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Abstract 
 
Any geometrical change and material transition renders a weak point accumulating stress 
concentrations in structural members. This research focuses on the transition between a 
sandwich panel and a single skin laminate, a setup commonly seen in yachts today. The need for 
different material layouts over a yacht’s complete structure leaves theses transitions inevitable. 
While the sandwich provides a strong and stiff, yet lightweight solution, the single skin is far 
more compliant and stronger when subjected to localised loads.  
 
The project included applying both finite element modelling and practical testing of the studied 
transition. Combining a computer based evaluation method with physical testing shortened 
production time and helped to focus the research on problematic areas of the design. Part of the 
project was also to highlight differences with these methods, their shortcomings and benefits, as 
well as how they can be used together as an effective way of research.  
 
The studied setups combined of three tapers including one to one, three to one, four and a half 
to one ratios and two different core thickness of the sandwich panel. Theses where partly 
modelled and tested in four point bending in a series of three load cases. Ranging from a shear 
load dominated to a much more mixed loading case including bending moment, the shear 
strength of the core could be seen as a reoccurring weak point of the structure. Results from 
modelling support earlier research on the benefits of a longer taper, lowering the stress 
concentrations at the tip of the transition, thus lowering the risk of further delamination. The 
practical testing indicated how the compression of the taper increased the shear strength of the 
core, making the taper far stronger than anticipated, leaving the uncompressed core material as 
the weakest point and the majority of times the source of failure.  
 
Successful in locating the critical element in the construction new difficulties with the 
construction could also be detected. The influence of the asymmetric laminate used, could be 
shown to affect the stress distributions but leaves more to be researched on how the laminates 
and core work together over the taper. The results and conclusions show that more work on this 
subject is needed, the complexity of the problem still needs tackled by decreasing the numbers of 
variables to reach a more general how tapers behave depending on the materials in use. 
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Introduction  
 

Background 
Sandwich panels are widely used in yacht and ship construction as structural members of hull and 
deck.  The panels as such provide benefits such as weight reduction and increased stiffness 
compared to single skin laminate for certain applications. The lightweight solution featuring a 
foam, honeycomb or balsa core material however post difficulties in terms of joining them to 
other structural members. Common areas where this could cause problems are around windows, 
hull to deck attachments, rig attachments etc. Figure 1 shows a hull side of a yacht, designed with 

a part solid laminate and sandwich panel hull. Simple 
bolting through the sandwich panel would cause the 
core material to crush in compression or the thin faces 
to crack due to bending moment around the 
attachment point. A common way to solve this is to 
have the sandwich panel transcend into a single skin 
laminate by bringing the faces together, forming a 
much stronger attachment point. Then also lowering 
the risk of localised stress concentrations the abrupt 
change in geometry otherwise would cause. A poor 
design of the transition would mean the materials at 
hand are not being used in the best way. Combined 
with elevated local stress levels this many times causes 
damage to the structure and even mechanical failures. 
 

Figure 1. Sandwich to solid laminate taper  
            in side panels of hull. 
 
There are different ways to join a sandwich panel to a single skin laminate. One way is to let the 
laminate continue from the sandwich into the single skin right away. A commonly used and 
better method, is to taper off the core material to form a triangular transition between the two 
members. Part of the aim of this report is to show how this taper can be design for effective load 
transition. 
 

 Figure 2. Sandwich to single skin taper. 12mm beam used in practical testing. 
 
By manufacturing plates with this kind of transition and then cutting them into beams the 
transition can be studied under more controlled circumstances than those present in a yacht in 
real life. A test setup called four point bending, further explained later on, presents a possibility 
of altering the combination of bending and shear forces over the beam. Further the use of finite 
element modelling and simulations presents a more elaborate and extensive overlook on how this 
kind of taper behaves when subjected to different load cases.  
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Previous Research 
The start of this project goes back to a discussion about tapering sandwich panels to solid 
laminate transitions or not. The material used and the laminates are thus connected to laminates 
earlier used by costumers of High Modulus, incorporating both sandwich panels and solid 
laminates in their designs. Prior to this High Modulus and Jessica Lindberg, carried out research 
based on the same materials and layup, as part of their own work and as a master thesis project. 
The research then focused on the beams strength and failure modes depending on the taper’s 
ratio, with and without reinforcement, when subjected to bending forces. Figure 3 shows the 
four-point bending setup used to create a constant bending moment over the taper. Further 
details can be found in the referenced documents [I] and [IV].   
 

 
Figure 3. Four point bending creating constant bending moment over the tapers. 

 
The study showed that the tip and aspect ratio of the taper itself, was the two most critical 
components causing the beam to fail. The longer the taper, that is the higher the ratio between 
the length of the taper and the thickness of the core, the stronger the taper got.  
 
The setup did however cause some difficulties with very large deflections when the beams were 
loaded to failure. The setup was inverted and changed for this project so that shear loads could 
be applied over the taper. The new configuration is further explained in the chapter standard setup. 
The next step in the research, which this project covered, was studying the taper subjected to 
shear loads, and if possible in combination with a bending moment. To make the work traceable 
and comparable with earlier work the same materials, layup and manufacturing method was used 
as in the earlier project. Software and code was also used with respect to earlier work to minimize 
differences when creating finite element models and running simulations.  
 
Based on this the project was focused on the tip of the taper and its shape, with the expectations 
of these still being the weak and critical components in this type of transitions.  



 3 

Problem formulation 
A taper transition from a sandwich panel to a solid laminate, loaded in both shear and bending, is 
to be analyzed. The combination of bending and shear load is to be altered during the process, to 
study the stress concentrations generated due to various load cases. The goal is to study the 
behaviour of the transition, determine the influence of its geometry and locate critical elements 
of the structure. The process is to include practical testing of specimens as well as finite element 
modelling. 
 
Materials, laminate layup and manufacturing are, with regards to possibility of comparing results, 
are to be in line with previous work carried out by or under supervision of High Modulus. 
Material data are provided by High Modulus and can be found in appendix A. 
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Analysis 
Standard Setup 
The main focus of the research was to study how a tapered transition between sandwich panels 
and single skin laminates behave when subjected to various combinations of bending moment 
and shear load. The most commonly used shape of taper today is a three to one triangular 
transition, shown in figure 4. Meaning the base of the taper equals three times of the core 
thickness. Throughout the research this geometrical setup served as the standard setup. Two 
other ratios, 1:1 and 4.5:1, were also investigated to measure the influence of the geometry. Two 
different core thicknesses were also used to study the influence of thin face approximations. 
Testing was carried out using a four point bending setup and simulations using HyperMesh, finite 
element software. 
 
