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ABSTRACT 
Both timber and glass are materials that have aesthetically pleasing properties. 
An appealing idea is to combine them to overcome the drawbacks and utilise 
the beneficial mechanical properties. Adhesive bonding with an appropriate 
adhesive could provide a uniform stress distribution at the transition between 
the materials. 

This report presents a study of three different adhesives, silicone, acrylate 
and polyurethane. Intentionally, adhesives with a wide range of properties 
were chosen. The adhesive bonds between timber and glass were tested both 
in tension and in shear with rather small bonds, 800 mm2. Special fixtures 
were designed both for gluing and testing of the adhesive bond specimens 
studied. The results presented include a traditional study of strength, failure 
type and relative displacement measured with LVDT’s, but also an extended 
study with a non-contact optical 3D-deformation measuring system and 
finite element modelling. 

Of the adhesives tested, the acrylate (SikaFast 5215) performed best, 
both in tension and shear. The mean strength obtained for this adhesive was 
3.0 MPa in tension and 4.5 MPa in shear. Even if an important factor when 
gluing glass is the load distribution ability, the flexible silicone adhesive has 
too low stiffness and strength for use in structural components, where struc-
tural refers to the ability of a component to carry loads other than its own 
weight. 
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1 INTRODUCTION 
1.1 Project background and previous work 
This report is a result of work performed within a project dealing with the 
combination of timber and glass in structural building components. The offi-
cial name of the project is ‘Glas och trä i samverkan - innovativa bygg-
produkter med mervärde’. It has financing from the European Union’s 
structural fund for regional development, managed by Tillväxtverket. The idea 
in the project is that the main method for combining timber and glass is by 
gluing, thus an important part of the project is to find an adhesive that is 
suited for this task. 

There are quite a few examples where glass is used in structures even in 
load carrying elements. Studies where other materials are added as rein-
forcement and a way to build in a redundancy in the member can be found 
for steel (Louter, 2007), (Nielsen and Olesen, 2007) and for wood (Kreher, 
2006). The number of existing studies on timber-glass composites is limi-
ted, but an important characteristic property apparent in many of the studies 
is the redundancy which can be built into the element, glass failure does not 
necessarily lead to a catastrophic failure of the entire element. Another pos-
sible concept, noted by Kreher (2006), is to use wood as load introducing 
material at supports and at joints between components.  

If the aim of the timber-glass component design is to go beyond the re-
dundancy role of the wood and have the materials work together to carry the 
load, one faces the difficulty of combining two materials with a large diffe-
rence in stiffness. Since glass is about 6 times stiffer than wood (parallel to 
grain), the load is bound to be carried mostly by the glass if not a highly 
imaginative design can be implemented. 

Traditionally, wood adhesives rely to some extent on penetration of the 
adhesive into the fibre structure of the wood. The adhesives studied here, 
except for the polyurethane adhesive are mainly for gluing materials such as 
glass and metals and their main focus is not the ability to penetrate wood 
fibres, but the ability of wetting the adherend surface, which is more easily 
done with metals and glass. An adhesive bond must also be able to handle 
moisture induced deformation in the wood without enforcing too much 
strain on the glass. 
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1.2 Aim and scope 
This report presents a study of adhesive bonds between wood and glass. The 
aim is to analyse some adhesive types which possibly could be used for gluing 
wood and glass in load-carrying structures. Three different adhesives were 
included; a deformable silicone adhesive with a thick bond line, a stiff poly-
urethane adhesive with a thin bond line and an acrylate adhesive with 
properties in between the other two. By choosing adhesives with a wide range 
of properties, the span of possibilities is in some sense included, although 
there are in principle infinitely variations and an optimised combination of 
properties require a lot more research. Properties that affect the load-bearing 
capacity of a bond-line are cohesive strength of the adhesive, adhesive 
strength to wood, adhesive strength to glass, deformation capacity and load 
distribution ability. Other important properties are resistance to UV-light and 
moisture and long-term capacity, but these are not considered in this study. 

Another purpose of the presented study was to establish appropriate test 
methods for testing both tension perpendicular to grain and shear. Further, 
appropriate methods for evaluating the tests are required. The study also 
includes three different methods for measuring the displacement across the 
adhesive bond. Measures from piston movement, LVDT sensors and non-
contact optical measuring, and with that, measures at different distances 
from the adhesive bond are presented. 

Results from both tests and calculation models are included. The main 
purpose of the calculations is to deepen the understanding of the test results. 
The specimens had a bond area of 20×40 mm2 and were studied both in 
tension and shear.  

1.3 Outline 
Chapter 2 gives a detailed description of the materials and methods used; 
including specimen preparation, testing and measuring methods and the cal-
culation models. 

The results are presented in Chapter 3, where Chapter 3.1 deals with the 
tensile specimens and Chapter 3.2 with the shear specimens. Two addition-
al studies are included in Chapter 3.3 and 3.4, of which the first contains 
some results from solid wood of the same quality as was used for the adhe-
sive bond specimens and the latter a simplified calculation model of varying 
stiffness across the annual rings. 

Chapter 4 is the concluding discussion and the Appendix contains de-
tailed test results (not only the mean value curve but also the curves from all 
specimens), a more detailed description of the fracture characterisation and 
a few additional details. 
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2 MATERIALS AND METHODS 
2.1 Specimen preparation 
Three different adhesives were included in the study; silicone, acrylate and 
polyurethane. The first two adhesives were provided by Sika Sverige AB. 
Intentionally, adhesives with a wide range of properties were chosen. The 
adhesive bonds were tested both in tension and in shear. For each adhesive, 
15 specimens were included for tension and shear, respectively. In each of the 
resulting six groups, the specimens are numbered from 01 to 15. A prelimi-
nary test with some specimens showed that the wood can be weaker than the 
adhesive bond in tension. Therefore, the tensile specimens were reinforced. 

2.1.1 Pre-assembly treatment and materials 
Sikasil SG-20 is a one-component silicone sealant. The adhesive is moisture-
curing and it is UV resistant. One of the main applications of this adhesive is 
structural glazing (Sika Schweiz AG, 2009). According to the product data 
sheet the tensile strength is approximately 2.2 MPa and the elongation at 
break approximately 450 %.  

SikaFast 5215 is a two-component adhesive based on ADP-technology 
(acrylic double performance) and cures by polymerisation. The adhesive is 
designed to substitute mechanical fastening techniques in structural and 
semi-structural bonding. According to the product data sheet (Sika Schweiz 
AG, 2003); the tensile strength is approximately 10 MPa, the elongation at 
break approximately 150 % and the glass transition temperature approxi-
mately 52°C. In the data sheet it is also noted that the mechanical properties 
are temperature dependent. 

Prefere 6000 is a one-component polyurethane adhesive approved for 
load-carrying timber structures, including glued laminated timber. The 
recommended maximum thickness of the adhesive bond is 0.3 mm. Since 
the nominal pressure in the gluing of the polyurethane specimens was 
1 MPa, thus the bond thickness was not the decisive parameter. 

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

The wood used was spruce with a mean dry-green density of 
38514.0 =ρ kg/m3 (ratio of mass of dry material and volume at a moisture 

content of 14 %). It was planed and sawn the same day as the specimens 
were glued. The wood was oriented so that the surface glued had its normal 
in the tangential direction of the annual rings. This surface is sometimes 
referred to as a radial surface. 

Since the stiffness of glass is several times higher than the one of wood, 
the thickness of the wood in the shear specimen was 20 mm, while that of 
the glass was 10 mm. To correspond to the stiffness difference, the wood 
should have had an even larger thickness. It was judged that the entire 
thickness would not be contributory anyway, i.e. a larger thickness of the 
wood would not have the desired effect. The dimensions of the tensile and 
the shear specimen are shown in Figure 2-1. Whenever a coordinate system 
is referred to, it is the one shown in this figure. 

