thermal conductivity increases 

approximately linearly with increased density and moisture ratio.  

Temperature-induced movement due to thermal expansion is relatively small 

in comparison with movement caused by changing moisture ratio. 

4.1.3 The properties of adhesives  

Adhesives can be produced in a number of different states, from liquid to 

solid.  They are usually divided into groups depending on how they change 

from liquid to solid form, i.e. by means of chemical or physical processes [25].  

Adhesives in the first group include curing adhesives, while those in the 

second group include setting or drying adhesives. 

Curing adhesives, also known as structural adhesives, are the only 

acceptable type for load-bearing structures subject to high stress levels.  They 

include epoxy adhesives, phenolic adhesives, and polyurethane and acrylate 

adhesives. 

A curing adhesive changes from liquid to solid form as the result of a 

chemical reaction.  This reaction can be started by mixing two or more 

components, i.e. mixing hardener and base.  Other ways of causing adhesives 

to bond can be the presence of air, moisture, UV radiation or elevated 

temperature.  The reactions are irreversible. 

In general, the strengths of adhesives are temperature-dependent.  At the 

glass transition temperature, Tg, adhesives quickly lose their strength.  

Investigations of the performance of adhesive joints using an UV-setting 

acrylate adhesive (Tg 102C) joining glass to metal found high strength at an 

ordinary room temperature of 23 C.  However, this strength was reduced by 

45 % at a temperature of -20 C, and by 50 % at a temperature of 60 C [26]. 

The mechanical strengths of different types of adhesives vary widely, and 

are shown in Figure 6.  
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Figure 6. Mechanical properties of different types of adhesives.  Source: Swerea IVF. 

4.2 Choice of materials  

The following is a brief description of the materials that have been used in this 

work, together with reasons for their choice. 

4.2.1 Glass  

Two glasses have been used in this work:  a clear glass with low absorption, 

and a coloured grey glass with high absorption.  These two types were chosen 

in order to represent the behavioural extremes in terms of thermal properties.  

Glass is intended to be a load-carrying part of the structural elements, and so a 

sheet thickness of 10 mm was used. 

Selection of the type of glass presented a choice between ordinary annealed 

float glass, heat strengthened or toughened glass.  In order to avoid crack 

formation from thermal shock, the best choice is to use a toughened glass.  

However, the drawback of this is that the entire sheet falls apart into small 

granules in the event of cracking.  This glass also requires an additional 

processing stage to become toughened.  The final choice therefore became 

ordinary float glass.  Although this is more sensitive to thermal shock, it 

provides a clear indication of cracking without total collapse of the entire 

sheet, something that should be avoided in a load-carrying component. 

4.2.2 Wood  

The wooden frames in this project have been made from laminated veneer 

lumber (LVL), which is a material built up from thin layers of veneer.  The 

grain in each veneer layer runs in the same direction, producing a material that 

has very high tensile and compressive strength in this direction, and therefore 

making the material very suitable for load-bearing structures such as beams. 
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However, the decisive reason for selecting LVL in this project has been 

that it is much simpler to machine it with good precision.  This is due partly to 

the fact that the material is supplied with a carefully specified moisture ratio, 

and that it is considerably more dimensionally stable in response to moisture 

variations than is sawn timber or glulam. 

4.2.3 Adhesive  

SikaFast
®

-5215 acrylate adhesive is a rapid-curing two-component adhesive 

specially intended for use with glass.  It has a high strength when used for 

bonding closed joints between different types of material. 

The choice of this adhesive for production of the prototypes is based on 

investigations of the strength of adhesive joints in the project ‘Glass and 

timber – Innovative components with added value’.  Three different adhesives 

were investigated:  silicone, acrylate and polyurethane.  Of these, the adhesive 

showing the best properties in terms of strength was the acrylate adhesive, 

both in terms of shear strength (about 4,5 MPa) and in terms of tensile strength 

(about 3,0 MPa).  
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5 MODELLING 

The finite element method was used in this work in order to investigate the 

stresses that arise in the element, and how they are affected by varying 

conditions in terms of the intensity of solar radiation and different degrees of 

shading.  The surface of the element was shaded in horizontal or vertical 

strips, the size of which was also varied.  The work involved three different 

studies, examining different types of models of varying sizes:  an unframed 

glass sheet and two different designs of element in which glass and wood had 

been adhesively bonded. 

The commercial ABAQUS/CAE 6.10 finite element program was used for 

the modelling. 

5.1 Calculation methodology  

Thermal analyses can be performed either under steady-state conditions or 

transient conditions.  Steady-state analyses are used in order to find the 

equilibrium status of an object exposed for a long time to a heat flow under 

constant conditions (constant energy supply, boundary conditions, geometry 

and material).  Transient analyses are used to determine the variation in 

temperature as a function of time. 

The studies in this project have been carried out under transient conditions, 

thus making it possible to follow the actual sequence of the process in terms of 

temperatures and stresses as functions of time in the model. 

Tests were also performed under steady-state conditions.  The analyses 

give an ‘immediate’ temperature rise in the glass (or, more correctly, the 

analysis calculates only the end state), while the transient analysis means that 

the temperature of the glass rises with time, although in the end reaching the 

same final conditions, at least as far as linear calculations (linear, in the 

meaning that the input parameters are independent of temperature and time) 

are concerned. 
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The analyses were performed in two calculation steps.  The first step 

involved calculating the temperature field, which was then used as input data 

for a stress analysis, i.e. for calculating displacements, stresses and strains. 

The thermal and mechanical material parameters that are needed for this 

calculation methodology are thermal conductivity, specific thermal capacity, 

density, coefficient of linear expansion, modulus of elasticity and Poisson’s 

Ratio. 

5.2 Elements, meshing and boundary conditions  

An initial feasibility study was carried out on a rectangular sheet of glass in 

order to investigate the effects of choice of type of element, element size and 

boundary conditions.  The results of this study were then used to determine the 

choices made for the calculations in Studies 2 and 3, i.e. of the load-bearing 

glass and wood units.  

In order to produce a reliable result, it is important to select the right type 

of element, with the choice being affected by such factors as the geometry of 

the structure and the load applied to it.  There are several different categories 

of elements, such as plates-, shell and solid elements, with each category in 

turn consisting of several different types in respect of such factors as the 

number of nodes (order of the approximating polynomials).  The final 

combination of the selected element category, type of element and element 

size can be decisive for the results, and affects not only accuracy but also 

calculation time.  

Initially, three-dimensional first-order and second-order solid elements, 

containing eight and twenty nodes, respectively, were investigated.  For the 

purposes of calculating maximum stress, the second-order elements result in a 

value about 4 % higher.  Second-order elements result in a somewhat more 

accurate solution. 

The study was expanded to cover first-order elements formulated using 

‘incompatible modes’, which improves the behaviour of elements subjected to 

bending, and which also gave the same results as given by second-order 

elements.  One further type of element was investigated;  the ‘solid shell’ 

element, which in geometrical terms is built up in the same way as a solid 

element, but which is intended for modelling bending.  Even with only a few 

elements in the thickness direction of a thin-walled structure, this gives good 

accuracy for calculating bending action.  The results showed that this element 

was the least suitable, giving a result showing about 14 % lower stress values 

than compared with the results delivered by second-order elements:  see 

Appendix A. 

The number of elements was varied from 3200 up to 204 800, using 

second-order elements.  However, using the most detailed element application, 

the processing time is unreasonably long, and reducing the number of 
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elements to 51 200 delivers similar results.  The continuation of the work 

therefore used an element size of 5×5 mm in the plane of the glass, equivalent 

to 51 200 elements in the model. The number of elements in the thickness 

direction was reduced from eight to four, giving a total of 25 600 elements in 

the model:  see Appendix A. 

Traditionally, glass is used in buildings as windows or for facade cladding.  

In most designs, the glass is mounted so that its edge cannot move 

perpendicular to the surface, but is free to move in the plane of the glass, with 

the distance between the frame and the glass being sufficiently large to permit 

unrestricted thermal expansion of the glass. The extent and distribution of 

stresses induced in the glass are largely dependent on how the glass is secured 

[5, 20]. 

In the particular case described here, with load-bearing glass and wood 

units, the glass and the wood are adhesively bonded, so that the conditions for 

movement in the structure will vary, depending on such factors as the stiffness 

of the adhesive and the geometrical design of the joint. In parallel with this 

study, Blyberg [27] investigated the mechanical properties of adhesive glass 

and wood joints when subjected to shear and tension. That work included 

three different adhesives having different stiffness: silicone, acrylate and 

polyurethane.  On the basis of these alternatives, it was decided to investigate 

three different edge conditions when modelling the glass exposed to thermal 

loads. These different edge conditions can be said to represent more or less 

extreme cases in terms of the proposed method of fastening the glass sheet 

into a wooden frame.  The boundary conditions that were chosen were free 

movement (preventing only rigid body movements of the sheet of glass), a 

fully clamped glass edge, (i.e. the entire surface of the edge of the glass), and 

fixed edge lines (one or two): see Figure 7. 