 

 
Figure 4. Three to one tapered transition on 12 millimetre core, FE-model. 

 
The analysis was carried out using a coordinate system illustrated in figure 4, a two dimensional 
system which throughout the whole project refers to a beam one millimetre in width. The upper 
corner of the taper is referred to as the top and the lower the tip of the taper. Additional 
calculations of material parameters were carried out and are further explained in Appendix A. 
 
Test method – Four Point Bending 
The choice of test method was four point bending, the reasons for this were many.  Most 
important of all the method provides the possibility of applying a constant shear load over the 
taper, and at the same time the chance of varying the bending moment. Thus providing one 
setup that could be seen as critical shear load dominated and one critical bending moment 
dominated and other setups in between. The illustration in Figure 5 shows the setup used 
throughout the testing, both in the practical and simulated testing. The span L1 denotes the 
loading span, L2 the support span and ( L2 - L1)/2, the lever creating the bending moment over 
the taper. Since the beams are symmetric around their centre, the analysis from hereon focuses 
on one side of the beam unless anything else is mentioned. 
 

 Figure 5. Test setup and denotations, L1 load span, L2 support span and lever . 
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Support point 

The illustration in figure 6 shows how different shear loads add up to the same bending moment 
using the four point bending setup. Fixing the shear load to that critical of the core would 
present a graph much resembling that in figure 6 but with a constant shear load and a varying 
bending moment over the length of the beam. In the practical tests only the shear load applied 
was measured, thus giving a critical shear load for the core or a critical bending moment for the 
structure, all depending on the failure mode. 
 
 

 
Figure 6. Four point bending setup for compression. Depending on the lever, different 
shear loads lead to the same bending moment. 

 
 

Load and Support Span Analysis 
To determine the most beneficial setups to use in testing, a brief study based on beam and 
sandwich theory was conducted early in the project. This focused on the limits of the sandwich 
shear strength and the single skin’s flexural strength, thus showing the limits of the known 
members of the structure. For equations used and further explanation see appendix B. Figure 7 
shows the resulting forces calculated for a fixed support span, L2, of 680 millimetres.  The 
critical shear load was in this cased fixed to 220 MPa and the different load spans are displayed 
on the x-axis.  
 
The horizontal lines in figure 7 indicate the maximum allowed shear force in the core for 12 and 
30 millimetre thickness. The x-axis shows the lever used by the applied force. As the loading 
span, L1, decreases the lever arm increases, thus creating a larger bending moment. A point 
under the line implies that the specimen, according to theory, should fail in bending and not in 
shear. For the 30 millimetres core this provides a chance of analyzing both a shear dominated 
case and a loading case dominated of bending moment. Giving an indication of what was to fail 
first, the core or the laminate. 
 



 6 

 
Figure 7. Shear failure in core vs bending failure of single skin laminate, depending on     
load span. 

 
 

Materials and Layup 
With regards to earlier research work, [I] ,  and the possibility to carry out comparisons, the 
material setup was set beforehand by High Modulus. The materials used and data, provided by 
High Modulus, were as stated in table 1.  
 

Table 1. Mater ia l  data .   

Material Density [kg/m3] G12 [MPa] E1 [MPa] E2 [MPa] σ1 [MPa] σ2 [MPa]  ν 
EBMU   860/225 g 2273 1661 16000 4327 229 70 0.3 

CSM       600 g 1500 1410 6500 3667 84.5 70 0.3 
Core       C70.90 100 38 84 84 2.7 2.7 0.645 
 
EBMU is a glass fibre weave with 65% of its fibre in the longitudinal direction, here meaning the 
x-direction in figure 4, the remaining 35% are in the z-direction. CSM stands for chopped strand 
mat, a randomly arranged mat of chopped glass. E2 denotes the stiffness in the y-direction as 
described in figure 4. Values were used as input data to the FE-models and to some degree 
failure prediction during the testing.  
 
The layup of the sandwich faces and the adjoining single skin laminate used was as illustrated in 
figure 8. The EBMU layers were positioned so that the unidirectional fibres ran in the x-
direction; from sandwich to the single skin laminate. 
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 Figure 8. Layup of sandwich faces and single skin laminate. 
 
As seen in figure 8, the inner and outer faces differ, the outer being the face in the bottom of the 
figure, referring to the outside of the hull. That leaves the inner face as that which covers the top 
of the taper, referring to the inside of the hull. Three layers of CSM and two layers of EBMU 
make up the outer face, whilst the inner contains one CSM and two EBMU. The sandwich panel 
is therefore said to have asymmetric faces. This means that the solid laminate starting where the 
inner and outer faces come together is also asymmetric. The layup causes the neutral layer of the 
laminate to shift slightly upwards in the x direction because of the EBMU layers. This together 
and the fact that the outer layer is CSM and the inner EBMU, causes the laminate to have 
different properties depending on which side is in compression or tension. 
 
 
 
 

The study was carried out for both 
tension and compression, illustrated 
in figure 9. When the beam is 
placed as seen in A, the beam and 
the outer face is in tension. The 
load case in B illustrates the 
compression case where the load 
was applied onto the outer face and 
the support was on the inner. 
 
 
 
 
 
 

Figure 9. Tension and compression setup. 
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Finite Element Model and simulations 
The benefits of using finite element software are many. Most of all it provides the possibility to 
generate and test a large number of models in a reasonably short time. This means a good 
overview of the problem can be achieved early in the project; ruling out unsuccessful solutions, 
discovering unforeseen design flaws, lowering costs for practical testing and making the design 
process more efficient. However, there are drawbacks to be mentioned as well.  
FE modelling is based on theory and results depend on the input and user. Singularities are badly 
handled to mention one known problem. In this case the FE modelling was foremost used as a 
guide to find local stress concentrations, possible locations of failures and most of all to show the 
drawbacks and benefits of different kinds of tapers. The models and the values shown in the 
figures can to some degree be linked to the real tests, but due to highly non-linear behaviour of 
the test specimens, in many cases not.   
 