(mm) (mm) 

Figure 2-1. Specimen dimensions. The thickness of the adhesive bond between glass and wood is 
not shown in the figures.  

2.1.2 Assembling 
The adhesive was applied manually on the piece of wood. The wood, with the 
adhesive on, and the glass were then pressed together in a press. A fixture was 
designed for gluing the specimens studied in this report. It was made for glu-
ing five specimens simultaneously and is modifiable, which enables gluing of 
both tensile and shear specimens and also controlling the different thicknesses 
of the different adhesives. Figure 2-2 shows a sketch of the fixture in the 
setup for gluing tensile specimens. The distance blocks, shown in the figure, 
are made in two different thicknesses to control the thickness of the silicone 
and acrylate adhesive bond. For polyurethane specimens, a pressure corre-
sponding to 1 MPa across the nominal areas of the adhesive bonds was 
applied. 



 7 

 
Figure 2-2. Fixture for specimen preparation. 

Since the decisive parameter for silicone and acrylate is the bond thick-
ness, while for polyurethane it is the applied pressure, the characteristics of 
the gluing fixture differ between these two groups. 

Among the limitations of the gluing fixture is the requirement of exact 
measures of wood and glass pieces; if the measures are slightly larger than 
the nominal measure, the pieces do not fit into the fixture. Furthermore, a 
deviation in height of wood pieces or thickness of glass pieces affects the 
resulting adhesive bond thickness for silicone and acrylate specimens, while 
for polyurethane specimens, a height difference within the five specimens 
glued at the same time results in higher pressure on the larger specimens 
and lower pressure on the smaller specimens. 

For silicone and acrylate specimens, another possible drawback of the 
fixture is that nothing except the resistance of the non-cured adhesive pre-
vents the glass pieces from tilting, which would result in a sloped glass and 
an adhesive bond that is thinner on one side. 

2.1.3 Post-assembly treatment and reinforcement material 
The silicone, acrylate and polyurethane specimens were left in the fixture with 
the applied pressure for at least 20, 1 and 3 hours, respectively. No specimen 
was tested within a week after the gluing. During storage, the specimens were 
kept at a climate of approximately 20˚C and 60 % RH. 

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

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

Distance blocks
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2.2 Testing and measuring methods 

2.2.1 Testing methods 
The machine used was of type MTS (100 kN capacity). One testing fixture 
for each of the two types of tests was used (Figure 2-3). Both fixtures have 
hinged steel bars at the ends and these were held by the hydraulic grips of the 
machine. 

The fixture for the tensile specimens consists of one upper part where 
the glass is placed and a lower part which is screwed to hold on to the wood. 
Thus the lower part of the fixture caused some compression of the wood. 

For the shear specimens, the fixture also consists of an upper and a lower 
part, both based on the same principle, but with different measures due to 
the thickness difference between the wood and the glass. The position of 
the hinged bars can be adjusted to fit the bond thickness so that the load, at 
least initially, acts along the centreline of the adhesive. Thus, the unde-
formed setup implies that the resulting force is along the mid plane of the 
adhesive. This is illustrated in the free body diagram in Figure 2-4. 

Table 2-1 shows the loading rates that were used for the different adhe-
sives. With these rates, the time to failure became approximately one minute 
for all adhesives in the tension tests (cf. Figure 3-6) if failure of the silicone 
is taken to be at the displacement where the stiffness has decreased signifi-
cantly. The same loading rates were used for the shear tests in spite of the 
differences in time to failure that then appeared. 

 
Figure 2-3. Setups for tensile and shear testing of glass/wood adhesive bonds.The relative dis-
placements were measured with the LVDT’s over the distance denoted  dLVDT . 
 

dLVDT 

dLVDT 

Tensile test Shear test 
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Figure 2-4. The principle of the shear test fixture, which implies that the resulting force, in the 
undeformed state, is along the mid plane of the adhesive. 

Table 2-1. Displacement rates used in the tests. 

Adhesive Rate Exception 
Silicone 1.00 mm/min  
Acrylate 0.50 mm/min Shear test, specimen 01, rate: 0.25 mm/min 
Polyurethane 0.25 mm/min  
   

2.2.2 Measuring methods 
As mentioned in the introduction chapter, the displacement is measured with 
three different methods. For all specimens, the displacement is measured with 
the MTS-machine as piston movement. The displacement is also measured 
with LVDT sensors, which measure the displacements closer to the adhesive 
bond and therefore include less deformation of materials outside the adhesive 
bond. The third displacement measuring method is by a non-contact optical 
3D-deformation measuring system, Aramis™.  

Aramis was only used on some (between three and eight) specimens for 
each adhesive and type of test. The results obtained from Aramis are not 
presented for all specimens, instead three specimens from each adhesive and 
type of test were chosen. The choice of specimens was based on which 
specimens that had a piston movement versus load curve most similar to the 
mean curve of all specimens at a moderate load level. The cameras require 
an unobstructed view, thus it is not possible to use LVDT sensors on both 
sides for the specimens studied with Aramis, but for the other specimens 
(seven to twelve per adhesive and type of test), one LVDT sensor was 
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placed on each side of the specimen and the mean value of the two sensors 
was used for the evaluations. 

Data from the MTS machine and LVDT sensors were sampled every 
second, while Aramis data was sampled every third second. This resulted in 
rather few data points from the tensile tests, which, in combination with a 
noisy load signal fed into the Aramis system, gave a poor precision of the 
load level for the data from Aramis. By applying amplification to the load 
signal, the noise appears to be reduced. To see this, compare the load oscil-
lations in Figure B-3 and Figure B-6 to the amplification factors found in 
Table A-1 and Table A-2. In the tests performed here, the main amplifica-
tion factor used was five. 

When using the Aramis system, a grey-scale random pattern is sprayed 
on one side of the specimen and with two cameras, a sequence of digital 
photographs are taken during the test. These pictures are then processed to 
obtain a displacement field of the specimen. The strain is computed from 
the displacements of k × k measuring points. Here the default value k = 3 
was used and the strain was thus averaged across the boundary between 
adherends and adhesive, except for the polyurethane specimens where the 
adhesive bond line was excluded from the processing. The calibration vol-
ume used for the cameras was mainly 35×35×20 mm3 for the tensile 
specimens and 40×40×25 mm3 for the shear specimens with a few excep-
tions (see Table A-1 and Table A-2).  

With Aramis, evaluation points can be chosen, in principle, arbitrarily 
close to the adhesive bond. The relative displacement from Aramis was 
measured between two points located at the middle of the bond length and 
one mm into the wood and glass, respectively, for both the tensile and the 
shear specimens. For the tensile specimens, the LVDT sensors were at-
tached to the upper part of the testing fixture and measured the relative 
displacement to a steel plate attached to the wood, 25 mm below the glass 
surface. For the shear specimens, the LVDT sensors were attached to the 
upper part of the testing fixture and measured the relative displacement to 
the lower part of the testing fixture. These distances are shown in Figure 
2-3 where they are denoted LVDTd . 

2.3 Modelling 
Calculation models of the two different test methods and three different ad-
hesive bonds are included in this study. Abaqus was used for this modelling. 
The purpose of the calculations was to deepen the understanding of the test 
results, to check how reasonable the, on beforehand, estimated material pa-
rameters for the adhesives are and find better values if the correspondence was 
insufficient. The models do not consider possible slip between the adherends 
and the adhesive, plasticity or any (other) type of material failure. Thus the 
models are only able to predict the specimen behaviour at moderate load lev-
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els, before any of these phenomena become decisive. Further, the reinforce-
ment used on the tensile specimens was neglected in the calculations. 

