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Preface
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unwavering guidance and encouragement. I am very grateful for the support and guidance
of Dr. ir. Michele Mirra. I would like to give a special thank you to Dr. ir. Robin Oval for
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the opportunity provided by Kingspan Unidek with the help of Ing. Johnny van Rie and Dr. ir.
Geert Ravenshorst. Lastly, I am deeply indebted to my family who made my master’s journey
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Katariina Johanna Jéirvsoo
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summary

Parametric tools could significantly increase efficiency in the design process within the con-
struction industry, especially with prefabricated elements. Efficiency is also searched for in
material use. An element that uses its material very effectively is a structural insulated panel
(SIP). However, the synthetic polymers used in already existing panels are not very sustainable.
The new climate agreements push producers into making more sustainable choices. Due to this,
Kingspan Unidek is experimenting with a bio-based insulation material integration into the SIP.
A new structural insulated panel with OSB/3 faces and a Steico wood fibre polyurethane resin
insulation core is being developed. In this thesis, the panel’s behaviour is analysed for con-
struction purposes under axial and transverse loading experimentally, analytically and through
modelling. The behaviour of the panel is analysed for residential building applications, and
the possibility of using parametric modelling tools in the design process for SIPs is assessed.

The analysis is performed by using four main methods — full-scale experiments under eccentric
axial loading by Kingspan, models on Karamba3D and RFEM, and analytical calculations with
Timoshenko beam theory, shear beam equations and rod in compression equations. The failure
methods are analysed with hand calculations from sandwich panel theory. The Karamba3D
model is developed by using shell and beam elements since it is not yet possible to model
layered materials. The material is defined by the user and the core is modelled as beams which
are scaled to match the Timoshenko beam equation results.

The faces exhibited a separate behaviour during the experiments under low eccentric axial loads
suggesting a delamination failure or a core failure. The failure occurred during an eccentric
18 kN/m axial loading which caused the faces to behave separately. The core has very low
strength properties compared to other conventionally used SIP insulation materials which are
at least twice as strong as the Steico insulation board. Additionally, the analytical calculations
showed that the panel has very low transverse loading capacity as a result of core shear failure
—a maximum distributed load between 0.1 kN/m to 2.5 kN/m can be applied depending on the
analysis method. These findings confirm that the panel could only be used with the application
of through-thickness stiffeners. The developed Karamba3D model successfully reproduced the
experimental results, but the model should not be used for failure analysis since local failures
or interface failure is not described. Timoshenko beam theory and the RFEM model showed a
good correspondence for transverse loading, but a bending test should be performed to confirm
the results. The RFEM model could not show the SIP behaviour under axial loading but did
exhibit a trend in deflection results towards where a local failure could occur. The conventional
sandwich panel theory overestimated the panel resistance based on the experimental results and
the modelling results.

The panel in this form could only be applied if through-thickness stiffeners are used to strengthen
the panel or if the core material is significantly improved. However, there is a possibility that
the separate behaviour by the faces could be avoided by avoiding eccentric loading and only
applying centric loading. It would be necessary to test the panel for failure to get a better un-
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derstanding of the failure modes and to further validate the model values. Additional testing to
confirm the failure method would be testing the material properties of the Steico material, and
the bond strength of the interface between the faces and the core. The model has the potential
to be used for analysing all different sandwich structures, but would need to be further verified
with different materials.
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Introduction

1.1. Research Context

The construction industry is one of the slowest developing industries. All innovations take
around 30 years to reach practice in the field. A good example of this is the integration of
building information modelling (BIM) into the industry — the idea was first introduced in 1975,
but is still not used by all parties in the construction process [1]. One reason for this is the fast
pace and growing demand of projects, leaving little time for self-study or research for practising
engineers. Additionally, the long duration of projects and the confidence in already tested and
known ways [2], results in low interest for exploring possibly more effective methods. Another
reason could be the specific demands from clients [2] and a wish to keep prices low, since new
products or solutions usually have a low demand resulting in a higher cost and could sometimes
also mean longer realisation times. Oftentimes, even if engineering companies have gone over
to computer based models, construction companies have not gone through that change and
either demand paper based information or need guidance and assistance to get used to the new
techniques [3]. This requires time and resources. In order to successfully implement a change
or start using a new method, the engineer has to be familiar with it or has to have a deep interest
for starting. Only then the best integration into the project can be ensured with the least amount
of time while having the support of the client. So, a crucial part for integrating new techniques
is the availability of knowledge, and the depth of it.