The Models 
The choice of finite element software for this study was HyperMesh, software used in earlier 
research as well as used by High Modulus today. Assuming symmetry about the middle point of 
the beam (in the x-direction) and saying that the beam is unable to twist around the x-axis, the 
model could be reduced to half of the beam and kept to two dimensions. Altering the different 
boundary conditions then gave the possibility to analyze the beam in both tension and 
compression. The meshing density was varied depending on the different regions of the beam. In 
the more interesting parts, such as the taper itself, the elements were kept to a size of 0.2 
millimetres. Sizes in some regions had to be altered to comply with software limitations. In other 
regions, farther away from the taper and load/support points, the elements ranged from 0.5 
millimetres and upwards. The choice of element sizes was based on earlier analysis of a similar 
geometry, [I], as well as trials during the setup which showed these to be sufficient. Three 
different kinds of tapers were modelled with both 12 and 30 millimetres of core thickness, the 
ratios being 1:1, 3:1 and 4.5:1, referring to the base and height of the taper.   
 
 
Figure 10 shows the three different kinds 
of tapers analysed using HyperMesh. In 
this case it’s the 12 millimetre core setup 
subjected to tension using a support and 
loading point close to the taper. The 
images show the concentration of stresses 
σxx in the structure. 
 
Without paying attention to the values of 
these stresses, one can see the change in 
intensity and position of the stress 
concentrations. Implying there is, at least 
concidering σxx, a benefit of having a 
longer taper for shear dominated load 
cases.  
 
The same trend was shown for τxy , where 
these seemed to go from localised stress 
concentrations close to the tapers upper 
and lower corners for the 1 to 1 ratio. 
Then getting more spread out over the 
length of the taper as the ratio was 
increased. 

Figure 10. From the top, 1:1, 3:1 and 4.5:1 tapers. 
Subjected to tension, σxx displayed.  
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Critical Stresses 
The FE-modelling as used to discover stress concentrations and stress distribution in the 
structure’s geometry. As the study focused on the critical shear load and the critical bending 
moment, the stresses in σxx and τxy were of greatest interest. σyy was also investigated, but found 
not to make out a significant part of the critical stresses that led to failure. Except for the obvious 
stress locations shown in Figure 10, a critical point discovered in previous research was the tip of 
the taper. The geometrical changes together with resin build up makes it a weak point were stress 
concentrations occur when the structure is loaded in bending. The stresses in the area of this 
point, taken a fraction of a millimetre in front of the tip, was studied for comparison between the 
different load cases and tapers. 
 

Simulation Results 

A series of different simulations were carried out with respect to different tapers, different load 
cases and the two different core thicknesses. In this chapter the most important results and 

findings are discussed. The full overview including all plots for 
the different setups can be found in Appendix C. All results 
refer to values collected from the simulation models evaluated 
0.4 mm in front of the taper. This was to avoid any problems 
with singularities. As seen in Figure 11 this was just outside an 
area of higher stresses around the taper’s tip, but still within the 
region of interest. 
 
 Comparison of tapers 
Focusing on two load cases, tension and compression with 
short support span and long load span creating a shear 
dominated load case, the results for three different kinds of 
tapers are presented. The tables and diagrams below show the 
maximum stresses normalised with respect to the 3:1 setup, 
shown both for the 12 millimetres and 30 millimetres setup. 
 

 
Figure 11. Point of measure at  
                 tip of taper. 
 
 

 

 
 

 
 
 

Figure 12. Normalised stresses with respect to 3:1 taper – 12 mm in Tension. 
 
 

Normalised Stress Values 
σxx 1.15 1.00 1.08 
τxy 1.47 1.00 1.38 
σxx   2.73 1.00 0.93 
R 1:1 3:1 4.5:1 
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Figure 13. Normalised stresses with respect to 3:1 taper – 12 mm in Compression. 
 

 

 
 
 

 
Figure 14. Normalised stresses with respect to 3:1 taper – 30 mm in Tension. 

 

 
 

 
 

 
 

Figure 15. Normalised stresses with respect to 3:1 taper – 30 mm in Compression. 
 
The values in figure 12 and 13, as well as in figure 14 and 15, should be the same except for 
positive and negative signs. On closer inspection the difference between the maximum values for 
tension and compression ranged from 3 to 10 percent. Unfortunately no data for σyy were 
collected in the 12mm compression case. These can however, based on other data, be assumed to 
be in the range of the 12mm tension case. 
 

Normalised Stress Values 
σxx 0.93 1.00 1.09 
τxy 1.43 1.00 1.38 
σyy   0.00 0.00 0.00 
R 1:1 3:1 4.5:1 

Normalised Stress Values 
σxx 0.77 1.00 1.07 
τxy 0.88 1.00 1.18 
σyy   1.07 1.00 0.69 
R 1:1 3:1 4.5:1 

Normalised Stress Values 
σxx 0.77 1.00 0.86 
τxy 0.85 1.00 0.94 
σyy   0.90 1.00 0.53 
R 1:1 3:1 4.5:1 
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Another way to illustrate the stress distribution over the taper and how it compares for the 
different tapers is shown below in figure 16 to figure 19. Graphs like these were plotted for each 
of the taper and different load cases. Apart from these, graphs can be found in appendix C. 
 

 
Figure 16. σxx distributions throughout the taper – 12 millimetre setup. 

  

Figure 17. τxy Stress distributions throughout the taper – 12 millimetre setup. 

 
Figure 18. τxy Stress distributions throughout the taper – 30 millimetre setup. 
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 Figure 19. σxx Stress distributions throughout the taper – 30 millimetre setup. 
 
 
Limitations of FE-analysis 
A model is always a model. The largest benefit of FE is just that. It provides the engineer with a 
great possibility to change geometry, material properties, loads and boundary conditions in a 
short amount of time. Comparing this to setting up test equipment and manufacturing test 
specimens, FE becomes a both time and cost efficient alternative to practical tests. But so far FE 
is restricted to the theory available. The results can only come as close to reality as we are capable 
of describing it. Simplifications made on the way as well as lack of influences of real 
circumstances like manufacturing faults, contamination of materials etc. do not show in an FE-
model. In this way the model sometimes turn out to be better or more idealised than reality. 
 