The material parameters used for wood in these calculations are pre-
sented in Table 2-2 and Table 2-3. For glass as well as for the polyurethane 
and acrylate adhesive, linear elastic material models were used. Table 2-4 
lists these material parameters. The second alternative for the acrylate adhe-
sive is based on what is found to be reasonable by (de Castro, 2005).  

For the silicone adhesive, based on the results obtained by (Larsson, 
2008), a hyper-elastic incompressible material with a Neo-Hooke model 
with 3

10 10247 ⋅=C N/m2 was used. This material parameter corresponds to 
a six times larger initial stiffness, i.e. 48.10 =E MPa, and since the material 
is incompressible, 5.0=υ . 

Table 2-2. Material parameters used in modelling of wood in two-dimensional models. 

Quantity Value 
El 12 000 MPa 
Ert 400 MPa 

rtl,υ  0.5 
Gl,rt 750 MPa 
  

Table 2-3. Material parameters used in modelling of wood in three-dimensional models. 

Quantity Value 
El 12 000 MPa 
Er , Et 400 MPa 

trυ ,  0.7 
lrυ , , ltυ ,  1/60 

Gl,r , Gl,t 750 MPa 
Gr,t 75 MPa 
  

Table 2-4. Material parameters used in modelling of isotropic linear elastic materials. 

Material E (MPa) υ  
Glass 70 000 0.23 
Acrylate main alt. 80 0.25 
Acrylate alt. 2 100 0.40 
Polyurethane 100 0.25 
   

In Chapter 2.2.2 it is described how the strain field is computed in 
Aramis. Note that the procedure used for extracting results from Aramis 
implies that for the acrylate and silicone adhesive, the strain is averaged 
across the boundary between adherends and adhesive. In the strain plots 
from the calculations (presented in Chapter 3.1 and 3.2) the strain is not 
averaged across this boundary. 
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2.3.1 Tensile specimen specifics 
Due to the large Poisson’s ratio of the silicone adhesive and of the second 
alternative for the acrylate adhesive, these adhesive models have a small or no 
volumetric change, which results in a larger stiffness to tension perpendicular 
to the adhesive plane since the wood and glass restrict contraction of the ad-
hesive. Therefore, three-dimensional models were used for the tensile 
specimens. 

Since the tensile specimen is symmetric with respect to both the x - and 
the z -plane, only one quarter of the geometry is modelled. The upper part 
of the fixture is modelled by constraining the motion of the loaded surface 
to a reference node, where the load is applied. The lower part of the tensile 
testing fixture is modelled by locking the y -displacement of the surface, 
thus neither compression of the wood nor any sliding between wood and the 
fixture is considered.  

For the silicone and acrylate adhesive, submodelling was used to obtain 
more detailed strain plots than what is possible when a uniform element size 
throughout the entire model is used. In the submodelling, calculations are 
first performed on a global model of the entire modelled geometry, then a 
subgeometry is chosen and a denser mesh can be applied to this submodel. 
The submodel is then driven by the global model. In the choices made in 
this study, the driving region was identified automatically from the global 
model. The driving variable used was displacements, i.e. the nodal dis-
placements from the global model are interpolated onto the submodel 
nodes. This, so called node-based submodelling, is preferred to the alterna-
tive, surface-based modelling, when the output wanted is the displacement 
field rather than the stress field and the stiffnesses of the sub- and global 
model are comparable.(ABAQUS user’s manual, 2008) 

For the silicone specimen, eight-node, linear brick elements with re-
duced integration and hybrid formulation were used on the global model, 
while the submodel had quadratic instead of linear elements. The silicone 
model includes the non-linear effect of large deformations. The global ele-
ment size was 1×1×1 mm3 and the element size of the submodel was 
0.5×0.5×0.5 mm3. The load was applied by prescribing the displacement of 
the reference node. 

For the acrylate specimens, eight-node, linear brick elements with re-
duced integration were used throughout the model. Non-linear effects were 
not considered. The global element size was 1×1×1 mm3, while in the sub-
model the element size was 0.25×0.25×0.25 mm3. The load was applied by 
prescribing the displacement of the reference node. 

For the polyurethane specimen, the element size was approximately 
0.5×0.5×0.5 mm3 in wood and glass and 0.1×0.1×0.1 mm3 in the adhesive, 
thus the adhesive is modelled with one layer of elements. Eight-node, linear 
brick elements were used throughout the model. Reduced integration was 
used everywhere except for in the adhesive and in wood that is close to the 
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adhesive bond or close to the upper end of the lower fixture. The load was 
applied as a point load at the reference node. 

2.3.2 Shear specimen specifics 
 The large Poisson’s ratio of the silicone and the acrylate, which enforced the 
use of three-dimensional models for the tensile specimen modelling, has not 
as large influence on the shear specimens and therefore two-dimensional 
models were used. 

The fixture for the shear specimen was modelled by rigid surfaces, whose 
interaction to the specimen was given a friction coefficient of 0.5 and “hard 
contact” in the normal direction. The loading was applied at reference nodes 
located at a distance corresponding to the hinges in the actual fixture. These 
reference nodes were allowed to rotate. Four-node, bilinear plane stress 
quadrilateral elements were used throughout all shear specimen models. 
Reduced integration was used everywhere except for in the adhesive and in 
the wood and glass that is close to the adhesive bond. 

For the silicone specimen, the element size in wood and glass was 
0.5×0.5 mm2, but close to the adhesive the element size decreases. In the 
adhesive, an element size of 0.25×0.25 mm2 was used. The silicone model 
includes the non-linear effect of large deformations. The loading was ap-
plied as prescribed displacement. 

For the acrylate specimen, the element size in wood and glass was 
0.5×0.5 mm2, but close to the adhesive the element size decreases. In the 
adhesive, an element size of 0.25×0.25 mm2 was used. Non-linear effects 
were not considered. The loading was applied as a point load. 

For the polyurethane specimen, the element size in wood and glass was 
0.5×0.5 mm2, but close to the adhesive the element size decreases. On the 
edge of the adhesive, an element size of 0.1×0.1 mm2 was used. The ele-
ments in the adhesive had a size of 0.05×0.05 mm2, thus the adhesive was 
modelled with two layers of elements. The load was applied as a point load. 
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3 RESULTS 
Mainly the mean value curves of force versus displacement are presented in 
this report, but in Chapter B in the Appendix, all curves from the tests are 
presented. The mean value curves are created by the following procedure: 
• Curves are shifted so that the initial force and displacement are zero. 
• The maximum load and corresponding displacement are determined 

for each specimen. 
• The mean values of the maximum load and the corresponding dis-

placements are calculated. Let us denote these mean values 
by Fmax and maxδ  respectively. 

• Each curve is cut at its maximum load and ‘normalised’ so that its 
maximum load is Fmax and the corresponding displacement maxδ  

• By interpolation, values of the load are obtained for the same set of 
displacement values for all the curves. 

Now, a load mean value can be computed for each displacement value. 
Whenever strength is mentioned in this report, it refers not to an intrin-

sic material property, but to a mean value calculated as the maximum force 
divided by the adhesive bond area. This value should, due to non-uniform 
stress distributions, in general not be expected to correspond to the intrinsic 
material strength (cf. Figure 3-11 and Figure 3-20, which show the calcu-
lated stress distribution in the adhesive bonds). However, if the bond area is 
small or the adhesive is much more flexible than the adherends, this mean 
value will of course approach the intrinsic material strength value. 

To present the type of failure of the specimens, five basic categories were 
used; cohesion in wood, adhesion to wood, cohesion in adhesive, adhesion 
to glass and cohesion in glass. Shallow wood failure is often used to describe 
a failure in adhesive-bonded wood joints where the crack occurs close to the 
plane of the wood surface in the wood or wood interface, which can be a 
result of a damaged wood surface (River, 1994). With the categorisation 
system employed here, this failure would be a mixture of cohesion in wood 
and adhesion to wood. In Appendix, Chapter C, these categories are more 
extensively described and example pictures are presented. 