 
Figure 7. Boundary conditions used in the model: a) only rigid body motion prevented,b) 

fully clamped edge surface, c) one simply supported edge and d) two simply supported 

edges. 

The stress distributions are completely different, depending on what choice of 

boundary conditions is made. Compared to the stress in the case of only 

preventing rigid body motion, the maximum stress when the pane fixed along 

one edge line, is 100 times higher or 30-35 times higher when it is fixed along 

two edge lines. These unreasonably high values occur very locally, and cannot 

 
 

a 
b c d 
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be used for evaluating the risk of cracking of the glass.  A fully clamped edge 

surface results in a stress value approximately twice as high as that resulting 

from a case with only rigid body motion being prevented: see Appendix A. 

On the basis of these results, the boundary condition equivalent to only 

preventing rigid body motion was chosen for the analyses of the glass sheet 

(Case 1). 

5.3 Case no. 1 – The glass sheet  

The investigation of the glass sheet involves calculation of temperatures and 

stresses that arose as the result of incident solar radiation.  The radiation 

intensity was varied between 600 and 1000 W/m
2
, and was assumed either to 

be incident upon the entire surface of the glass or on the glass with a certain 

proportion shaded. 

Two different grades of glass were investigated; Optifloat Clear and 

Optifloat Grey.  Optifloat Clear is Pilkington's standard float glass, with low 

absorption of solar energy.  Its main application is in the building sector for 

use as windows and facades.  Optifloat Grey is a through-coloured grey glass, 

with high absorption of solar energy, and can be considered as the first 

generation of solar protection glass.  Today, fourth- or perhaps fifth-

generation solar protection glass is being manufactured and which, instead of 

through-colouring, uses different optical coatings on the surface in order to 

block solar radiation.  These thin coatings may also have other properties:  

they can, for example, be low-emitting or self-cleaning. 

The investigation started with finite element modelling of the Optifloat 

Clear glass of 10 mm thickness, which is a reasonable thickness for glass 

intended to be a load-bearing part of the structure.  Three different sizes of 

sheets were investigated:  G1, 550 x 550 mm; G2, 550 x 1100 mm;  and G3, 

550 x 1650 mm. 

The finite element modelling was performed for incident solar energy 

intensities of 600, 800 and 1000 W/m
2
.  Ambient temperature was assumed to 

be 20 C.  In most cases, the transient analysis covered the first 60 minutes of 

exposure, using a 30-second calculation interval.  Calculations assumed a heat 

transfer coefficient, hi of 8 W/m
2
 K.  Three different shading conditions were 

investigated, with 0, 25, 50 and 75 % of the surface area being shaded, either 

horizontally or vertically. 

The material parameters for this glass as given in EN 572-1 [18] were used 

in the model:  density  = 2500 kg/m
3
, modulus of elasticity E = 70 GPa, 

Poisson’s Ratio   = 0,2, specific thermal capacity Cp = 720 J/kg·K, coefficient 

of linear expansion 20-300C= 9·10
-6

K
-1

, coefficient of thermal conductivity 

k = 1 W/m K, and emissivity  corr= 0837. 

According to Pilkington [28], 10 mm Optifloat Clear and Optifloat Grey 

respectively absorb 20 % and 67 % of solar energy radiation in the 300-
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2500 nm interval.  This was dealt with by a corresponding reduction in the 

postulated incident solar radiation, so that, for example, an irradiation of 

1000 W/m
2
 was multiplied by a factor of 0.2 for the standard Optifloat Clear 

glass, giving an intensity of 200 W/m
2
 for use in the finite element model. 

In an earlier feasibility study investigation, one of the boundary conditions 

was assumption of thermally insulated edges, bearing in mind the fact that the 

unit is intended to form part of the building, which should mean that the edge 

would be in contact with other materials.  However, this was changed in the 

finite element model of the glass sheet, and in the continued work, to 

completely uninsulated edges, corresponding to air in contact with all parts of 

the unit.  This is equivalent to the conditions used for the experimental 

investigations.  As far as the static boundary conditions were concerned, the 

model was fixed only to prevent rigid body movements. 

Calculations were also made using thinner glass, 4 mm, 6 mm and 8 mm, 

and using the G1 model in order to obtain an idea of by how much the glass 

thickness affects the creation of stresses caused by temperature differences.  

These sheets were irradiated at 1000 W/m
2
, for the case of the entire area 

being exposed to the sun.  4 mm, 6 mm and 8 mm Optifloat Clear glass 

respectively absorbs 10 %, 14 % and 17 % of solar energy irradiation in the 

300-2500 nm interval. [28] 

An important parameter in the temperature calculation is the value of the 

coefficient of heat transfer, which can either be expressed as a constant value 

or can be assumed to depend upon the temperature of the surface.  Here, hf has 

been used to indicate the constant value.  If a temperature-dependent 

coefficient is used, its value is calculated as given in Equations 2.8 - 2.13.  

ABAQUS provides two options for modelling when using a calculated value 

of heat transfer coefficient.  One way is to specify a total calculated value, 

including the effects of heat transfer contribution by conduction, convection 

and radiation, hTot.  Another way is to use a calculated value, which includes 

only contributions from conduction and convection, h .  In this second case, 

the model is complemented by the emissivity of the glass, with the ambient 

temperature being used as one of the parameters in the model, and with the 

programme calculating the irradiation contribution.  The finite element 

calculations were made using both these alternatives, as well as with three 

different constant values of coefficient of heat transfer; 8, 10 and 12 W/m
2
,K.  

Investigation of the effect of choice of heat transfer coefficient value included 

glass panel G1 and both types of glass, Optifloat Clear and Optifloat Grey.  

The entire glass surface area was illuminated at 600, 800 and 1000 W/m
2
.  The 

ambient temperature value was given as the temperature measured during the 

experimental investigations, Appendix E. 



37 

5.3.1 Results 

Solar irradiation intensity  

For the thick glass panel (10 mm), steady-state conditions are reached after 

about 60 minutes at an irradiation intensity of 1000 W/m
2
:  see Appendix B.  

With an ambient temperature of 20 C, the glass surface temperatures are 

about 32 C for Optifloat Clear and about 62 C for Optifloat Grey.  The 

temperatures of the edges of the sheet are somewhat lower than in the centre 

of the sheet, thus causing tensile stresses along the edges of about 1,1 and 

3,8 MPa respectively in these two cases.  See Table 3. 

Figure 8 shows the stress pattern for Optifloat Clear at 1000 W/m
2
:  the 

stress patterns for the other cases are similar.  

 

Table 3. Temperatures and maximum principal stress for solar intensities of 

600, 800 and 1000 W/m
2
, with the entire sheet illuminated.  Heat transfer 

coefficient 8 W/m
2 

K and ambient temperature 20 C. 

 Solar intensity 
600 W/m2 

Solar intensity  
800 W/m2 

Solar intensity  
1000 W/m2 

 Temp. 
(C) 

Maximum 
stress (MPa) 

Temp. 
(C) 

Maximum 
stress (MPa) 

Temp. 
(C) 

Maximum 
stress (MPa) 

Clear 28 0,7 30 0,9 32 1,1 

Grey 45 2,3 53 3,0 62 3,8 
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Figure 8. Temperature and stress pattern (maximum principal stresses) for Optifloat Clear 

glass panel, 1000 W/m2 solar radiation on the entire area. 

The thickness of the glass affects its temperature.  The temperature difference 

between 4 mm and 10 mm Optifloat Clear glass, when illuminated over the 

entire area at 1000 W/m
2
, is about 6 C, giving a stress difference of 0.7 MPa.  

See Table 4. 
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Table 4. Temperature and maximum principal stress for Optifloat Clear, G1, 

1000 W/m
2
 over the entire area.  Coefficient of heat transfer 8 W/m

2
,K, 

ambient temperature 20 C. 

 

Glass thickness 

 (mm) 

Temperature 

 (C) 

Maximum stress  

(Mpa)  
4 26,4 0,4 

6 28,9 0,7 

8 28,9 0,9 

10 32,4 1,1 

 

Effect of shading  

The Optifloat Clear glass was used for investigating the effect of different 

proportions of shading of the glass on stress distribution in the glass.  With the 

glass partly shaded, temperature differences increase, causing higher stress 

levels than when the entire area of the glass is in sunlight.  The highest 

stresses occur at the edge of the glass on the boundary between sun and shade, 

as can be seen in Figure 9.  