Other limitations and difficulties one can encounter using FE-modelling is inadequate meshing 
density and singularities. The meshing density somewhat decides the resolution of the results 
provided by a simulation. A denser meshing can detect stress concentration and distributions 
with a greater accuracy, but will need more computer power to do so. A less dense mesh can run 
quicker but is not as accurate. The geometry combined with the meshing can some times cause 
problems with so called singularities or infinitely large numbers. One such is found in this 
analysis at the tip of the core taper. A finer mesh in this area would only result in a higher value 
of the stress value in this region. These values are caused by limitations in the linear theory used 
to calculate the stresses and are not to be taken as accurate. For that reason the stress values 
extracted from the FE-simulations was taken 0.4 millimetres outside tip of the core taper.  
 
Summary - FE-simulations 
The FE-models worked as expected in the way that stress concentrations could be detected both 
around the top and the tip of the taper and in other parts of the construction like the core and 
faces. The data extracted from the tip of the taper show how the asymmetric laminate plays a role 
in how the stresses are distributed through the thickness of the laminate. In general the tip of the 
taper, for the shear dominated load case, was not found to be a critical point causing failure.  
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Practical testing 
Manufacturing of test specimens 
In accordance with earlier research the manufacturing method was wet hand layup, where the 
outer surface laminate was laid first and left to partially cure together with the 3:1 tapered core. 
In all cases the core itself was primed to reassure a good bond to the inner and outer faces. The 
top surface was then roughened and the inner laminate was laid on top. The plate was then left 
to cure for at least 36 hours before being cut into beams. The series of figure 20 to figure 22 
shows the manufacturing process in the wet-lab at High Modulus.  
 

Figure 20. Partially manufactured plate with core weighted down to assure a good bond. 
 

 Figure 21. Fully completed  lay up and wet hand lay up in the making. 
 

 Figure 22. Test specimens of both 30 and 12 mm beams. 
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Test Method – Four Point Bending / Three point bending 
The tests were divided into two different setups to achieve different combinations of shear force 
and bending moment. The support span was kept constant while the load span was altered 
between one as wide as possible without being on the taper, and a second span set to achieve a 
load case with a significantly higher bending moment then that of the first one. The purpose was 
to create one shear dominated load case and a second more combined case to study whether or 
not a transition point between different failure modes existed. To achieve the shear dominated 
load case, the load and support points were positioned 20 millimetres away from the taper’s 
upper and lower corner. The margin of 20 millimetres to the taper was to eliminate any local 
influences from the load points to the taper. 
 
Test Results 
Each sample group contained two to five specimens, the exact number can be found together 
with more data and parameters in appendix D. Tables 2, 3 and 4 show the averaged results for 
each test group. The support span was kept constant while the load span was started at a 
maximum for each thickness and then decreased.  
 

Table 2. Result and properties for the first test group, shear dominated load case. 
Sample Group 1 Avarage Width 

[mm] 
Load Span 

[mm] 
Support Span 

[mm] 
Failure Load 

[N] 
Failure Bending 

Moment [Nm/mm] 
12 mm – Tension 72.8 525  680  7524  16.0 
12 mm – Comp 74.0 525  680  7295 15.3 
      

30 mm – Tension 75.5 448 680 10288  31.3 
30 mm – Comp 78.2 440 680  9546  29.3 
 

Table 3. Result and properties for the third test group, load span 302mm. 
Sample Group 2 Avarage Width 

[mm] 
Load Span 

[mm] 
Support Span 

[mm] 
Failure Load 

[N] 
Failure Bending 

Moment [Nm/mm] 
12 mm – Tension 74.1 302 680 2246 30.3 
12 mm – Comp 74.7 302 680 1364 18.3 
      

30 mm – Tension 77.4 302 680 3958 51.1 
30 mm – Comp 76.7 302 680 5710 74.4 
 

Table 4. Result and properties for the second test group, load span 115mm. 
Sample Group 2 Avarage Width 

[mm] 
Load Span 

[mm] 
Support Span 

[mm] 
Failure Load 

[N] 
Failure Bending 

Moment [Nm/mm] 
12 mm – Tension 73.0 115 680 1360 18.7 
12 mm – Comp 74.2 115 680 1760 23.0 
      

30 mm – Tension 70.5 115 680 3340 47.4 
30 mm – Comp 74.9 115 680 3405 45.5 
 
In general it can be said that the test specimens failed in the core due to shear. Some odd 
occurrences were observed during testing, which included failure of the outer faces due to 
compression as well as interlaminar shear failure of the single skin laminates. The latter most 
often started due to debonding of core and laminate. Table 5 includes a summary of the data 
above and how these relate to the critical loads of the materials. The last columns of the table 
state these loads as percentage of allowable shear load in core and single skin laminate. Maximum 
allowed loads for the core material and single skin laminate can be found in Appendix D. 
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Table 5. Result and properties for the second test group, mixed load case. 
Beam Load span 

[mm] 
Avg. Failure 

Load [N/mm] 
% of SS 

Max 
Shear Stress 
[MPa/mm] 

% of Core 
Max 

12 mm – Tension 525 103 95.4 4.7 360 
12 mm – Tension 302 30.3 28.0 1.4 107 
12 mm – Tension 115 23.0 21.2 1.0 81 
      

12 mm – Comp 525 98.6 57.1 4.4 347 
12 mm – Comp 302 18.3 10.6 0.8 64 
12 mm – Comp 115 23.0 13.3 1.0 81 
      

30 mm – Tension 448 135 124 3.4 260 
30 mm – Tension 302 51.1 47.2 1.3 99 
30 mm – Tension 115 47.4 43.8 1.2 92 
      

30 mm – Comp 440 121.9 70.7 3.0 237 
30 mm – Comp 302 74.4 43.1 1.9 145 
30 mm – Comp 115 45.5 26.4 1.1 88 

 
 
Summary – Practical Testing 
The practical testing included a number of limitations to keep the sample size manageable. 
Variables were narrowed down to two different core thicknesses and three different load cases. 
This was thought to be enough to show the effect of different core thicknesses and load 
combinations. The general conclusions that can be drawn from tests are that the core strength is 
directly critical for the beams shear strength. Even for the more bending dominated load cases 
the setup used keeps the shear load constant in-between the load points. Causing the majority of 
failures to start in the core. Second is that, even though the beams can be considered to be stiff 
enough, the test method produces a highly nonlinear behaviour. As seen in figure 23, for a 30mm 
core beam during bending, the core material is compressed making it denser than accounted for. 
This phenomenon was most obvious for the shear dominated load cases. Studying the table 
above a trend can also be seen where failure occurs at as much as 5 times the shear strength of 
the non-compressed core. 
 