The categorisation was done based on notes taken during the tests and 
by studying the specimens afterwards. Most failures were categorised as 
combinations of some of the basic categories, which resulted in that nine 
different categories were found. 
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3.1 Results for the tensile specimens 
The obtained strengths for the three different adhesives are presented in tabu-
lated form in Table 3-1 and in bar charts in Figure 3-1. The mean values and 
standard deviations are calculated from the 15 specimens that were tested for 
each adhesive type, except for the results set in italics, where some specimens 
were excluded. From the specimens with acrylate adhesive, 01, 03, 04, 05 and 
11 were excluded since the wood failure was deep into the wood.1 From the 
specimens with polyurethane adhesive, 11 to 15 were excluded since these had 
a considerably lower strength than the rest of the polyurethane specimens and 
all of them failed in adhesion to glass. Since these were manufactured, trans-
ported and tested separately from the other polyurethane specimens, some 
deviation in the handling of these specimens may have caused the lower 
strength. On the other hand, there is no obvious difference in the handling of 
these specimens, which may indicate that this type of adhesive bond is sensi-
tive to disturbances. 

The results presented in Chapter 3.3 indicate that the wood quality used 
has a tensile strength of 2.3 MPa. Note that the strength obtained for the 
acrylate adhesive is higher than that of solid wood, while the strength ob-
tained for the silicone and polyurethane bond is lower. This is in line with 
the failure categorisation (cf. Figure 3-3) where cohesive failure in wood is 
the dominating category only for the acrylate specimen. That the acrylate 
specimens could be loaded above the strength of solid wood can be ex-
plained by the use of reinforcement since the volume of the wood tested is 
small.  

In Figure 3-2, the mean value curves obtained from measuring displace-
ment by piston movement are shown for the acrylate and polyurethane 
adhesive both for the complete and the reduced set to compare how much 
the excluded specimens affect the behaviour. 

Table 3-1. Mean strength and standard deviation for the adhesive bonds. Numbers set in italics 
are calculated from a reduced set of specimens. Which specimens that are excluded and why is 
explained in the text. 

Adhesive Strength 
(MPa) 

Standard deviation 
(MPa) 

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

 

                                                 
1 The failure of another three specimens is also categorised as cohesion in wood (see Figure 
3-3), but then the wood failure is less than one mm from the adhesive. 
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Figure 3-1. Tensile strength of adhesive bonds with silicone, acrylate and polyurethane adhesive. 
The grey bars represent all 15 specimens and the white one represents the reduced set of specimens. 
Standard deviation is presented on each bar. 

 
Acrylate         Polyurethane 

Figure 3-2. Mean value curves with the displacement measured as piston movement from the 
tensile tests with acrylate and polyurethane adhesive, where a reduced set was studied. 

The relative displacement between wood and glass give information on 
the deformation capacity of the adhesives. To, as far as possible, measure 
the displacements over the adhesive bond and not in the wood, the dis-
placements measured with Aramis are used. Table 3-2 presents these 
displacements and the standard deviation. The large standard deviation for 
the polyurethane specimens is due to that only three specimens are included 
and the displacement at maximal load of one of the specimens differs so 
much from the others, cf. Figure 3-5.  

As mentioned in the introduction of this chapter, five basic failure type 
categories were identified and then, when failures that were a mixture of 
these categories were considered, nine different categories arose. Since the 
behaviours of the adhesives are so different, different categories were found 
for different adhesive even if the same system was used for all specimens. In 
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Figure 3-3, the types of failure of the tensile specimens are shown. In these 
diagrams, only the complete sets of specimens are used, i.e. the reduced sets, 
where some acrylate specimens with cohesion failure in wood and some 
polyurethane specimens with low adhesion to glass were removed, are not 
presented here.  

From the diagrams it appears that the silicone adhesive tends to fail 
mainly in a mixture of adhesion to wood and cohesion in adhesive. These 
two failure types are present in all three categories for the tensile silicone 
specimens. Further, the acrylate adhesive appears to be so strong in cohesion 
that the failure occurs either in the wood or in adhesion to wood. Finally, no 
cohesive failure was observed in the polyurethane specimens, but since the 
polyurethane adhesive bond is so thin, it is possible that it would not be 
distinguishable even if there were any cohesive failure in the adhesive. Some 
polyurethane specimens had such a small portion of wood fibres on the ad-
hesive that they were judged as failure in adhesion to glass. Thus, most of 
the polyurethane specimens have failure partly, or only, in adhesion to glass 
even if three specimens failed only in the wood and adhesion to wood.  

Table 3-2. The relative displacements at maximal load for the adhesive bonds, measured as the 
mean value of the three specimens studied with Aramis. 

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

 

Figure 3-3. The different categories for specimen failure for the tensile specimens. The diagrams 
shown are for silicone, acrylate and polyurethane, counting from left to right. 

Silicone

3 
pcs.

1

11 
pcs.

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

Type 7; Adhesion to wood,
Cohesion in adhesive

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

Polyure-
thane

3 
pcs.

3 
pcs.

9 
pcs.

Type 2; Cohesion in wood,
Adhesion to wood

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

Type 9; Adhesion to glass

Acrylate

7 
pcs.

8 
pcs.

Type 1; Cohesion in wood

Type 2; Cohesion in wood,
Adhesion to wood
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Figure 3-4 shows the stress-strain relations for the three adhesives. Two 
diagrams with different scales are shown since the difference between the 
adhesives is so large. The strain is measured between two points located at 
the middle of the bond length and one mm into the wood and glass, respec-
tively. It should be noted that this strain measure includes the strain of one 
millimetre of wood and one millimetre of glass, thus the stiffness obtained is 
a nominal stiffness of the adhesive bond that differs from the actual stiffness 
of the adhesives in bulk. 

For each adhesive, the initial stiffness of the bond is estimated from the 
initial slope of the curves, see Table 3-3. In Figure 3-4, the dashed lines 
show these initial stiffnesses. It would be expected that with perfect adhe-
sion to the adherends at least the polyurethane bond would have a larger 
stiffness than solid wood with this measure since it includes one millimetre 
of glass and the polyurethane bond is so thin. Tests on the wood quality 
used (see Chapter 3.3), gave a stiffness of 530 MPa. Thus the stiffness of 
the polyurethane bond is not higher but lower, which may indicate low ad-
hesion.  

Figure 3-4. Tensile tests, the mean value curves of the stress-strain relation obtained from Aramis 
for the different adhesives gathered in the same diagram. For each adhesive a dashed line shows the 
initial stiffness computed from these results. 

Table 3-3. Estimated initial stiffnesses for the adhesive bonds. 