Tensile stresses of 4,1 MPa were calculated when 25 % of the area of the 

smallest sheet of glass, G1, was shaded horizontally:  see Table 5.  In samples 

G1 and G2, an increasing proportion of horizontal shading reduces the 

stresses, but changing proportions of horizontal shade had no effect on stresses 

in the larger G3 panel. 

The calculated maximum principal stress falls with increasing proportion 

of vertical shading for all three glass panels.  25 % vertical shading produces a 

tensile stress of 4,1 MPa, while 50 % shading produces a tensile stress of 3,2 

MPa.  75 % vertical shading produces lower tensile stresses in panel G1 than 

in the other two panels:  see Table 5. 

Temperature analysis shows that the temperature of the edge in the shaded 

area is the same as the ambient temperature.  It can be seen from Figure 9 that 

the heat flow resulting from the rise in temperature between the shaded and 

illuminated areas extends only about 40 mm into the shaded area. 

 

Table 5. Maximum principal stresses in Optifloat Clear glass panels with 

1000 W/m
2
 irradiation, with 0, 25, 50 and 75 % of the area horizontally 

shaded (H) and vertically shaded (V). 

 0 % shade 25 % shaded 50 % shaded 75 % shaded 

 Maximum 

stress 

(MPa) 

Maximum 

stress 

(MPa) 

Maximum stress 

(MPa) 

Maximum 

stress 

(MPa) 
  H V H V H V 

G1 1,1  4,1  4,1 3,2  3,2  2,1  2,1  

G2 1,1  3,7  4,1 3,6  3,2  3,1  2,7  

G3 1,1  3,6  4,1 3,6  3,2 3,6  2,7  
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Figure 9. Temperature and stress distributions in Optifloat Clear when exposed to 1000 

W/m2 irradiation and 25 % shaded area. 

Heat transfer coefficient  

The surface temperature of Optifloat Clear is not significantly affected by 

different values of the heat transfer coefficient:  see Table 6.  With the 

coefficient at a constant value, 8 W/m
2
 K, the temperature of the glass varies 

by only ±1 °C in comparison with the value arrived at when using a calculated 

heat transfer coefficient.  As expected, both the calculated coefficient values, 

hTot and h , give the same temperature, while a higher value of heat transfer 

coefficient results in a lower temperature in the glass, see Table 6. 
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Table 6. The effect of heat transfer coefficients hf, hTot och h  on the 

temperature of Optifloat Clear for irradiation intensities of 600, 800 and 1000 

W/m
2
. 

 

 Solar intensity  

600 W/m
2
 

Solar intensity 

 800 W/m
2
 

Solar intensity 

 1000 W/m
2
 

Coefficient of heat  

transfer,  W/m
2
K 

Temperature 

(C) 

Front/Back 

Temperature 

(C) 

Front/Back 

Temperature 

(C) 

Front/Back 
8 31/30 34/33 36/35 

10 29/28 33/32 34/33 

12 28/27 31/30 33/32 

hTot 31/30 34/33 35/34 

h  31/30 34/33 35/34 

 

The calculated temperature for the Optifloat Grey glass is more sensitive to 

the value of heat transfer coefficient used:  see Table 7.  Modelling with a 

solar intensity of 1000 W/m
2
 produces temperature differences up to about 

10 C for comparison of results between a constant 8 W/m
2
 K value of 

coefficient and a calculated value.  

 

Table 7. The effect of heat transfer coefficients hf, hTot  and h  on the 

temperature of Optifloat Grey for irradiation intensities of 600, 800 and 1000 

W/m
2
. 

 Solar intensity  

600 W/m
2
 

Solar intensity 

 800 W/m
2
 

Solar intensity 

 1000 W/m
2
 

Coefficient of heat  

transfer,  W/m
2
K

 
 

Temperature 

(C) 

Front/Back 

Temperature 

(C) 

Front/Back 

Temperature 

(C) 

Front/Back 
8 47/45 56/54 66/62 

10 43/40 50/48 58/55 

12 40/38 46/44 53/50 

hTot 43/41 50/47 56/53 

h  44/42 50/47 56/53 

5.4 Case no. 2 – Glass and wood element  

A finite element model of the combined glass and wood element covers 

temperature and stress analysis of the glass when exposed to incident radiation 

of 1000 W/m
2
, either over the entire glass area or when a certain proportion of 

the area is shaded. 

Two assemblies, having different designs of frame, were studied.  Type A 

has a routed groove in the wooden frame for locating the edge of the glass.  In 
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Type B, the glass extends right through the frame, so that its edge is exposed 

to the surroundings. 

Type A, with the routed groove, was the first unit that was produced in the 

project ‘Glass and timber – Innovative components with added value’.  As the 

work proceeded, a further objective evolved, of preventing moisture migrating 

through the wood and so using the glass as a moisture barrier instead of 

incorporating some other material.  This resulted in design and construction of 

a Type B prototype. 

Type A consists of a 10 mm thick sheet of glass, carried in a frame made 

of laminated veneer lumber in which a 13×25 mm groove has been routed.  

The glass locates in the groove, and is bonded to the wood by means of a 

1,5 mm thick layer of acrylate adhesive.  The thickness of the frame members 

is 50×60 mm. 

The investigations covered three different sizes of units.  A1, 600×600 

mm; A2, 600×1100 mm;  and A3, 600×1600 mm.  All three sizes were made 

in both Optifloat Clear and Optifloat Grey versions. 

 

Figure 10. Schematic diagram of Type A:  Section through the frame and view from the 

front. 

Type B is also based on a 10 mm sheet of glass, carried in an LVL frame, and 

assembled and bonded with adhesive such that the edges of the glass are 

exposed to the surroundings.  In this case, the size of the frame sides is 

25×25 mm, while the adhesive layer is the same as in Type A, i.e. 1.5 mm 

thick. 

Type B was made in only two sizes:  B1, 550×550 mm, and B2, 

550x1550 mm, as shown in Figure 11.  Type B1 was made in two versions 

(Optifloat Grey and Optifloat Clear), while Type B2 was made only in 

Optifloat Grey.  For the tests, the outside edges were protected by a 10 mm 

layer of XPS thermal insulation. 

1,5 1,5 

23,5 10 23,5 

23,5 

1,5 

25,0 

600 x 600 mm 600 x 1100 mm 600 x 1600 mm 
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Figure 11. Schematic diagram of section and front view of Type B. 

The geometrical symmetry of the assembly has been utilised when modelling 

Type A, so that only one quarter of it has been modelled in ABAQUS, see 

Figure 12.  The reason for utilising this symmetry was due largely to computer 

capacity.  Modelling symmetrical shapes means that there are two parallel 

shaded areas across the structure, as shown in Figure 13.  The shaded areas 

were both horizontal and vertical, 112.5 mm from the edge in all dimensions.  

The investigation was carried out for a solar intensity of 1000 W/m
2
 and an 

ambient temperature of 20 C.  The heat transfer coefficient value was fixed, 

at 8 W/m
2
 K, and the total time of the transient analysis was 60 minutes.  

Wood was assumed to absorb 50 % of the incident radiation.  Both grades of 

glass were investigated, and the entire assembly area was illuminated by 

incident radiation. 

The Optifloat Clear version of Type A was also used for an investigation 

of the effect of different percentages of horizontal shading across the surface 

of the glass, of 25 %, 50 % and 75 %. 

 

550 x 550 mm 550x 1550 mm 
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Figure 12. Type A:  one fourth of the element modelled in ABAQUS. 

 

 
Figure 13. Vertical and horizontal shade bands in Type A units. 

Before performing the Type B study, conditions had changed in terms of 

increased computer capacity, so the calculation was performed using a 

complete model.  A solar intensity of 1000 W/m
2 

was assumed, with the 

coefficient of heat transfer being either constant, at 8 W/m
2
,K, or using a value 

calculated during the simulation, as described above.  The model was 

completely or partly sunlight-exposed, as shown in Figure 14.  The ambient 

temperature varied in the different models, on the basis of the experimental 

studies. 

Three values of horizontal shading were modelled:  25, 50 and 75 % in 

Type B1 for both types of glass.  Type B2 was calculated with a 25 % vertical 

shadow across the glass, using only Optifloat Grey. 

 
  

 

mm 375 112,5 112,5 
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The finite element model that was used specified material parameter values 

for the glass, wood, adhesive and XPS insulation.  The values for wood, 

adhesive and insulation are given in Appendix C. 

 

Figure 14. Model conditions for Type B1 for no shading and 25 % vertical and horizontal 

shading. 

5.4.1 Results – Type A 

Optifloat Clear 

After about 60 minutes’ exposure, the temperature at the middle of the 

Optifloat Clear glass sheet reached about 32 C.  Beneath the wooden frame, 

the glass reached a temperature of about 30 C, while the shaded glass settled 

at the same temperature as the ambient air, as shown in Figure 17. 