 

Figure 23. Core being compressed during testing. 
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Apart from the beams’ behaviour there were other factors such as manufacturing flaws affecting 
the outcome of the tests. In most of the cases, as mentioned earlier, the failure originated from 
shear failure in the core and then spread forward down the taper through the laminate. Cases 
where manufacturing flaws were considered to cause the start of failure were ruled out from the 
results shown above.  
 
The load was applied at a slow and controlled rate still causing the beams, especially in the shear 
dominated cases, to fail abruptly. This would suggest that the core and faces was working very 
much together throughout the length of the taper, as expected of the sandwich part. Once the 
core gave way the delamination of the laminate would spread rapidly, some times all the way 
throughout the single skin part of the beam as seen in figure 24.  
 

 
 Figure 24. Core failure and delamination plus debonding of laminate and core. 
 
In both the tension and the compression case the shape of the taper was believed to increase the 
risk of delamination at the tip of the taper. The different thicknesses and the geometry of the 
taper were thought to cause the behaviour seen in figure 24, where the core is being pulled 
upwards by the inner face of the taper. Being weaker, the inner laminate tended to flex more and 
follow the movement of the outer. In some cases, though always when the beam was loaded in 
tension, this caused the sloping face of the taper to debond from the core and even fail due to 
compression. The last case suggests that the shape and compression of the taper made it stiffer 
than the top laminate. 
 
The only major difference between the 30 and the 12 mm core cases was the failure load. The 
modes in which they failed were fairly consistent for different types of load setups. Due to higher 
loads the 30 mm core specimens would fail in a more abrupt manner compared to the 12 mm, 
where the failure sometimes could be seen developing from shear failure to debonding and 
delamination throughout the beam. Being less stiff the 12 mm beam also tended to deflect more 
than the 30 mm beam.  
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Comparison – Modelling and Testing 
The modelling part of the project was introduced for two main reasons, one being studying too 
what extent FE-modelling could act as a support in this kind of testing procedure, the other 
being a way to further enhance the researchers knowledge of FE-modelling. In many ways it 
served these purposes very well. Some problems encountered on the way were the nonlinear 
behaviour discovered once practical testing began, the difficulty of providing the model with 
accurate material data as well as handling local and global coordinate systems to interpret test 
data. The graphs and pictures produced through modelling did however increase understanding 
for how the taper behaved and in some cases showed where the failures could be expected to 
occur.  
 
Studying the diagrams and numbers in figures 8 to 11, some notion of what happens in the 
different tapers is provided. The most important trend that could be discovered was the 
difference in stress concentrations between the 1:1 ratio and the other two. The plots clearly 
show how the stresses differ, not necessarily in magnitude but more in location. Lower taper 
ratio tend to have stress concentrations closer to the inner face of the laminate, which becomes 
critical in τxy, for both 12 and 30 mm setup. However, the difference in core thickness does not 
seem to inflict on stresses in the laminate, nor in maximum value or location. Studying the 
tension versus compression case closer, the stress plots clearly indicates a shift in where the 
maximum stresses occur. Since the laminate is asymmetric, this means the neutral layer will be of 
the centre line of the laminate. Shown in the mentioned figures as the stresses change from 
positive to negative, or the other way around, in the middle of the top CSM layer. 
 
In general the combination of the two methods in this case provided a good possibility to study 
what earlier was considered to be the most critical part of the structure, as well as putting some 
light on new problems. The FE-modelling focused on studying the tapers tip while the practical 
testing showed other weaknesses in the structure. For this reason the methods cannot be 
compared as opposites but rather seen as support to one another as thought of at the start. 
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Discussion 
The complexity of the geometry and the scale of the setup in many ways complicated the 
research. Much time was spent on narrowing down the actual problem and area of interest, 
together with fixing parameters. Since most of the materials were fixed the focus could have been 
more on test setup and early trials to prove or disprove ideas and expectations based on earlier 
research.  
 
The two different cases of compression and tension affected the beam in different ways. In the 
tension case the upper side of the taper is compressed and wants to separate from the lower face, 
thus pulling the core as well. The compression case acts in a very different way where the taper’s 
upper side wants to straighten out and follow the bending curvature of the outer face. In this 
case it compresses the core in the taper. The tests show that the construction was weaker in 
compression, but that it still failed due to shear loads in the core. Due to the geometrical aspect 
this brings up the question whether the core is bearing more of the load in the compression case. 
Since no failure where detected in the laminates, the extra deflection would explain why the core 
fails at a lower load. A higher ratio of the taper would also affect this leaving less room for 
motion and further stiffening the beam. 
 
The four point bending setup used in the practical tests worked as intended, creating a known 
amount of shear forces over the full length of the taper. A shortcoming though, in retrospect, is 
that even when the load points are moved to their most centred position, the increased bending 
moment over the taper is not mentionable. Provided nothing else changes, shifting the load 
points towards the centre of the beam will increase it deflection of its mid point. Since the shear 
stress is depending on the force applied and through that the deflection, a greater deflection will 
cause increased shear stress in the core, making it fail at a possibly lower load then before. 
 
More important is the fact that the large deflections, not expected at the start of the tests, caused 
the beams to move from their original positions. The further the beam was deflected, the further 
it slid of the supports, shifting the support points away from the taper. In what way these 
deflections and changes in the setup inflicted the results are at this level very hard to say. This 
was not thought of nor implemented in the FE-models for further research. A weaker smaller 
scale construction could have minimized this problem. It could also have sped up the initial 
phase of testing and lowered costs at the same time. On the other hand this would have rendered 
comparison with earlier research harder. The most reliable part of the test should therefore be 
considered to be the shear dominated load case focusing on the taper itself, where these 
phenomena were the least present.  
 