Adhesive Stiffness (MPa) 
Silicone 10 
Acrylate 700 
Polyurethane 200 
  

Figure 3-5 shows the force versus displacement curve from tests and a 
comparison to results from calculation models. The displacement from tests 
is the relative displacement between wood and glass, measured between two 
points located at the middle of the bond length and one mm into the wood 
and glass, respectively. This comparison indicates a relatively good agree-
ment for the modelled initial stiffness. Due to the large Poisson’s ratio of 
the silicone and the acrylate, these models had to be three-dimensional. 
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The polyurethane adhesive bond has small displacements and therefore, 
the measurements can be sensitive to disturbances such as a rotation of the 
adherends out of the xy -plane. The large difference within the three stud-
ied polyurethane specimens can be due to either this or an actual large 
difference within the specimens. Figure A-2 in the Appendix shows further 
investigations on this matter. From this figure it appears to be a rotation of  
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Figure 3-5. Results from tests with the displacement measured with Aramis and from the calcula-
tion models. The mean value curve is the mean of the three specimens studied with Aramis.  
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adherends in the xy -plane; the relative displacement varies along the x -
direction of the adhesive bond. Figure A-3 and Figure A-4 show more results 
that indicate rotations in the specimens. 
When the stiffness of the adhesive is much lower than the stiffness of the 
adherends (the materials that are glued together), which is the case for the 
silicone specimens, most of the strain occurs in the adhesive and where the  
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Figure 3-6. Mean force vs. displacement curves for silicone, acrylate and polyurethane specimens, 
with displacement measured with piston, LVDT’s and Aramis. The dashed black line is the piston 
results with only the specimens studied with Aramis included. 
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displacement is measured does not affect the results. This is not the case for 
the acrylate and polyurethane adhesives, which are rather stiff. Figure 3-6 
shows a comparison between different measuring methods. As expected, the 
different methods give similar results for the silicone adhesive. The acrylate  

and polyurethane adhesive show similar differences between the measur-
ing methods. Since these adhesives are rather stiff, some of the measured 
displacement is outside the adhesive bond. For the LVDT sensors, strain in 
the wood is measured, and for the piston movement deformations in the 
machine itself and in the grips are also measured. Note that different sets of 
specimens are used to present the different methods, which result in some 
differences. 

Figure 3-7 to Figure 3-10 show strain plots from tests and calculation 
models. Recall when comparing calculation results to test results that, as 
mentioned in Chapter 2.2.2 and 2.3, the strain plots from Aramis are aver-
aged across the boundary between adherends and adhesive, while the strain 
plots from Abaqus are not. I.e., the discontinuity of the strain field at the 
adhesive/adherend interface is not captured as well in the pictures from 
Aramis as in the pictures from Abaqus. Further, due to the noise in the load 
signal, mentioned in Chapter 2.2.2, the load levels in the results from 
Aramis are not very accurate. Therefore no effort has been made to correlate 
load level and scale limits from the calculations to those from the tests.  

From a qualitative comparison between calculation and test results for 
normal strain in the y -direction at the surface for the silicone and acrylate 
adhesive, Figure 3-7 to Figure 3-9, it appears that while the strain concen-
trations at the interface between adherends and adhesives are similar for the 
silicone adhesive, the strain concentrations at the interface between wood 
and acrylate adhesive from Aramis are not reflected in the calculation. This 
may be interpreted as a relatively low adhesion to wood, at least close to the 
surface where Aramis measures the displacements. 

Note also the phenomenon present in Figure 3-7. The large Poisson’s 
ratio of the adhesive and the volumetric constraints imposed by the glass 
and wood result in both shear strains and normal strains in the x -direction. 
Similar, but not as distinct, results would be obtained for the acrylate adhe-
sive with the second alternative for the material parameters. 

Figure 3-8 shows that the shear strain measured with Aramis in the 
acrylate specimens varies with the annual rings of the wood. The strains 
measured with Aramis for the polyurethane specimen shown in Figure 3-10 
are dominated by the strain variation across the annual rings. Chapter 3.4 
contains a simplified calculation model of varying stiffness across the annual 
rings, but this variation is not included in any specimen modelling. The 
strain field from calculations for the polyurethane adhesive is instead domi-
nated by a strain concentration close the surfaces and thus different from the 
strain field from Aramis. 
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Specimen 12 Calculated 
 

Calculated 
Normal strain, yyε , at the surface (left and centre) and 2 mm into the specimen (right). 

Specimen 12 
 

Calculated  

Engineering shear strain, xyγ , at the surface.   

Specimen 12 Calculated  

Normal strain, xxε , at the surface.  

Figure 3-7. Strain plots from tests and calculation models of the silicone adhesive bond. 
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Specimen 12 Specimen 15  

Normal strain, yyε , at the surface.  

 
Specimen 12 Specimen 15  

Engineering shear strain, xyγ , at the surface.  

Figure 3-8. Strain plots from tests of the acrylate adhesive bond. 
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 Normal strain, yyε , at the surface (left) and 2 mm into the specimen (right). 

Figure 3-9. Strain plots from calculations of the acrylate adhesive bond for the two different sets of 
material parameters. 
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Specimen 05 

 
Calculated 

Normal strain, yyε . 

 
Specimen 05  

Engineering shear strain, xyγ .  

Figure 3-10. Strain plots from tests and calculations of specimens with polyurethane adhesive. 

The strain plots from calculations presented in Figure 3-7 and Figure 
3-9 showed that the strain at the surface differed from the strain 2 mm into 
the bond. In Figure 3-11, normalised stress along one path at the surface 
and one path in the middle of the specimen is shown. These paths are illus-
trated in Figure 3-12. The normalisation is done such that the average 
tensile stress is 1 MPa. Since the calculation model for the silicone specimen 
includes non-linear behaviour, the normalised stress is not independent of 
applied load. The load level chosen for the silicone specimen was 350 N. 
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Figure 3-11. Stress distributions along a line halfway through the thickness of the adhesive, the 
stresses are measured along the two different paths shown in Figure 3-12.  
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Figure 3-12. The paths which stress distributions are measured along.  

3.2 Results for the shear specimens 
The obtained strengths for the three different adhesives are presented in 
Table 3-4 and in Figure 3-13. The mean values and standard deviations are 
calculated from the 15 specimens that were tested for each adhesive type, 
except for the results set in italics, where one specimen was excluded. Speci-
men 05 was excluded from the ones with silicone adhesive since the test of 
this specimen first was started, then interrupted and restarted again. Since the 
load and deformation capacity of this specimen turned out to be considerably 
lower than for the rest it cannot be ruled out that the re-starting of the test 
had an influence on the results. From the specimens with acrylate adhesive, 
specimen 01 was excluded since the rate of loading of this specimen was lower 
than for the rest of the specimens, see Table 2-1. The deformation capacity of 
this specimen turned out to be the largest recorded among the shear speci-
mens with acrylate adhesive, cf. Figure B-6. 

The tests presented in Chapter 3.3 indicate that the wood quality used 
has a strength of 6.1 MPa. Thus all adhesive bonds show a lower strength 
than solid wood. This is in line with the failure categorisation (cf. Figure 
3-15) where no failure is solely cohesive failure in wood. 

In Figure 3-14, the mean value curves obtained by measuring displace-
ment by piston movement are shown for the silicone and acrylate adhesive 
both for the complete and the reduced set to compare the behaviour.  

Table 3-4. Mean strength and standard deviation for the adhesive bonds. Numbers set in italics 
are calculated from a reduced set of specimens, see the text above 

Adhesive Strength 
(MPa) 

Standard deviation 
(MPa) 

Silicone 0.93 0.19 
 0.96 0.15 
Acrylate 4.48 0.56 
 4.49 0.58 
Polyurethane 3.82 1.29 
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Figure 3-13. Shear strength and standard deviation of the adhesive bonds. The grey bars repre-
sent all 15 specimens and the white ones represent the reduced set of specimens. 

 
Silicone Acrylate 

Figure 3-14. Mean value curves with the displacement measured as piston movement from the 
shear tests with silicone and acrylate adhesive, where a reduced set was studied. 

As for the tensile specimens, the relative displacement between wood 
and glass is measured to give information about the deformation capacity of 
the adhesives. To, as far as possible, measure the displacements over the 
adhesive bond without including deformations in the wood, the displace-
ments measured with Aramis are used. Table 3-5 presents these 
displacements and the standard deviation. 
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Table 3-5. The relative displacements at maximal load for the adhesive bonds, measured as the 
mean value of the three specimens studied with Aramis. 

Adhesive Relative displacement 
(mm) 

Standard deviation 
(mm) 

Silicone 10 0.54 
Acrylate 1.5 0.144 
Polyurethane 0.026 0.0057 
   
The failure types for the shear specimens are categorised with the princi-

ple described in the introduction of this chapter, the same principle as for 
the tensile specimens. In Figure 3-15, the types of failure of the shear 
specimens are shown. In these diagrams, only the complete sets of speci-
mens are used, i.e. the reduced sets, where a silicone and an acrylate 
specimen were excluded, are not presented here. As for the tensile speci-
mens, different categories were found for different adhesives. 