Figure 15 and Figure 16 show the stress distribution in the assembly.  The 

highest stresses in the fully sunlight-exposed Type A occurred at a slight 

distance in from the edge, on the front/back of the glass.  However, with the 

model partly shaded, the highest tensile stresses occurred along the edge of the 

glass.  In exactly the same way as was found with the unframed glass sheet, 

the highest stresses occurred at the boundary between the shaded and sunlit 

parts. 

Calculation of Type A with Optifloat Clear, indicated low stresses of 

between 1,3 and 1,6 MPa in the glass when the entire assembly was 

illuminated.  With a vertical shadow of constant width (see Figure 13) the 

smallest assembly (A1) showed the lowest stresses.  However, when the same 

model was analysed for the effect of a constant-width horizontal shadow, the 

result was the opposite, i.e. the highest stresses occurred in Type A1, rather 

than in the other two relevant units, A2 and A3.  See Table 8. 

 

Horizontal shading 

 

Vertical shading No shading 
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Table 8. Maximum principal stress in models A1, A2 and A 3, with Optifloat 

Clear, in full and part sunlight. 

 0 % shadow Vertical shadow 

(see  

Figure 13) 

Horizontal shadow 

(see  

Figure 13) 

 Maximum stress 

(MPa) 

Maximum stress 

(MPa) 

Maximum stress 

(MPa) 
A1 1,4 4,1 4,1 

A2 1,3 5,2 3,7 

A3 1,6 5,2 3,7 

 

In Type A, when partly horizontally shaded, the shadow is equally split 

between the upper and lower halves of the assembly.  This means that, as the 

proportion of shadow increases, so also do the stresses in the glass:  see Table 

9. 

 

Table 9. Maximum principal stress in Type A1, Optifloat Clear, with 25, 50 

and 75 % horizontal shading. 

 25 % hor. Shadow 50 % hor. shadow 75 % hor. shadow 

 Maximum stress 

(MPa) 

Maximum stress 

(MPa) 

Maximum stress 

(MPa) 
A1 4,1 5,3 5,9 
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Figure 15. Maximum principal stress in Type A1, Optifloat Clear, with and without wooden 

frame, with full sunlight on entire area. 
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Figure 16. Maximum principal stress in Type A1, Optifloat Clear, with and without wooden 

frame, with 25 % horizontal shadow. 
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Figure 17. Temperature in Type A, Optifloat Clear, fully and partly illuminated, after 60 

minutes.   

Grey 

After about 60 minutes’ exposure, the temperature at the middle of the 

Optifloat Grey glass sheet reached about 62 C.  Beneath the wooden frame, 

the glass reached a temperature of about 39 C, while the shaded glass settled 

at the same temperature as the ambient air, shown in, Figure 17. 

Theoretically high stresses were calculated for all Type A models having 

Optifloat grey glass.  In full sunlight, tensile stresses of about 13 MPa arise 

along the edges of the glass in all three types.  See Figure 18.  In exactly the 
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same way as for Type A with clear glass, it was the smallest model (A1) with 

tinted glass that exhibited the lowest stresses when vertically shaded and the 

highest stresses when horizontally shaded, in comparison with the larger A2 

and A3 types.  See Table 10. 

 

Table 10. Maximum principal stress in Type A, Optifloat Grey, full sunlight 

and partly shaded. 

 0 % shadow Vertical shadow  

(see  

Figure 13) 

Horizontal shadow  

(see  

Figure 13)  

 Maximum stress 

(MPa) 

Maximum stress 

(MPa) 

Maximum stress 

(MPa) 
A1 12,9 20,0 20,0 

A2 12,9 20,2 18,1 

A3 12,9 20,8 18,1 

 

The calculations show that, for Type A1 with Optifloat Grey, the highest 

stresses occur with 50 % horizontal shading:  see Table 11. 

 

Table 11. Maximum principal stress in Type A1, Optifloat Grey, with 25. 50 

and 75 % horizontal shading. 

 25 % h. shadow 50 % h. shadow 75 % h. shadow 

 Maximum stress 

(MPa) 

Maximum stress 

(MPa) 

Maximum stress 

(MPa) 
A1 20,0 24,0 23,4 
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Figure 18. Maximum principal stress in Type A, Optifloat Grey, with and without wooden 

frame, in full sunlight. 
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Figure 19. Maximum principal stress in Type A, Optifloat Grey, with and without wooden 

frame, 25 % horizontal shadow. 
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Figure 20. Temperature, Optifloat Grey, full sunlight and partly shaded, after 60 minutes. 

For the purposes of the study, wood absorption of solar energy was assumed 

to be 50 %.  Calculations were also performed using a lower absorption value 

of 35 %, resulting in a 2-3 C reduction in the temperature of the glass covered 

by the frame for Optifloat Clear and Optifloat Grey respectively.  The greater 

temperature difference in the glass meant that the stresses in the glass were 

higher.  For Type A1, they increased to 2,1 MPa for Optifloat Clear and to 

14,3 MPa for Optifloat Grey when the entire element was 

sunlight-illuminated. 
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5.4.2 Results – Type B 

Optifloat Clear 

The ambient temperature for Type B1 with Optifloat Clear glass was 22 C, 

which meant that the temperature in the middle of the glass had increased by 

2 C to about 34 C in comparison with the results for Type A.  The glass 

within the wooden frame reached a temperature of about 31 C after 60 

minutes when exposed to 1000 W/m
2
. 

Calculation for Type B1, with Optifloat Clear glass, returned quite low 

stresses of 2,1 MPa.  25 % shading delivered the highest stresses, of 4,5 MPa, 

which then declined as the proportion of shadow increased, as shown in Table 

12.  

 

Table 12. Maximum principal stress in Type B, Optifloat Clear, with 0, 25, 50 

and 75 % horizontal shading, solar intensity 1000 W/m
2
 and coefficient of 

heat transfer 8 W/m
2
 K. 

 0 % shadow 25 % hor. 

shadow 

50 % hor. 

shadow 

75 % hor. 

shadow 

 Maximum 

stress 

(MPa) 

Maximum 

stress 

(MPa) 

Maximum 

stress 

(MPa) 

Maximum 

stress 

(MPa) 
B1 2,1 4,5 3,8 2,4 
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Figure 21. Maximum principal stress, Type B, Optifloat Clear, with and without wooden 

frame, illuminated over entire area. 
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Figure 22. Maximum principal stress Type B, Optifloat Clear, with and without wooden 

frame, with 25 % horizontal shading.  
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Figure 23. Temperature in Type B, Optifloat Grey, fully and partly illuminated after 60 

minutes. 

 

Optifloat Grey 

The ambient temperature for Type B1 with Optifloat Grey is 24 C, which 

means that temperature at the middle of the glass is 4 C higher than for 

Type A.  This means that, after 60 minutes’ illumination at 1000 W/m
2
, the 

calculated temperatures at the centre of the glass are about 66 C at the centre 

and 39 C in the shaded area. 
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Theoretically high tensile stresses were calculated for Type B with 

Optifloat Grey.  In full sunlight, tensile stresses are about 13,5 MPa along the 

edge of the glass.  The highest tensile stresses, 19,6 MPa, arise in Type B1 

with 25 % horizontal shading, after which the stress level falls as the 

proportion of shading increases:  see Table 13. 

 

Table 13. Stress in Type B, Optifloat Grey, with 0, 25, 50 and 75 % vertical 

and horizontal shading, solar intensity 1000 W/m
2
 and coefficient of heat 

transfer 8 W/m
2
K.  

 0 % 

shadow 

25 %  

vert. shadow 

25 %  

hor. shadow 

50 %  

hor. shadow 

75 %  

hor. shadow 

 Maximum 

stress 

(MPa) 

Maximum 

stress 

(MPa) 

Maximum 

stress 

(MPa) 

Maximum 

stress 

(MPa) 

Maximum 

stress 

(MPa) 
B1 13,5 19,6 19,6 17,3 12,0 

B2 13,5 20,0 - - - 
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Figure 24. Maximum principal stress in Type B, Optifloat Grey, with and without frame, in 

full illumination. 
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Figure 25. Maximum principal stress in Type B, Optifloat Grey, with and without wooden 

frame, 25 % horizontal shading. 
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Figure 26. Temperature in Optifloat Grey, full and partial illumination, Type B, after 60 

minutes. 

Coefficient of heat transfer  

Calculated temperatures for the Optifloat Clear assemblies are relatively 

insensitive to whatever method is used to define and deliver the coefficient of 

heat transfer value.  See Table 14.  A method using a calculated value of heat 

transfer coefficient delivers a somewhat higher stress level (0,8 MPa), which 

is probably the result of temperature distribution in the glass. 
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Calculated temperatures for the Optifloat Grey glass, on the other hand, are 

sensitive to the method used to assign a value to the coefficient of heat transfer 

during calculations.  See Table 14.  The maximum temperature in the glass 

affects the stress level, with the result that the stress in the glass is 3,4 MPa 

lower when processing uses a calculated value for the coefficient than when it 

uses a constant value. 