The combination of the asymmetrical faces and laminate and the tapers geometry complicates 
the case of explaining the different ways they all affect the behaviour of the beams. The FE-
models show that stress concentrations move around in the laminate due to its asymmetric layup, 
and the geometry of the taper has shown a difference in failure loads in the practical tests. Since 
no tests where carried out with a symmetric layup it’s hard to say how these two variables may be 
connected. A higher ratio taper could support a thinner setup of faces, but also introduce new 
problems depending on what is limiting the thickness of the solid laminate. A setup with thinner 
faces and by that a thinner solid laminate would have made it easier to study how the core and 
laminates work together. In this case only one single case of failure was initiated in the faces 
showing the core to be the weaker part of the construction. The lesser variables would have 
allowed for the research to focus on the actual geometry and the tip of the taper.  
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The combination of FE-modelling and practical testing in this case turned out to be both a 
surprise and a success. Both the models and the testing showed that the assumed area of interest, 
the tip of the taper, was not the most critical for this particular setup. The shortness of time and 
the complexity of the case did leave out bits that could have been detected and analyzed using 
more advanced FE-models. Extracting and analyzing a large amount of data from the models 
were time consuming even though the simulations themselves were quick. This called for a 
narrow focus to allow for a larger number of models to be analyzed. However in this case it 
provided the chance to discover that the tip of the taper might not be the weakest spot for the 
shear force dominated loading case. A combination of the two methods would still be preferred 
for continued work in this area. 
 
 

Conclusions 
The combination of FE-modelling and practical trials was shown to be effective but hard to 
implement for a complex problem. Initial testing of an unknown and complex problem can 
provide much useful input to the model, which in the long run can lower costs for practical 
testing, revealing unforeseen problems in the construction and narrowing the focus at an early 
stage.  
 
The test setup successfully produced a shear dominated load case over the taper together with no 
local damages around load and support points. The setup did on the other hand not work as 
intended when expanded to create increased bending moment over the taper. Problems with 
extensive deflections were still present for this material setup. 
 
Combining the results from the FE-models and the practical tests it can be said that the 3:1 taper 
used today is stronger than expected, since this was not the critical part of the construction. The 
failures started in a majority of the cases outside of the taper in the core of the sandwich, but 
then spread over the taper as the next weak point of the construction. As shown in Table 7 the 
failure loads for the practical tests were many times far above the maximum levels allowed in the 
core, at the same time being far from critical for the solid laminate. Even though the sample 
groups some times where small the trend was the same for both the 12 and 30 millimetre setup. 
Again suggesting that the core can be considered to be the weak link of this particular setup. A 
longer taper would still be to prefer but the actual problem of finding an optimum combination 
of taper and material setup implies more variables referring to design limits. How strong does the 
solid laminate need to be, what deflection could be allowed for the sandwich plate? The taper 
could most likely be allowed to have a different ratio depending on the materials used around it. 
 
Some of these conclusions were obvious once the testing began, such as the weakness of the 
core, while others like the compression in the taper and extensive deflections were not expected 
or thought of in advance. The thought of a longer taper being more beneficial goes hand in hand 
with the general idea of transitions and geometrical changes in structures, while the fact that the 
taper showed to be stronger than the sandwich was not expected. The project can be seen as 
successful in regards to this particular setup and material layup, showing that the tip of the taper 
is not the weakest point as for other load cases. As part of a bigger picture regarding the 
geometry and the way the faces, core and solid laminate work together the project has managed 
to put light on the complexity of the problem. To take it to a more general level, focusing on the 
tapers geometry, many of the variables presented here need to be eliminated. 
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Future Work 
As mentioned above the abrupt behaviour of the failures leaves room for improvements in the 
study. Using photo or video based documentation techniques the occurrences and development 
of failures would be easier to study and information more reliable. A larger sample group, 
preferably manufactured using vacuum bagging or even vacuum infusion, would lower the risk of 
built in weaknesses due to contamination and bring it closer to the production standards of 
today’s yachting industry. Further the large deformations and non-linear material properties of 
the core may call for use of non-linear FE analysis. The experience of the difficulties involved 
handling the many variables in this kind of research, recommends any future work to focus on a 
few number of these at the time, thus rendering clearer results of how the different variables 
relate and affect the over all behaviour of the taper. 
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Appendix A - Material Data 
Material properties earlier used in research by High Modulus as well as updated values based on 
short beam shear tests of core material and single skin laminate used during tests are here 
presented. 
 

Table 6. Material data as used in finite element modelling and simulations.  
Mater ia l   Po lyes t e r  Airex C70 CSM EBM Sing l e  Skin Laminate  

E1 MPa 3 000 84 6 500 16 000 11 400 
E2 MPa 3 000 125 3 667 4 327 9 400 
G12 MPa 1 154 38 1 410 1 661 3 100 
ν12   0.3 0.3 0.3 0.3 
σ1t MPa 55-70 2.7 84.5 229 
σ1c MPa 100-130 1.9 120.9 253 
σ2t MPa 55-70 2.7 70 70 
σ2c MPa 100-130 1.9 130 130 
τ12 MPa 66 1.5 34 21 
ε1t %  27 1.3 1.43 
ε1c %  27 1.86 1.58 
ρ kg/m3  100 1500 2273 

As part  o f  Laminate  
vf  0.68 – 0.81  0.19 0.32 
wf    0.33 0.5 

 

t mm   1.23 1.32 10.2 
 
Index one and two refer back to the coordinate system introduced in the chapter Standard Setup, 
where one means x direction and two y direction. Properties regarding the solid laminate was 
provided by High Modulus, further details can be found in reference [1] and [4]. The low volume 
fractions are because of the nature of the fabrics and the manufacturing method used, wet hand 
layup.  
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Short beam shear test results 
To find out the actual shear modulus of the materials used for the practical tests short beam 
shear tests, in form of three point bending, were conducted for both the single skin and the core 
material. The tests were conducted in accordance with the ASTM 2344 standard, denoting a 
support span not wider then four times the thickness of the specimen to be used. All specimens 
did successfully fail in shear. The test setup used was as seen in figure 25. Results are stated in 
table 7 below. 
 
 

Figure 25. Test setup of short beam shear test. 
 
 
Table 7. Data and results for short beam shear test of single skin laminate and core material. 