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

Some polyurethane specimens had a rather small amount of wood fibres 
on the adhesive but, in contradiction to the handling of the tensile speci-
mens, cf. Chapter 2.3.1, anyway categorised as failure due to both cohesion 
in wood and adhesion to wood since it was not possible to distinguish any 
set of specimens with a significantly lower portion of wood fibres. Figure 
C-1 in the Appendix shows an example of this inconsistency. A smaller (but 
not negligible) set of polyurethane specimens fail in cohesion in wood, than 
in the tensile test. However, the main problem with the polyurethane speci-
mens is adhesion to glass, which is present in all the failure categories for 
the polyurethane. 

In Figure 3-16, the stress-strain relations for the three adhesives are 
shown. Diagrams with different scales are shown since the difference be-
tween the adhesives is so large. The strain is measured between two points 
located at the middle of the bond length and one mm into the wood and 
glass, respectively. It should be noted that this strain measure includes the 
strain of one millimetre of wood and one millimetre of glass, thus the stiff-
ness obtained is a nominal stiffness of the adhesive bond that differs from 
the actual stiffness of the adhesives in bulk. 

The initial shear stiffnesses of the adhesive bonds are estimated from the 
initial slope of the stress versus strain curves. The dashed lines in Figure 
3-16 show the initial shear stiffnesses, which also are tabulated in Table 3-6.  
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Figure 3-15. The different categories for specimen failure for the shear specimens. The diagrams 
shown are for silicone, acrylate and polyurethane, counting from left to right.  

 
Figure 3-16. Shear test, the stress vs. strain mean value curves obtained from Aramis. For each 
adhesive a dashed line shows the estimated initial stiffness. 

Table 3-6. Estimated initial shear stiffnesses for the adhesive bonds. 

Adhesive Shear stiffness (MPa) 
Silicone 0.6 
Acrylate 80 
Polyurethane 600 
  

 
Figure 3-17 shows the force versus displacement curve when displace-

ment measured with Aramis, i.e. close to the adhesive bond, and a compar-
ison to results from calculation models. The comparison indicates a 
relatively good agreement for the modelled initial stiffness. 

Polyure-
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Type 4; Cohesion in wood,
Adhesion to wood,
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Type 9; Adhesion to glass

Acrylate

10 
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Type 2; Cohesion in wood,
Adhesion to wood

Type 6; Cohesion in wood,
Adhesion to wood,
Cohesion in glass

Silicone
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Type 7; Adhesion to wood,
Cohesion in adhesive

Type 8; Adhesion to wood,
Cohesion in adhesive,
Adhesion to glass
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Figure 3-17. Force vs. displacement curves. The displacement is the relative displacement be-
tween wood and glass, measured between two points located at the middle of the bond length and 
one mm into the wood and glass, respectively.  
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In Chapter 3.1, it was noted that rotations in the specimens can yield 
different displacement results at different points along the x -direction of the 
adhesive bond. Figure A-5 in the Appendix shows the same type of curves 
for shear specimens. 

The two different alternatives for material parameters in the modelling 
of the acrylate adhesive yield approximately the same results for the shear 
specimen. This is to be expected since the resistance against a volumetric 
change that a large Poisson’s ratio implies is not as important in shear as it is 
in tension. 

Figure 3-18 shows a comparison between different measuring methods. 
Note that different sets of specimens are presented for the different methods 
since only one of the two LVDT sensors was used together with Aramis. 
The silicone adhesive has a relatively low stiffness compared to wood (and 
glass). Therefore almost all deformation is in the adhesive itself and the 
different measuring methods give similar results. By contrast, for the stiffer 
adhesives, polyurethane and acrylate, there is a significant difference be-
tween the different measuring methods. While the differences between 
different measuring methods were similar for the acrylate and polyurethane 
adhesive in tension, there are significantly larger differences for the polyure-
thane than for the acrylate for these shear specimens. 
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Figure 3-18. Mean force vs. displacement curves for silicone, acrylate and polyurethane, displace-
ments measured with piston, LVDT’s and Aramis. The dashed black line is the piston results with 
only the specimens studied with Aramis included. 

Figure 3-19 shows strain plots from tests and the calculation models. 
Recall when comparing calculation results to test results that, as mentioned 
in Chapter 2.2.2 and 2.3, the strain plots from Aramis are averaged across 
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the boundary between adherends and adhesive, while the strain plots from 
Abaqus are not. That is, the discontinuity of the strain field at the adhe-
sive/adherend interface is not captured as well in the pictures from Aramis 
as in the pictures from Abaqus. The load levels are chosen so that they are 
approximately the same for the test results and the calculation results and 
the scales have the same limits. 

The pictures of number 14 and 15 from the silicone specimens and num-
ber 14 from the acrylate specimens indicate a larger shear strain in the 
adhesive close to the glass than in the adhesive close to the wood, which is 
not reflected in the pictures from the calculations. Otherwise it appears 
from the colour plots that the behaviour in the tests is roughly the same as 
predicted by the calculations. 
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 Specimen 02, 1514 N Specimen 15, 1523 N Calculated, 1500 N  

Figure 3-19. Shear angle/strain plots from testing of the shear specimens. 
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In Figure 3-20, normalised stress along a path in the middle of the adhe-
sive bond is shown. The normalisation is done such that the average tensile 
stress is 1 MPa. While studying this figure, it should be kept in mind that 
the calculation models consider neither any slip between the adhesive and 
the adherends nor any plastic behaviour.  

Due to the difference in stiffness between wood and glass, the stress dis-
tributions cannot be expected to be symmetric about the mid plane. The 
shear stress at the left end is more than 1.5 times higher than the shear 
stress at the right end for the polyurethane adhesive. The calculations fur-
ther predict a quite large stress perpendicular to the adhesive plane for the 
polyurethane adhesive. The same tendencies can be observed for the acrylate 
adhesive, but the deviations from a uniform shear stress distribution and no 
stress perpendicular to the adhesive plane are much smaller. In the silicone 
bond, the stress distributions appear to be symmetric, which can be ex-
plained by that the stiffness of glass and the stiffness of wood are of the 
same magnitude compared to the silicone with a much lower stiffness. 

 
Figure 3-20. Stress distributions from the calculation models. The stresses are measured along a 
path halfway through the thickness of the adhesive, in the direction shown in Figure 3-21. The 
stresses are normalised with the factor corresponding to a mean shear stress of (−)1 MPa. 

 
Figure 3-21. The path which the stress distributions are measured along. 

3.3 Results for solid wood 
A few solid wood specimens of the same quality as was used for the adhesive 
bond specimens were tested in order to get an estimation of the strength and 
stiffness of the wood. The tests should not be expected to be a representative 
characterisation of the wood, but may indicate whether the adhesive bonds 
have obtained a strength close to the strength of the wood.  

┴
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Five solid wood specimens with a nominal rectangular cross-section of 
20×25 mm2 were tested in tension in the tangential direction. The dis-
placement was measured with an LVDT sensor over a length of 20 mm. 
Figure 3-22 shows the mean stress versus strain relation and Table 3-7 the 
obtained strength and stiffness. 

Two solid wood specimens were tested in shear. These were designed 
with the same nominal dimensions and orientation as the shear specimens 
with acrylate adhesive and the strain was measured with Aramis. Figure 
3-23 shows the mean stress versus strain relation and Table 3-7 the ob-
tained strength and stiffness. Figure 3-24 shows strain plots from Aramis 
and a calculation model. 