 

Table 14. Stress and temperature in Type B1 using Optifloat Clear and Grey 

glasses, 0 % and 25 % horizontal shadow, 1000 W/m2 solar intensity and 

calculated value of heat transfer coefficient. 

 0 % hor. shadow 25 % hor. shadow 

 Clear  Grey  Clear  Grey  

Temperature (C) 33,8 56,3 33,8 56,3 

Maximum stress  
(MPa) 

3,3 11,8 5,3 16,7 

5.5 Case no. 3 – Vertical loading of the glass and 
wood unit  

An analysis of the case of a linear vertical load applied to the load-bearing 

glass and wood structure was carried out in order to verify and compare 

calculated stress levels with those obtained from thermal testing. 

A simple manual calculation was performed in order to estimate the likely 

stress levels the glass when the wood and glass component is exposed to a 

vertical load, such as that resulting from a floor/ceiling structure being 

supported.  With an assumed specific area load of 3 kN/m
2
, as for a 

floor/ceiling structure in a residential building, a 5-10 m span would deliver a 

total load of 15-30 kN per metre of walls.  This would need to be supported by 

two load-bearing elements, giving a value of 7,5-15 kN/m of wall.  The 

resulting stress in the glass would be about 0,75-1,5 MPa, assuming a glass 

thickness of 10 mm. 

 

The above application with a vertical line load along the load-bearing 

glass/wood structure was modelled also with finite elements.  The model used 

a displacement of 0,65 mm along the entire top surface of the structure in 

order to represent the applied load.  This gives a linear load of 8,4 kN along 

the load-bearing structure (i.e. approximately 15 kN/m wall), which in turn 

resulted in a stress level of 1,5 MPa at the centre of the glass. 
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Figure 27 Stress distribution in the y axis for a vertical linear load of 8.4 kN. 

Clearly, the refined FE model (Figure 27) does not deliver any further 

information of significance as far as the stress level in the glass is concerned.  

This means that the compressive stress in the glass as a result of the vertical 

load can be estimated as about 1-2 MPa per storey.  From this, it can also be 

noted that it is important to consider for the stresses that arise in the glass as a 

result of temperature variations, of the order of 10-20 MPa in Optifloat Grey 

as described above. 
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6 EXPERIMENTAL 

6.1 Manufacture  

Test units (panels) in the form of glass sheets mounted in wooden frames were 

manufactured in two sizes, 550×550 mm and 550×1550 mm, from 10 mm 

glass and 25×25 mm mitred frames made from laminated veneer lumber.  The 

LVL strips were assembled as a frame of such a size that the edges of the 

sheet of glass were flush with the exterior of the frame.  The frame was 

secured to the glass with adhesive on each side, as shown in Figure 28. A  

5×1.5 mm layer of Sika Flex-521 was applied to the front of the wooden frame 

in order to produce a 1,5 mm thick adhesive bond between the glass and the 

wood:  See Appendix D. 

 

  

Figure 28. Front and side views of the 550x550 mm panel. 

Two different grades of glass, Optifloat Clear and Optifloat Grey, and with 

different edge treatments (untreated, or with a ground chamfer, with a polished 

surface) were used to construct the panels. 
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Thin, flat, K-Type self-adhesive wire temperature sensors were applied 

12 mm from the edge of the glass, between the frame and the glass, in two of 

the Type B1 panels of both Optifloat Clear and Optifloat Grey construction.  

Four Type CEA-06-062UT-350 strain gauges were applied to the ‘back’ and 

edge of the glass, as shown in Table 15.  On the Type B1 and B2 panels, with 

wooden frames, strain gauges were applied to the edge of the glass between 

the frame members, as shown in Figure 29 and Table 16. 

 

 

 

Figure 29.A plain glass panel and a Type B1 panel with strain gauges, showing the Vishay 

P3 amplifier. 
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Table 15. Position of wire strain gauges on the glass panel. 

 Horizontal 
 

Vertical  
 

 mm mm 

No. 1 (edge) 0 275 

No. 2 10 10 

No. 3 40 40 

No. 4 275 275 

 

 

Table 16. Positions of strain gauges on Type B1 and B2 panels. 

 Top edge 
A 

Top edge 
B 

Long side 
C 

Long side 
D 

 mm mm mm mm 

B1Clear 275 137,5 137,5 275 

B1Grey 275 137,5 137,5 275 

B2Grey 275 137,5 258 517 

 

The sensors were connected in half-bridge connection in order to compensate 

their thermal expansion. 

6.2 Performing the tests  

The solar simulation tests were performed at SP - Technical Research Institute 

of Sweden in Borås in order to investigate the temperatures and thermal 

stresses arising in the glass due to the effect of temperature differences caused 

by shading part of the panel. 

Figure 30 shows the test arrangement for the glass panel.  The work started 

by solar-illuminating vertically hanging panels of Optifloat Clear and 

Optifloat Grey glass, exposing them to irradiation intensities of 600, 800 and 

1000 W/m
2
.  The angle of incidence of the radiation was perpendicular to the 

glass.  Temperatures were recorded on both sides of the glass, while strains 

were recorded on the side of the glass facing the solar simulator and on one of 

the edges.  All values were recorded every 30 seconds for a period of about 60 

minutes.  The strain gauge signals were recorded using a Vishay P3 amplifier, 

while the temperatures were recorded by SP’s data-logger.  Both units applied 

time stamps to the recorded values. 

The portable amplifier has four inputs, for quarter, half or full bridge 

connection.  In this case, it was the half-bridge connection that was used.   
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Figure 30. Test arrangement, Optifloat Grey glass. 

Figure 31 shows the test arrangement for the Type B1 glass and wood panels.  

The glass surface temperature on the ‘front’ of the panel, together with strains 

on the edge of the panel, were measured on the centre unit of the three units in 

the test rig.  For the two outer units, only temperatures were measured.  Three 

thermo-sensors were applied in different positions to the solar-illuminated part 

of the glass, together with one in the shade and 2-4 on the edge of the glass, as 

shown in Appendix G.  Irradiation intensity was 1000 W/m
2
.  25 % of the 

panel surface area was shaded vertically by means of a sheet of white 

expanded polystyrene insulation material, positioned about 20 mm in front of 

the panel.  The edges of the panels were protected by a 10 mm thick piece of 

extruded polystyrene (XPS) in order to protect them from substantial 

temperature rises. 

The tests on the Type B1 panels were carried out using both glass grades, 

Optifloat Clear and Optifloat Grey, with a chamfered edge.  A further two test 

panels, constructed from Optifloat
 

Grey but with untreated edges, were 

included in the tests.  A test was also carried out on a Type B2 panel, fitted 

with Optifloat Grey glass having chamfered edges. 
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Figure 31. Test arrangement of Type B1 panels, from the front (above) and the back 

(below). 

Air currents in the laboratory were measured at about 0.5 m/s.  

 

An ambition to perform tests at an irradiation value of 1200 W/m
2
 could not 

be fulfilled, as the spread of the measured intensities exceeded 10 % over the 

area of the glass.  The solar simulation lamps were operated at their maximum 

output power for the 1000 W/m
2
 tests, but were positioned further away from 

the test panels, thus reducing the spread in the irradiation intensity.  The 

spread amounted to about 6 % for the tests on the glass panels alone, and to 

about 8 % for panel Types B1 and B2.  

 



69 

6.3 Results 

6.3.1 Glass  

Table 17 shows the measured temperatures at the centres of the fronts and 

backs of Optifloat Clear and Optifloat Grey glass panels.  The value of the 

surface temperature rise depends on the incident radiation intensity and the 

absorption of the glass.  For the 600 and 800 W/m
2
 intensities, the difference 

between the front and rear glass temperatures are about 1 C, rising to about 1-

2 C for an irradiation intensity of 1000 W/m
2
. 

 

Table 17. Irradiation intensity and measured temperatures at the centres of 

the glass panels, Optifloat Clear and Optifloat Grey. 

 Optifloat Clear Optifloat Grey 

 Front Rear Front Rear 

Solar intensity 
(W/m2) 

Temperature 
(C) 

Temperature 
(C) 

Temperature 
(C) 

Temperature 
(C) 

600 30 29 42 41 

800 34 33 50 49 

1000 38 37 60 58 

 

For both types of glass, the surface temperature close to the edge and corners 

is about 1-2 C lower than the temperature at the centre:  Appendix E. 