Spec imen Width 
[mm]  

Thickness  
[mm]  

Suppor t  
Span 
[mm]  

Flexural  
Modulus  
[MPa]  

Flexural  
Stres s  
[MPa]  

Shear 
Stres s  
[MPa]  

Flex 
Load 
[N]  

Load 
[N/mm]  

[Nm 
/mm] 

Tension #1 19.1 10.1 36.0 4525 246.8 87.1 8887 879.9 7.9 
Tension #2 19.4 9.3 36.0 5050 268.9 96.6 8357 898.6 8.1 
Tension #3 19.2 10.0 36.0 4579 257.9 91.5 9148 914.8 8.2 
Mean 19.2 9.80 36.0 4718 257.9 91.7 8797 897.8 8.1 
          
Comp #1 20.0 10.1 36.0 5270 314.8 116.6 11892 1177 10.6 
Comp #2 19.6 9.86 36.0 5015 290.0 105.0 10211 1036 9.3 
Comp #3 18.4 10.2 36.0 4505 282.5 96.3 10075 984.8 8.9 
Mean 19.3 10.1 36.0 4930 295.8 106.0 10726 1066 9.6 
          
Core #1 20.8 11.8 36.0 43 3.4 1.27 183.3 15.3 0.14 
Core #2 19.8 11.2 36.0 42 3.3 1.24 178.6 14.9 0.13 
Core #3 20.4 11.6 36.0 42 3.6 1.33 191.5 16.0 0.14 
Mean 20.3 11.4 36 42.3 3.4 1.28 184.5 15.4 0.14 
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Flexural strength of single skin laminate 
The single skin laminate being one of the two major structural components of the test beam was 
tested for its flexural strength, this to determine its strength to carry bending moment. The test 
was carried out in accordance with ASTM 790 standard. To assure failure in bending and not 
shear this denotes a support span not less than 16 times the thickness of the specimen to be 
used. As seen in table 8 below the average thickness of the specimens can be said to have been 
less than ten millimetres and thus the support span was set to 160 millimetres. This caused all the 
specimens to fail in bending, causing a failure in the outer CSM layer due to tension. The test 
setup is seen in figure 26 together with a photo of one of the specimens after failure. 
 
 

Table 8. Data and results from flexural strength testing of single skin laminate. 
Spec imen Width 

[mm]  
Thickness  

[mm]  
Suppor t  

Span 
[mm]  

Flex Modulus  
[MPa]  

Flex Stress  
[MPa]  

Flex Load 
[N]  

Load 
[N/mm]  

[Nm/
mm]  

Tension #1 18.60 9.90 160 12326 279.4 2121.9 114.1 4.56 
Tension #2 18.70 9.87 160 12457 277.0 2102.4 112.4 4.50 
Tension #3 19.06 9.56 160 12144 258.9 1879.5 98.6 3.94 
Mean 18.79 9.78 160 12309 271.8 2034.6 108.4 4.33 
         
Comp #1 19.90 9.76 160 12327 431.9 3411.0 171.4 6.86 
Comp #2 19.40 10.0 160 11168 388.3 3139.1 161.8 6.47 
Comp #3 19.06 10.1 160 13031 433.8 3514.4 184.4 7.38 
Mean 19.45 10.0 160 12175 418.0 3354.8 172.5 6.90 

 
 

 
Figure 26. Setup for flexural strength testing of single skin laminate together with failed specimen. 
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Appendix B - Bending versus Shear Failure. 
 

Critical Load Ratio 
The critical stress due to bending of the single skin laminate was determined through three point 
bending test conducted by High Modulus in earlier research and determined to 215 MPa. 
Knowing the allowed stress limit the critical load for the four point-bending case could then be 
calculated as, 
 

€ 

Tx =
2
3
σcritw t

2

(L1 − L2)
       ( 1 ) 

 
 
where σcrit is the critical stress for bending failure, L1 the support span, L2 the load span, w the 
width of the beam and t the thickness of the laminate. The width of the beam was set to one 
millimetre. The critical shear stress of the core material was known, why the critical shear force, 
Tx, could be calculated from, 
 

€ 

Tx =
τ crit D(E1t1 + E2t2)
(E1t1⋅ E2t2 ⋅ d)

      ( 2 ) 

 
where D is the bending stiffness of the beam, E1 and E2 the Young’s modulus for the two faces, 
t1 and t2 the faces thicknesses, σ the critical shear stress and d the distance between the neutral 
axis of the faces. 
 
The critical force for the single skin and the ratio between that of the sandwich beam and the 
solid laminate are presented in following figures. The study was limited to two different core 
thicknesses, three support spans and two load spans. Meaning in total six different load cases for 
each kind of geometry. Presented in figure 27 are the results showing the analysis for the shortest 
support span. The figures show that as the load point is moved away from the support point and 
the lever for the acting force increased, the critical force is decreasing. The horizontal limits show 
the critical shear load for the core. A point above the line thus indicates that the beam should fail 
in shear. Figure 28 shows the ratio between the critical force for bending failure in the single skin 
and that of shear failure in the core.  
 

 
Figure 27. Critical loads for bending failure in single skin laminate. 
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Figure 28. Critical load ratio – Bending/Shear failure in skin and core. 

 
The following figure 29 and figure 30 show the same as above but for the maximum support 
span. The longer span means a greater bending moment is created by the same amount of force 
applied before. 
 

Figure 29. Critical loads with respect to bending failure of single skin laminate 
 
 

Figure 30. Critical load ratio – Bending/Shear failure in skin and core. 
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The most obvious and extreme load cases were chosen to take to the practical tests. That was to 
keep the support span, L2, short and vary the load span, L1, from long to short. By doing so 
having the ability to create both a shear dominated load case and one more mixed up with a 
chance of failure due to bending. The graphs only work as an orientation of what was expected 
to be happening in the laminate and sandwich part of the beam, and as a guide to what failure 
might occur. 
 
The maximum allowed force that was calculated earlier is connected to a maximum allowed 
bending moment in terms of the lever and critical stresses in the laminate. As the position of the 
load and support point change the taper will be subjected to different amounts of this critical 
bending moment. As illustrated in figure31 and figure 32 this will decrease as the load point is 
moved away from the support point. The support point is still left in front of the taper as shown 
in Figure 6 earlier, as the diagram also shows in that illustration the applied shear force will 
remain constant in-between the load and support point. 
 

 
Figure 31. Amount of maximum bending moment subjecting the taper, short support span. 
 
 

Figure 32. Amount of maximum bending moment subjecting the taper, long support span. 
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Appendix C - FE modelling results and plots 
The plots shown in the main document much sums up the conclusions from the FE-simulations. 
As a continuing of that chapter this appendix shows similar plots but for the longer, medium 
load case. The plots show clearly how the tips of the tapers are being less and less affected as the 
load point moves away. 
 