  
Figure 3-22. Stress vs. strain relation from tensile test of wood, tension in the tangential direc-
tion. 

  
Figure 3-23. Stress vs. strain relation from longitudinal shear test of wood (left). The strain was 
calculated as the average shear strain of the shaded area (right). 
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Specimen 01, 996 N Specimen 02, 996 N Calculated, 1018 N
 

  
Specimen 01, 4873 N Specimen 02, 3887 N 

Figure 3-24. Shear strain plots, at a load level of approximately 1 kN (top row) and at the last 
picture before failure (bottom row). 

Table 3-7. Results from solid wood tests. 

Test Strength 
(MPa) 

Strain interval for 
secant 

Secant modulus 
(MPa) 

Tensile 2.3 2.005.0 −  % 530 
Longitudinal shear 6.1 1−5∙10-3 550 

    
 

3.4 Modelling varying properties across annual rings 
For the two stiffer adhesives, polyurethane and acrylate, the strains in the 
wood measured with Aramis vary across the annual rings. In a first study of 
how the variation of material parameters across the annual rings can affect the 
strain field, a calculation with a material with a stiffness that varies across the 
annual rings was performed. The material was assumed to be isotropic with E 
varying across the annual rings and υ set to zero. In Figure 3-25, the mod-
elled stiffness variation is shown. Figure 3-26 shows the strain distributions in 
a body with the same dimensions and similar annual ring density and orienta-
tion as the wooden part of the tensile specimens.  
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Figure 3-25. Stiffness distribution. 

 

 
Shear strain, xyγ . Normal strain, yyε . Normal strain, xxε . 

Figure 3-26. Strain distributions due to tension in the y-direction. 
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4 CONCLUDING DISCUSSION 
4.1 Summary 
The adhesive with the largest strength in the tests performed here was the 
acrylate (SikaFast 5215), both in tension and shear. The mean strength for 
this acrylate adhesive was 3.0 MPa in tension and 4.5 MPa in shear.  

In tension, the polyurethane has less than 67 % of the strength of the 
acrylate (for a reduced set, where the last five specimens glued were excluded 
since they had substantial amount of adhesion failure to glass for lower loads 
than other specimens). In shear, the difference between the strength of acry-
late and polyurethane is smaller; the strength of the polyurethane is 85 % of 
the strength of the acrylate. However, the rather large difference within the 
polyurethane shear specimens should be noted. 

The silicone is, by far, the weakest adhesive in the tests; it had about 
25 % of the strength of acrylate in tension and 20 % in shear. The deforma-
tion capacity of the silicone adhesive bond was measured to about 2 mm in 
tension and 10 mm for shear. 

The silicone adhesive tends to fail mainly in a mixture of adhesion to 
wood and cohesion in adhesive, the acrylate adhesive appears to be so strong 
in cohesion that the failure occurs either in the wood or in adhesion to wood 
while most of the polyurethane specimens have failure partly, or only, in 
adhesion to glass. 

The fixture for manufacturing of the specimens was rather efficient since 
five specimens could be glued at the same time. It may, however, be best 
suited for adhesives where bond thickness and not gluing pressure is the 
important parameter. For the polyurethane specimens, a height difference 
within the five specimens glued at the same time results in higher pressure 
on the larger specimens and lower pressure on the smaller specimens. This 
and the brittleness of the polyurethane may contribute to the large deviation 
in strength that was found. For silicone and acrylate specimens, a possible 
drawback of the fixture is that nothing except the resistance of the non-
cured adhesive prevents the glass pieces from tilting, which would result in a 
sloped glass and an adhesive bond that is thinner on one side. 

A comparison of results from calculation models and tests indicates a 
relatively good agreement for the modelled initial stiffness, except for the 
polyurethane tensile specimens, but the difference within these test results 
differ a lot. The models should not be expected to yield accurate results for 
higher load levels since neither slip between the adherends and the adhesive, 
plasticity nor any (other) type of material failure is considered. 
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4.2 Possibilities and difficulties with optical measuring 

4.2.1 General comments 
The measuring with an optical method enables measuring without mounting 
extra equipment on the specimen and the need to determine the location 
relevant for measuring a priori is eliminated. It should, however, be kept in 
mind that a limitation not overcome by the visual measuring method is that 
only what happens on the surface is captured.  

The three different methods the displacement was measured with; piston 
movement, LVDT sensors, which measure the displacements closer to the 
adhesive bond, and Aramis, where points can be chosen, in principle, arbi-
trarily close to the adhesive bond, show the effect of measuring method. 
The methods give almost the same displacements for the silicone adhesive. 
But for the acrylate and polyurethane, which are stiffer, a significant part of 
the deformation occurs outside the adhesive bond and, therefore, the meth-
ods yield rather different results. 

The load level for the data from Aramis turned out to be imprecise. Fur-
ther, Aramis data was sampled every third second, which resulted in rather 
few data points, especially for the tensile tests. Therefore the point where 
the maximum load was achieved is rather uncertain in the Aramis data. The 
noise in the load signal fed into the Aramis system may explain the load 
level impreciseness. Since the load oscillation that appears in the results 
from Aramis is not present in the results extracted directly from the MTS 
machine, it must be possible to overcome this problem either by improving 
the load signal transfer or change to another method for correlating load 
level to Aramis data. 

For small strains, noise in the results can be a problem, but if not the re-
sults of a specific point are required, the mean value of some area can be 
extracted instead which there is an example of in Chapter 3.3. 

4.2.2 Rotations in the tests 
Figure A.2 is from the tensile tests and considers the three polyurethane 
specimens studied with Aramis and shows the displacement at lines at differ-
ent heights of the specimen. These curves should accordingly be interpreted as 
follows: if the lines are coincident or close to each other there is the same 
displacement at different heights, thus the part of the specimen covered by the 
lines is not stretched. Since the glass is so stiff, the lines in the glass should be 
expected to coincide, but it is noted that also the lines in the wood coincide 
for specimen 05 and 09, but not for 07. Thus for the former two the strains in 
the wood are small compared to the relative displacement between wood and 
glass at the maximal load which will happen if the bonding starts to open, 
while in specimen 07 bond opening before decrease in load can be suspected 
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at the right end only. Finally, it is noted that the slope of the glass lines shows 
that the glass has rotated about the z-axis. 

Figure A.3 considers instead one specimen from each adhesive type and 
shows the relative displacement between glass and wood at different posi-
tions along the bond line, at the left end, the mid and the right end. The 
polyurethane specimen 05 is already studied in Figure A.2 and the rotation 
of the adherends relative to each other can be observed in either of the fig-
ures. From Figure A.3 it can be seen that for the silicone specimen this 
rotation is negligible while the acrylate specimen has the smallest relative 
displacement in the middle and larger at the edges, thus appears to behave 
similar to the polyurethane specimen 09 in Figure A.2. 

Another rotation, of the adherends relative to each other about the x-
axis, can be seen when studying the results from the LVDT’s. Figure A.4 
shows the displacement measured with only one LVDT for the three poly-
urethane specimens studied with Aramis. It should, however, be noted that 
the actual rotation of the adherends is magnified by the LVDT since it is 
mounted at a distance from the specimen; what appears to be compression 
(negative displacement) is more likely only rotation. 

Figure A.5 is from the shear tests and considers, as Figure A.3, one 
specimen from each adhesive type and shows the relative displacement be-
tween glass and wood at different positions along the bond line, at the upper 
end, the mid and the lower end. The relative displacement is in the x-
direction, i.e. perpendicular to the adhesive bond. It shows that all adhesive 
types are stretched in this direction as the test progresses, but this stretching 
appears constant along the bond line except for the studied polyurethane 
specimen which has a larger displacement at the upper end which may indi-
cate tearing from the upper end of the bond line, but it evens out as the test 
progresses. 