Thermal expansion of the glass due to temperature rise should result in 

significant stress in the glass, and it was originally intended to attempt to 

measure the total strains in the glass arising from temperature rise.  However, 

the measured strains appeared to be unreasonably low values, at about 3-14 % 

of the calculated values in the centre of the glass, and about 30 – 40 % of the 

expected values at the edges, as shown in Appendix G.  After contacts with 

the supplier of the strain gauges, who had also been responsible for applying 

the gauges, it was found that the particular way of connection that had been 

used permitted measurement only of strains equivalent to the stress arising 

from temperature change and hindered movement. 

In order to check that nothing had happened to the strain gauges during 

handling of the panels, a simple bending test of the glass panel was carried 

out, producing results that showed that the strain gauges were producing a 

relevant result, in good agreement with the theoretical result. 

6.3.2 Glass and wood construction 

Figure 32 and Figure 33 show the measured temperatures on the front of the 

Optifloat Clear and Optifloat Grey glass panels, together with the temperature 

of the glass within the wooden frame, after 60 minutes. 
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Figure 33. Solar irradiation intensities and temperatures for Type B1 panels, Optifloat 

Grey, ambient temperature 24 C 

In the shade area the temperature of the glass is between 3 and 6 C higher 

than the ambient temperature (depending on the type of glass). 

Table 18 shows the highest values of tensile stress along the edge of the 

glass for Types B1 and B2 panels.  These values have been calculated from 

the measured strains and the modulus of elasticity of the glass.  None of the 

tested panels, whether with or without treated edges, showed any signs of 

thermal cracking arising from stress. 

 

Table 18. Stresses in the horizontal and vertical glass edges, Type B1 panels, 

Optifloat Clear and Optifloat Grey. 

 Horizontal 
A 

Horizontal 
B 

Vertical edge 
C 

Vertical edge 
D 

 MPa MPa Mpa MPa 

B1Clear 2,0 0,5 0,1 0,4 

B1Grey 16,0 5,2 1,7 3,3 

B2Grey 12,1 4,5 3,4 5,9 
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Figure 32. Solar irradiation intensities and temperatures for Type B1 panels, Optifloat 

Clear, ambient temperature 22 C. 
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6.4 Comparison of results: Modelling and experiment  

The true coefficient of heat transfer depends on the ambient air temperature 

and its velocity at the surface.  The experimental tests were carried out with 

only gentle air flows in the laboratory, of about 0.5 m/s.  For the surface 

temperature calculations in the finite element models, the value of the 

coefficient was given either as a constant value or as a calculated value, 

calculated in real time as described above (the coefficient of heat transfer 

depends on the temperature at the surface and the surrounding air temperature 

and velocity, and is calculated by a sequence of empirical relationships 

involving Nusselt’s Number, the thermal conductivity and density of air, and 

the height of the sheet of glass). 

For solar intensities of 600 and 800 W/m
2
, the temperature calculations for 

Optifloat Clear, whether with fixed or calculated values of heat transfer 

coefficient, give similar results to those of the experimental measurements.  

For an irradiation intensity of 1000 W/m
2
, the calculated temperature is about 

2-3 C lower than the experimentally measured temperature:  see Table 19. 

 

Table 19. Measured and calculated temperatures, with heat transfer 

coefficients hf and hc, at the centre of Optifloat Clear glass sheets. 

 Experimental Calculated using hf Calculated using hc 

W/m2 Temperature (C) 
Front/Back 

Temperature (C) 
Front/Back 

Temperature (C) 
Front/Back   

600 30/28 30/29 31/30 

800 34/32 34/33 34/33 

1000 38/37 36/35 35/34 

 

For Optifloat Grey, the temperature calculations resulted in smaller 

differences when calculated using hc than when using hf :  see Table 20. 

 

Table 20. Measured and calculated temperatures, with heat transfer 

coefficients hf and hc, at the centre of Optifloat Grey glass sheets. 

 Experimental Calculated using hf Calculated using hc 

W/m2 Temperature (C) 
Front/Back 

Temperature (C) 
Front/Back 

Temperature (C) 
Front/Back 

600 42/41 47/45 44/42 

800 50/49 56/54 50/47 

1000 60/58 66/62 56/53 

 

The experimental and calculated stress values for Type B1 panels, using 

Optifloat Clear, differ by about 2,2 – 2,7 MPa, as shown in Table 21.  For 

Type B1 panels incorporating Optifloat Grey glass, the difference between 

experimental and calculated values amounts to only ± 0,4 MPa.  
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Table 21. Calculated and experimentally measured stress in the upper edge of 

Type B1 panels, 275 mm from the edge, Tcentre-shaded edge.  

Optifloat Clear Optifloat Grey  

Abaqus 
(hf) 

Abaqus 
(hc) 

Experimental Abaqus 
(hf) 

Abaqus  
(hc) 

Experimental   

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) T 

4,2 4,7 2 5,6 5,6 6 10 

- - - 11,4 11,4 11 20 

- - - 15,7 15,2 15,4 30 

 

For Type B2, the difference between calculated and measured stress values is 

about 2,5-3,3 MPa:  see Table 22. The lower stresses found in the physical 

measurements are probably due to the fact that it is difficult to ensure uniform 

irradiation across the entire area of the larger B2 panel, which in turn means 

that there will be greater temperature variations than in the smaller panel.   

 

Table 22.  Calculated and physically measured stress levels in Type B2 panel, 

upper edge, 275 mm from the edge, Tcentre – shaded edge. 

Optifloat Grey  

Calculated (hc) Experimentally measured  

(MPa) (MPa) T 

5,7 3,2 10 

11,5 8,2 20 

15,5 12,2 30 

 

It can be seen from Figure 34 that the calculated and experimentally 

measured stress levels vary in behaviour with respect to time.  In both cases, a 

maximum value occurs after 20 – 30 minutes.  For the calculated case, the 

stress then remains at approximately the same value for the remainder of the 

time, while the stress level as measured in the test rig falls.  This is probably 

due to temperature changes differing in the two models, and to the calculation 

model having a greater inertia. 

The experimental measurements show that the temperature in the shaded 

area is about 3-6 C higher than the ambient temperature.  In the finite element 

models, the shaded areas have the same temperature as the ambient 

temperature.  Assuming a 3 C higher ambient temperature around the shaded 

parts in the finite element model reduces the stress levels by about 4 %. 
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Figure 34. Calculated (A-D) and experimentally measured (Aexp-Dexp) stress values as a 

function of time for Type B1 panels with Optifloat Clear and Grey glass. 
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7 DISCUSSION, CONCLUSIONS AND 

FUTURE WORK 

7.1 Discussion 

The work described in this report has involved two different grades of glass:  a 

common float glass with a low energy absorption characteristic, Optifloat 

Clear, and a through-coloured grey solar protection glass, Optifloat Grey, 

having a relatively high ability to absorb energy. 

The temperature of the glass depends on the intensity of the incident solar 

radiation and on the ability of the glass to absorb energy.  The stress level in 

the edge of the glass is higher in the 10 mm glass used in the load-bearing 

panels than it would be in thinner glass, as a result of greater temperature 

difference.  This is due to the fact that the coefficient of absorption of the glass 

increases with its thickness. 

The coefficient of heat transfer used in the model describes the exchange 

of heat between the surface of the glass and its surroundings, with the 

exchange depending on the temperature difference between these parts of the 

model.  The study shows that the value of the coefficient has a significant 

effect on the temperature of the glass, which means that it is very important to 

use realistic values for it when calculating the temperature of the glass.  Two 

essentially different ways of applying the coefficient of heat transfer in the 

finite element calculations have been investigated here:  a) maintaining a 

constant value as input data for the calculations, or b) calculating the 

coefficient as it changes due to effects such as the actual surface temperature. 

When calculating the value of the heat transfer coefficient as a function of 

the actual surface temperature, the ABAQUS model provides two different 

ways of assigning a value to the coefficient:  either as a calculated value, 

derived from three factors (conduction, convection and radiation), or based on 

two factors (conduction and convection).  In the latter case, the coefficient of 

emission for the glass is also used as an additional parameter in the model.  In 

terms of calculation, both these approaches give the same result.  However, 

when performing a parameter study with different types of glass having 
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different thin film coatings and emission coefficients, it is preferable to use the 

method based on conduction and convection alone, and to enter the coefficient 

of emission as an extra parameter in the model. 

When performing finite element calculations of the surface temperature, 

the differences between the models and actual experimentally measured data 

are reduced when the coefficient of heat transfer is calculated (and therefore 

depends on the rise in temperature of the glass surface and the air in the 

vicinity through a sequence of empirical relationships involving Nusselt’s 

number, the thermal conductivity and density of the air, and the height of the 

glass sheet). 

For the Optifloat Clear glass having low absorption of energy, the final 

temperature of the surface is relatively unaffected by the different methods 

used to assign a value to the coefficient of heat transfer (constant or calculated 

value).  On the other hand, the temperature calculations for the sun-shading 

Optifloat Grey glass are more affected by the method used for assigning a 

value to the coefficient:  a calculated value reduces the differences between 

the calculated and measured temperatures of the glass.  Using a constant value 

of heat transfer coefficient in the finite element model of the coloured 

Optifloat Grey glass results in the greatest temperature difference, amounting 

to about 10 C at a solar intensity of 1000 W/m
2
.  