 

 
Figure 33. XX and XY stresses, Comparison of 12 millimetre setup – Medium load case. 
 

 
Figure 34. XX and XY stresses, Comparison of 30 millimetre setup – Medium load case. 
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Appendix D – Test Data 
Collected in this appendix are the data collected during practical testing. Each specimen was 
measured four times over its length and width to determine its average values. The first tables 
state the measured values from the tests. Some data has been left out due to unreliable test 
specimens which for the later test groups meant only a small number of specimens could be 
accounted for. This was mainly due to manufacturing flaws causing the beams to fail in ways not 
related to the cause of the research. 
 
Table 1. Test Group 1 – Shear dominated load case – 12 mm Core Thickness 
Spec imen 1 2 3 4 5 6 
Average Width   [mm] 72.4 72.7 73.3 74.1 74.1 73.8 
Support Span     [mm] 680 680 680 680 680 680 
Load Span        [mm] 525 525 525 525 525 525 
Lever                [mm] 155 155 155 155 155 155 
 Tension Compression 
Failure Load                            [N] 7397 7069 8106 7049 7198 7638 
Failure Load                            [N/mm] 102.0 97.20 111.0 95.10 97.20 103.0 
Avarage Failure Load                [N/mm] 103.4 98.60 
Av. Failure Bending Moment      [Nm/mm] 16.00 15.30 
Avarage Cross Head speed         [mm/min] 3.7 3.7 
 
 
Table 2. Test Group 1 – Shear dominated load case – 30 mm Core Thickness 
Spec imen 1 2 3 4 5 6 
Average Width   [mm] 78.6 74.1 73.9 80.8 79.9 73.9 
Support Span     [mm] 680 680 680 680 680 680 
Load Span        [mm] 448 448 448 440 440 440 
Lever                [mm] 232 232 232 240 240 240 
 Tension Compression 
Failure Load                             [N] 10270 10191 10307 10066 10019 8553 
Failure Load                             [N/mm] 130.7 137.5 139.4 124.6 125.4 115.8 
Avarage Failure Load                [N/mm] 135.0 121.9 
Av. Failure Bending Moment      [Nm/mm] 31.3 29.3 
Avarage Cross Head speed         [mm/min] 3.7 4.3 
 
 
Table 3. Test Group 2 – Combined load case – 12 mm Core Thickness 
Spec imen 1 2 3 4 5 6 
Average Width   [mm] 74.0 74.3 - 74.7 - - 
Support Span     [mm] 680 680 - 680 - - 
Load Span        [mm] 302 302 - 302 - - 
Lever                [mm] 378 378 - 378 - - 
 Tension Compression 
Failure Load                             [N] 2086 2406 - 1364 - - 
Failure Load                             [N/mm] 28.2 32.4 - 18.3 - - 
Avarage Failure Load                [N/mm] 30.3 18.3 
Av. Failure Bending Moment      [Nm/mm] 5.7 3.4 
Avarage Cross Head speed         [mm/min] 4.5 5.0 
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Table 4. Test Group 2 – Combined load case – 30 mm Core Thickness 
Spec imen 1 2 3 4 5 6 
Average Width   [mm] 74.4 80.4 - 75.0 78.5 - 
Support Span     [mm] 680 680 - 680 680 - 
Load Span        [mm] 302 302 - 302 302 - 
Lever                [mm] 378 378 - 378 378 - 
 Tension Compression 
Failure Load                            [N] 3783 4135 - 5662 5759 - 
Failure Load                            [N/mm] 50.8 51.4 - 75.5 73.4 - 
Avarage Failure Load                [N/mm] 51.1 74.4 
Av. Failure Bending Moment      [Nm/mm] 9.7 14.1 
Avarage Cross Head speed         [mm/min] 5.0 5.0 
 
 
Table 5. Test Group 3 – Combined load case – 12 mm Core Thickness 
Spec imen 1 2 3 4 5 6 
Average Width   [mm] 73.6 72.4 - 74.2 - - 
Support Span     [mm] 680 680 - 680 - - 
Load Span        [mm] 115 115 - 115 - - 
Lever                [mm] 565 565 - 565 - - 
 Tension Compression 
Failure Load                             [N] (2163) 1640 - 1706 - - 
Failure Load                             [N/mm] (-) 22.6 - 23.0 - - 
Avarage Failure Load                [N/mm] 22.6 23.0 
Av. Failure Bending Moment      [Nm/mm] 6.4 6.5 
Avarage Cross Head speed         [mm/min] 3.0 4.0 

 
 
Table 6. Test Group 3 – Combined load case – 30 mm Core Thickness 
Spec imen 1 2 3 4 5 6 
Average Width   [mm] 70.5 - - 74.9 - - 
Support Span     [mm] 680 - - 680 - - 
Load Span        [mm] 115 - - 115 - - 
Lever                [mm] 565 - - 565 - - 
 Tension Compression 
Failure Load                            [N] 3341 - - 3406 - - 
Failure Load                            [N/mm] 47.4 - - 45.5 - - 
Avarage Failure Load                [N/mm] 47.4 45.5 
Av. Failure Bending Moment      [Nm/mm] 13.4 12.8 
Avarage Cross Head speed         [mm/min] 4.0 4.0 
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Applied load as function of cross head extension 
Following plots were produced during testing and illustrate the behaviour of the beams being 
tested. Some specimens can be seen failing earlier than the rest in their test group. This was 
mainly due to built in weaknesses related to the manufacturing process. Data from many of those 
straying far from the average or expected behaviour was ruled out of the summation shown 
above. 
 
 

Figure 35. 12mm Beam – Test to failure in Tension, wide loading span. 
 
 

Figure 36. 12mm Beam – Test to failure in Compression, wide loading span. 
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 Figure 37. 30mm Beam – Test to failure in Tension, wide loading span. 
 
 

Figure 38. 30mm Beam – Test to failure in Compression, wide loading span. 
 

Figure 39. 12mm Beam – Test to failure both Tension and Compression, medium load span. 
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Figure 40. 30mm Beam – Test to failure both Tension and Compression, medium load span. 
 

Figure 41. 12mm Beam – Test to failure both Tension and Compression, short load span. 
 
 

Figure 42. 30mm Beam – Test to failure both Tension and Compression, short load span. 