4.3 Further studies 
One important factor when gluing glass is the load distribution ability. The 
flexible silicone adhesive with a large deformation capacity could be preferred 
from this point of view, but the stiffness and strength are too low to enable 
any load to be carried without applying the adhesive bond over a very large 
area. Then the beneficial transparency of glass is lost, wherefore, of the three 
adhesives studied here, only the acrylate (SikaFast 5215) is considered worth 
further studies. A potential problem with this adhesive is identified in its 
thermostability. There is no need to design for extreme temperatures in nor-
mal buildings, but the low glass transition temperature of 52˚C of the acrylate 
adhesive could result in a significant reduction in stiffness already for tem-
peratures that can be reached in the interior climate of for example a building 
with a glass façade and solar radiation. This issue is in need of further investi-
gation. 
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A TEST DETAILS 
In specimen 14 in the acrylate shear test, a crack occurred in the glass before 
final failure in the adhesive bond, see Figure A-1. The crack occurred at ap-
proximately 3.3 kN, while the final failure occurred at 3.8 kN, but it was not 
throughout the width (out-of-plane direction) of the specimen. 

Figure A-1.  The major strain plot shows a crack in the glass.   

A.1 Tensile tests 
Table A-1. Aramis settings for the tension tests. 

Silicone Acrylate Polyurethane 
Spec-
imen 

Ampli-
fication

Volume Spec-
imen

Ampli-
fication

Volume Spec-
imen

Ampli-
fication

Volume 

12 2 35×35×20 12 1 35×35×20 05 1 35×35×20 
13 5 35×35×20 14 5 35×35×20 07 1 80×80×60 
14 5 35×35×20 15 5 35×35×20 09 1 80×80×60 
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Specimen 05 Specimen 07 Specimen 09 

Figure A-2. Polyurethane adhesive bonds. Displacement in the y-direction of lines at different 
heights. The stage with the maximal load is chosen from Aramis. 

Silicone, specimen 13 Acrylate, specimen 14 Polyurethane, specimen 05 

Figure A-3. Relative displacement measured close to the left end, at the middle and close to the 
right end of the bond for one silicone, one acrylate and one polyurethane specimen. 

 
Figure A-4. Displacement for the three polyurethane specimens studied with Aramis, measured 
with LVDT’s on the side opposite to the side where the cameras for Aramis are located. 

lines on glass

lines on wood lines on 
wood 

lines on glass 

lines on wood 

lines on glass
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A.2 Shear tests 
Table A-2. Aramis settings for the shear tests. 

Silicone Acrylate Polyurethane 
Spec-
imen 

Ampli-
fication Volume 

Spec-
imen

Ampli-
fication Volume 

Spec-
imen

Ampli-
fication Volume 

13 5 40×40×25 13 5 40×40×25 02 1 35×35×20 
14 5 40×40×25 14 5 40×40×25 14 5 40×40×25 
15 5 40×40×25 15 5 40×40×25 15 5 40×40×25 

         
 

 
Silicone, specimen 13 Acrylate, specimen 15 Polyurethane, specimen 14 

Figure A-5. Relative x-displacement measured close to the upper end, at the middle and close to 
the lower end of the bond for one silicone, one acrylate and one polyurethane specimen. 

B ALL SPECIMENS 
INCLUDED 

The curves are cut when the difference in force or displacement from one 
sampled point to the next is larger than 25 % of the values of the maximum 
load or the corresponding displacement, respectively. The last point of a cut 
curve is marked with ×. The curves are also shifted so that the initial force and 
displacement are zero. The thick black line in the diagrams is the mean value 
curve calculated from all specimens in the plotted set. 
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B.1 Tensile tests 
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Figure B-1. All force vs. displacement curves from the tension tests with the relative displacement 
measured as piston movement. 
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Figure B-2. All force vs. displacement curves from the tension tests. In these curves, the displace-
ment is measured with LVDT’s. 
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Figure B-3. All force vs. displacement curves from the tension tests. The displacement, measured 
with Aramis, is the relative displacement between wood and glass, measured between two points 
located at the middle of the bond length and one mm into the wood and glass, respectively. 
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B.2 Shear tests 
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Figure B-4. All force vs. displacement curves from the shear tests. In these curves, the displacement 
is measured as piston movement. 
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Figure B-5. All force vs. displacement curves from the shear tests. In these curves, the displacement 
is measured with LVDT’s. 
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Figure B-6. All force vs. displacement curves from the shear tests. The displacement, measured 
with Aramis, is the relative displacement between wood and glass, measured between two points 
located at the middle of the bond length and one mm into the wood and glass, respectively. 
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B.3 Solid wood tests 

 
Figure B-7. Tension test of solid wood in the tangential direction. 

 
Figure B-8. Shear test of solid wood, longitudinal shear. 
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C FRACTURE CATEGORIES 
In Table C-1, the failure types of the adhesive bonds are described, and in 
Table C-2, example pictures of the different categories are shown. The first 
letter in the notations below is the adhesive, S for silicone, A for acrylate and 
P for polyurethane, while the second letter is the test type, T for tension and S 
for shear. 

Table C-1. Categories found in the characterisation of failure types of the adhesive bonds.  

Description(s) 
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Type 1: Only wood is visible on both sides. 
8 AT  

x     

Type 2: There are wood and/or wood fibres on 
the adhesive and portions of the adhesive have lost 
adhesion to the wood without a significant 
amount of wood fibres remaining on the adhesive.
7 AT, 3 PT and 10 AS  

x x    

Type 3: There is wood and/or wood fibres on the 
adhesive, portions of the adhesive have lost adhe-
sion to the wood without a significant amount of 
wood fibres remaining on the adhesive and some 
pieces of adhesive remain on the wood. 
11 ST 

x x x   

Type 4: There is wood and/or wood fibres on the 
adhesive, portions of the adhesive have lost adhe-
sion to the wood without a significant amount of 
wood fibres remaining on the adhesive and por-
tions of the adhesive have lost adhesion to the 
glass.  
8 PS and 3 PT 

x x  x  

Type 5: There is wood and/or wood fibres on the 
adhesive, portions of the adhesive have lost adhe-
sion to the wood without a significant amount of 
wood fibres remaining on the adhesive and por-
tions of the adhesive have lost adhesion to the 
glass. Further, crack(s) have appeared in the glass. 
6 PS 

x x  x x 
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Type 6: There is wood and/or wood fibres on the 
adhesive, portions of the adhesive have lost adhe-
sion to the wood without a significant amount of 
wood fibres remaining on the adhesive and 
crack(s) have appeared in the glass. 
5 AS 

x x   x 

Type 7: Some adhesive remain on the wood sur-
face, but portions of the wood are also visible. 
3 ST and 10 SS 

 x x   

Type 8: Some portions of the adhesive have lost 
adhesion to the glass and some have lost adhesion 
to the wood, but there is also some cohesive fail-
ure in the adhesive. 
1 ST and 5 SS 

 x x x  

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

   x  



 xiii

Table C-2. Example pictures of the failures. One example picture is chosen for each adhesive and 
each test that is found in the category. 

Type 1: 
8 AT 

  

Type 2: 
7 AT, 
3 PT, 
10 AS 

Type 3: 
11 ST 

  

Type 4: 
8 PS, 
3 PT 

 

Type 5: 
6 PS 

  

Type 6: 
5 AS 
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Type 7: 
3 ST, 
10 SS 

 

Type 8: 
1 ST, 
5 SS 

  

Type 9: 
9 PT, 
1 PS 

 

 
 
 
 
 
 
 
 
 

 
Figure C-1. A tensile specimen, where the wood fibres on the glass are neglected and the failure 
categorised as adhesion to glass, and a shear specimen where the wood fibres on the glass are consid-
ered and the failure categorised as a mixture of cohesion in wood, adhesion to wood and adhesion to 
glass. 
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