The calculated results for the temperature gradients through the thickness 

of the glass are very small, and are in good agreement with the experimentally 

measured values for the lower solar radiation intensities. 

The starting temperature of the glass is unimportant as far as the onset of 

thermal stresses is concerned.  The magnitude of the thermal stresses is 

essentially determined by the amount of energy absorbed, the radiation 

conditions and the coefficient of heat transfer. 

When the glass is exposed to solar radiation, its temperature increases 

more at the centre than around the edges, with the result that thermal tensile 

stresses arise around the edges of a single sheet of glass (i.e. not having a 

wooden frame).  If the edges of the glass are protected by a frame, the 

temperature of the glass in the frame rises more slowly than in those parts of 

the glass receiving solar radiation, as a result of the frame’s thermal capacity, 

conductivity and ability to absorb heat.  In the finite element model, the LVL 

wooden frame was assumed to absorb 50 % of the incident energy in the 300-

2500 nm interval.  In the experimental measurements, it was only the 

temperature of the glass covered by the frame that was measured, and was 

found to be in good agreement with the calculated values for both types of 

glass.  This shows that the assumption concerning the absorption of solar 

energy by the wooden frame is relatively irrelevant.  Lower absorption of solar 

energy would mean that the temperature of the ‘hidden’ glass would be lower, 

which in turn would result in higher stress levels in the edge of the glass. 

The temperatures induced in the glass when the entire glass and wood 

panel are exposed to the sun induce tensile stresses along the edges of the 
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glass, with low compressive stresses in the middle.  The positions of the 

tensile stresses on the short and long sides are approximately similar, exactly 

as [4] found in his study.  The calculated stresses for the Optifloat Clear glass 

show low levels of stress that are well below the limit for thermal shock.  

Tensile stresses along the edges of the Optifloat Grey glass, on the other hand, 

are approaching the value where the probability of failure is beginning to 

become significant. 

Shading part of the glass results in greater temperature differences across 

the glass, and in turn results in higher stress levels more locally on the edge of 

the glass, from the shaded area down towards the sunlit area.  The tensile 

stress concentration in the edge of the glass increases with increasing 

proportion of shade when both edges of the assembly are shaded.  When one 

side of the assembly is shaded, the highest tensile stresses occur when about 

25 % of the assembly is shaded, after which the stresses decline as the 

proportion of shade increases.  The same result was found in the study of the 

unframed glass sheet. 

As in this study, [3, 4] have both arrived at the conclusion that the stress 

level depends on the proportion of shade, and that maximum tensile stresses 

occur when ¼ to ⅓ of the assembly is shaded.  [4] has investigated three 

different patterns of shading:  horizontal shading of the upper half, vertical 

shading of one side, and a combination of these two.  [3] has also investigated 

similar combinations, with the addition of a vertical shadow in the centre of 

the assembly. 

A shadow pattern with a constant width on the different dimensions results 

in approximately the same stress levels. 

The significance of the calculated results has been verified by experimental 

measurements.  For a Type B1 panel, with Optifloat Grey glass, both the 

calculated and the experimental values of the maximum stress levels were in 

good agreement.  However, the difference between the modelled and the 

measured values increased when the Type B1 panel was assembled from 

Optifloat Clear glass, which absorbs less energy and so results in lower 

stresses.  Measurements of the strain in the glass in order to calculate stresses 

were performed on only one sample:  more measurements would have been 

needed in order to verify the accuracy of the method. 

Strain measurements on the reverse of the glass, in the areas where the 

wire strain gauges were exposed to sunlight, gave unreasonably low values.  

This was probably due to the fact that the particular electrical connection of 

the strain gauges permitted measurement only of strain equivalent to the stress 

due to hindered movement.  A new method should be found in order to be able 

to verify stresses at the centre of the glass. 

The FE-simulations did not account for any influence of flaws in the glass, 

such as surface or edge defects.  When such defects interact with, or are 

reinforced by, the thermal stresses, the overall effects on the results can be 
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greater than as found by the analysis.  According to [4], the risk of defects in 

the glass increases with increasing glass size.  

The experimental investigations involve two different edge finishes of the 

glass:  a plain cut edge, and a ground and polished edge.  None of the samples 

in either of the test batches showed any tendency to crack formation.  To be 

able to evaluate this effect, it would have been necessary to perform the 

measurements with a higher solar intensity or using a glass having a higher 

coefficient of absorption than Optifloat Grey.  It was not possible to use a 

higher solar intensity in the solar simulator, as the intensity variations across 

the surface of the Type B2 model were already excessive with an irradiation of 

1000 W/m
2
. In conclusion, thermal (tensile) stresses have a considerably 

greater effect on the final and total stress level in the structure than do stresses 

arising from vertical loading. 

7.2 Conclusions  

In conclusion, the present work has led to the following findings: 

 

 The temperature in the glass is affected by the quantity of absorbed 

energy, irradiation conditions and the coefficient of heat transfer.  The 

value of the coefficient is particularly important when considering 

glass with a high coefficient of absorption. 

 

 Shadowing of parts of the glass results in temperature differences 

across the glass, in turn causing local tensile stresses at the edge of the 

glass, from the shaded area down towards the illuminated area. 

 

 The magnitude of the tensile stresses in the edge of the glass depends 

on the proportion of shade.  Maximum tensile test values arise when a 

quarter of the assembly is shaded. 

 

 Thermal tensile stresses have a considerably greater effect on the final 

and total stress level in the assembly than have stresses due to vertical 

load. 

 

 The study showed that calculated and experimentally measured values 

of tensile stresses were in good agreement for glass having a high 

coefficient of absorption.  Glass having a low coefficient of 

absorption, on the other hand, showed a greater difference between 

the results.  This is probably due to the accuracy and sensitivity of the 

wire strain gauge. 
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7.3 Future work 

This study has been concerned with calculations of the performance of a 

single pane of glass, and should be expanded to cover the cases of assemblies 

incorporating a greater number of panes.  Energy-efficient windows and 

sun-shading windows in buildings are very relevant working areas.  

Development of window glasses with improved performance continues, such 

as that of flexible smart windows with varying transparency (electrochromic).  

Continued work should include windows of this kind, as well as (for example) 

present-day assemblies of combined low-emission and sun-shading glass. 

The effect of climate conditions on thermal stresses is another important 

working area for improving knowledge of the behaviour of load-bearing glass 

and wood panels.  It would be desirable for such work to be carried out on 

both the theoretical and the practical experimental planes.  Another working 

area is that of the importance of the finish of the edge of the glass in 

determining thermal failure.  This would need an experimental investigation of 

conditions such as to cause thermal failure.  The results from such work could 

be used in the theoretical model as a safety factor relating to different ways of 

edge finishing. 

There is at present no user-friendly program for calculating thermal 

stresses that can be employed by product developers and others.  It would 

therefore be desirable if a program concentrating on these aspects could be 

developed. 

  



79 

 



80 

8 NOMENCLATURE 

8.1 Symbols  

 Density    (kg/m
3
) 

  Poisson’s ratio    (-) 

 Stress   (MPa) 

 Coefficient of linear expansion  (K
-1

) 

αl Coefficient of linear expansion, longitudinal (K
-1

) 

αt Coefficient of linear expansion, transverse (K
-1

) 

 korr  Correlated emissivity   (-) 

ε  Emittance/emissivity  (-) 

 
  

Elastic strain 

 Coefficient of thermal expansion, volume 1/(Tl+273)

 (-) 

 Kinematic viscosity of air  (-) 

Gr, Gt, Shear modulus, longitudinal shear (MPa) 

G Shear modulus, rolling shear  (MPa) 

  Thermal diffusivity of air 

  Wavelength   (nm) 

   Wavelength interval  (nm) 

 

  Absorption   (%) 

     Absorption, short-wave radiation (%) 

     Absorption, solar  (%) 

     Absorption, visible   (%) 

d Thickness    (m) 

Cp Specific thermal capacity   (J/kg K) 

E  Young’s modulus/E modulus   (MPa) 

El  Modulus of elasticity, longitudinal (MPa) 

Er, Et Modulus of elasticity, transverse (MPa) 

Hf Height of the glass sheet  (m)  

g Gravity   (m/s
2
) 
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h  Coefficient of heat transfer   (W/m
2
K) 

he  External coefficient of heat transfer  (W/m
2
K) 

hi  Internal coefficient of heat transfer (W/m
2
K) 

hc  Coefficient of heat transfer, convection/conduction (W/m
2
K) 

hr   Coefficient of heat transfer, radiation (W/m
2
K) 

   Solar intensity   (W/m
2
 ) 

k Thermal conductivity/.....   (W/mK) 

kt Thermal conductivity, longitudinal (W/mK) 

kr,kt  Thermal conductivity, transverse (W/mK) 

NU  Nusselt’s number  (-) 

T Temperature   (K or °C) 

T1, T2  Surface temperatures   (K or °C) 

Tm Average temperature  (K or °C) 

P Radiant flux (radiant power)   (W/m
2
) 

   Total emitted radiant power  (W/m
2
/nm) 

q Thermal flux density   (W/m
2
) 

Rse  External surface thermal insulance (m
2
K/W) 

Rsi  Internal surface thermal insulance  (m
2
K/W) 

r Reflection   (%) 

rsol Reflectance, solar  (%) 

rvis Reflectance, visible  (%) 

t  Transmission   (%) 

tsol, Transmission, solar  (%) 

tvis  Transmission, visible  (%) 

 

8.2 Constants  

c  2.998 · 10
8
,m/s,   Speed of light 

p  6.626 · 10
−24

,Js,   Planck’s constant  

B  1.381 · 10
−23

,J/K,   Boltzmann’sonstant 

   5.67 · 10
−8

 ,W/m
2
K

4
,   Stefan-Boltzmann’s constant 
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10 APPENDIX 

10.1 Appendix A – ABAQUS basic investigation of 
element types, element size and boundary 
conditions 

 

Element types 

 

Table 23. Glass sheet, 400 x 400 x 10 mm, with different types of elements. 

Boundary conditions preventing only rigid body motion. 

Element Element type Global 
size 

Number of 
elements in 
thickness 
direction  

Number 
of 

elements 

Maximum 
principal 
(MPa) 

Solid, Linear Thermal:C3D8 
 Stress: C3D8 

0,005 8 51 200 0,378 

Solid, Linear, 
incompatible 
modes 

Thermal:C3D8 
Stress: C3D8I 

0,005 8 51 200 0,393 

Solid, quadratic Thermal:C3D20 
Stress: C3D20 

0,005 8 51 200 0,393 

Solid shell 
element 

Thermal:C3D8 
Stress: SC8R:   

0,005 8 51 200 0,338 
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Element size 

 

Table 24. Comparison between different mesh densities  

Element type Global 
size 

Number of 
elements in 
thickness 
direction 

Number of 
elements 

Maximum 
principal 
(MPa) 

Thermal:C3D20 
Stress: C3D20 

0,02 8 3 200 0,370 

Thermal:C3D20 
Stress: C3D20 

0,01 8 12 800 0,387 

Thermal:C3D20 
Stress: C3D20 

0,005 8 51 200 0,393 

Thermal:C3D20 
Stress: C3D20 

0,005 4 25 600 0,393 

Thermal:C3D20 
Stress: C3D20 

0,0025 8 204 800 0,394 

 

Boundary conditions 

 

Table 25. Different boundary conditions the glass sheet 

Method of mounting Maximum principal 
(Mpa) 

Only rigid body motion prevented 0,4 

One edge fixed 40 

Two edges fixed 14,3 

The surface of the glass edge fixed 0,9 
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10.2 Appendix B – Simulated temperature in 
ABAQUS 

 

Figure 35. Irradiation, 1000 W/m2 of 10 mm Optifloat Clear for three hours, coefficient of 

heat transfer 8 W/m2K, ambient temperature 20 C 
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10.3 Appendix C – Simulated strains in ABAQUS 

Material parameters for adhesive and wood for simulation in ABAQUS 

 

Table 26. Material parameters used in the FE model for acrylate adhesive.  

Manufacturer’s data. 

Density ρ 1170 kg/m3 

Modulus of elasticity E 100 MPa 

Poisson’s ratio  0.47  

Coefficient of linear expansion α 0.0002 K-1 

Thermal conductivity k 0.2566 W/mK 

Specific thermal capacity c 1650 J/kg K 

 

Table 27. Material parameters using the FE model for LVL.  Data from 

various handbooks. 

Density ρ 500 kg/m3 

Modulus of elasticity, longitudinal El 14000 MPa 

Modulus of elasticity, transverse Er, Et 467 MPa 

Poisson’s ratio   0,45 - 

Shear modulus, longitudinal shear Gr, Gt, 875 MPa 

Shear modulus, rolling G 47 MPa 

Coefficient of linear expansion, longitudinal αl 3,59 x10-6 K-1 

Coefficient of linear expansion, transverse αt 2,87 x10-5 K-1 

Thermal conductivity. Longitudinal kt 0,230 W/mK 

Thermal conductivity, transverse kr,kt 0,185 W/mK 

Specific thermal capacity c 1600 J/kg K 

 

Table 28. Material parameters using the FE model for XPS.  Data from 

technical data sheet. 

Density ρ 40 kg/m3 

Modulus of elasticity E 25 Mpa 

Poisson’ ratio  0.34  

Coefficient of linear 
expansion 

α 60 x10-6 K-1 

Thermal conductivity k 0.037 W/mK 

Specific thermal capacity c 1400 J/kg K 
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10.4 Appendix D – Prototype manufacture 

Manufacturing the wooden frame 

 

  

Figure 36 Materials and equipment for manufacturing the spacer joint 

  

Figure 37 Making the wooden frame 

  

Figure 38  Application of Sika Fast 51 and assembling the glass and frame 
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10.5 Appendix E – Experimental investigation of 
temperatures on the glass 

Table 29. Intensity and temperature from experimental measurements of 

Optifloat Clear glass sheet 

 Tcentre Tcorner Tfront edge Ambient 

Intensity  
(W/m2 ) 

Right/left 

Temperature 
(C) 

front/back 

Temperature 
(C) 

front/back 

Temperature 
(C) 

front/back 

Temperature 
(C) 

 

570/590 30/28 32/30 30/29 24 

830/810 34/32 33/31 34/32 23 

980/970 41/37 38/36 38/35 24 

 

Table 30. Intensity and temperature from experimental measurements of 

Optifloat Grey glass sheet 

 Tcentre Tcorner Tfront edge Ambient 

Intensity  
(W/m2 ) 

Right/left 

Temperature 
(C) 

front/back 

Temperature 
(C) 

front/back 

Temperature 
(C) 

front/back 

Temperature 
(C) 

 

560/600 42/40 40/38 39/38 22 

780/780 50/48 48/45 49/46 23 

990/980 59/56 58/54 56/51 24 
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10.6 Appendix F – Calculated and measured strains in 
glass panels 

A series of measurements was made to measures strains in the Ex direction on 

the back of the glass and in the Ey- direction at the edge of the glass. 

 

Table 31. Glass panel, Optifloat Clear, calculated and measured strain, E, 

after 60 minutes of exposure to 600, 800 and 1000 W/m
2
 solar radiation. 

 Calculated Experimental 

600 W/m2   Ex 
(10-6) 

Ey 
(10-6) 

Ez 
(10-6) 

E 
(10-6) 

ttg 1 (edge) 45 56 45 23 

ttg 2 45 45 45 3 

ttg 3 51 51 51 3 

ttg 4 53 53 55 9 

800 W/m2       

ttg 1 (edge) 68 84 68 31 

ttg 2 68 68 68 2 

ttg 3 77 77 78 5 

ttg 4 81 81 82 12 

1000 W/m2       

ttg 1 (edge) 79 97 79 - 

ttg 2 80 80 80 - 

ttg 3 89 89 89 - 

ttg 4 94 94 95 - 

 

Table 32. Glass panel, Optifloat Grey, calculated and measured strain, E, 

after 60 minutes of exposure to 600, 800 and 1000 W/m
2
 solar radiation. 

 Calculated Experimental 

600 W/m2   Ex 
(10-6) 

Ey 
(10-6) 

Ez 
(10-6) 

E 
(10-6) 

ttg 1 (edge) 131 165 130 51 

ttg 2 132 131 131 2 

ttg 3 149 149 152 12 

ttg 4 157 157 160 5 

800 W/m2       

ttg 1 (edge) 174 219 174 70 

ttg 2 175 174 175 4 

ttg 3 198 198 202 16 

ttg 4 208 208 211 7 

1000 W/m2       

ttg 1 (edge) 218 273 218 105 

ttg 2 221 219 220 7 

ttg 3 248 248 252 17 

ttg 4 260 260 263 38 

  



92 

10.7 Appendix G– Experimental investigation of 
temperature and stress on the glass and wood 
panel assemblies  
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Figure 39. Marking and positions of temperature sensors 
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Figure 40. Measured temperatures and stresses for Type B1 Optifloat Clear panel 
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Figure 41. Measured temperatures and stresses for Type B1 Optifloat Grey panel 
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Figure 42. Measured temperatures and stresses for Type B2 Optifloat Clear panel  
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