The construction industry is being pushed into making more sustainable choices to reach the
2030 and 2050 European Union climate targets to reduce emissions [4]. Since this announce-
ment, producers are making their efforts to reduce their CO2 emissions [5]. There are many
ways how to reduce the carbon footprint in the industry. One option is to use a more effec-
tive way of construction in terms of insulation capabilities, erection time, and material use [2],
[6], [7]. All of these could be addressed with structural insulated panels (SIPs). SIPs have
been around for almost a hundred years now, and starting from the 1980s oriented strand board
(OSB) skins have been used [8]. SIPs are a construction product that combines load bearing
and insulation together in one panel. It is lightweight, and easy to produce in the factory under
a controlled environment, and then easily assembled on the construction site, conserving time,
and lowering the amount of labour, and therefore the possibility of error [2], [5]. Their erection
is less labour intensive meaning faster production compared to traditional construction meth-
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ods like timber or steel frame buildings [2], [9], [10]. They have better insulation capabilities
compared to conventional construction techniques, since they have a reduced amount of ther-
mal bridges in the form of having no frame that pierces through the panel from the inside to the
outside [7]. This is well illustrated in figure 1.3 where the timber frame elements run through
the wall, whereas in figures 1.2, 1.4, 1.5, and 1.6, there are no elements running from the inside
to the outside that would disrupt the insulation layer. This positively influences the amount of
material used for the building, and additionally by reducing heat losses, decreases the amount
of energy required to heat the building [2], [S], [7]. It is possible to reduce energy costs up to
50% per year [6].

SIPs can be used for walls and roofs. Roofs can range from a flat roof to sloped roofs. An
example for a roof cross section can be seen in figure 1.6. Currently, most commonly used
SIPs are with a metal skin with an insulation core of either mineral wool, glass wool, extruded
polystyrene (XPS), expanded polystyrene (EPS) or polyurethane (PUR). Although, OSB faces
have gained popularity in the last decade, it is possible to produce a sandwich panel that is more
sustainable, and uses bio-based materials. First step towards that is in addition to the faces,
changing the core material to a bio-based material. This is currently explored by Kingspan
Unidek, integrating a bio-based insulation material between two OSB skins. However, using
hand calculations to analyse the behaviour and failure mechanisms is often not very accurate,
and requires a lot of time. Analysing and describing a sandwich panel’s behaviour is not an easy
task, while testing out new material combinations. There are no universal design standards [6],
[11] and a lack of overview on existing panels’ behaviour [5]. Thus, a need for an accurate
modelling method is necessary, which could further be applied for building applications, and
simplify the design with SIPs.

Figure 1.1: Sandwich panel with metal Figure 1.2: TEK panel with OSB skins and
skins and mineral wool insulation. [12] PUR foam. [13]

1.2. Research Problem

Kingspan Unidek is interested in exploring the possibility to have a structural insulated panel
building model on Grasshopper with the Karamba3D plug-in. Grasshopper provides the pos-
sibility to have a parametric model, while performing many different analyses, which include
thermal performance, sustainability, structural stability, natural light, and many more. Para-
metric modelling tools have been available for 20 years now, and their use is now increasingly
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Figure 1.3: Timber frame cross-section Figure 1.4: Kingspan TEK building system
with timber cladding. [14] with brick cladding. [13]

Figure 1.5: Sandwich panel system with
timber cladding. [15] Figure 1.6: TEK system roof cladding. [13]

popular. However, the adoption of the possibilities provided by parametric tools could be much
better integrated into the construction industry.

Building with structural insulated panels is one of the fastest ways of construction, and if bio-
based insulation materials are used, the transition towards a more sustainable built environment
is promoted [5]. There is a need for a new and improved structural insulated panel to address
its possible drawback [6]. Incorporating a parametric approach in the design process of a
residential building out of SIPs would significantly reduce the time necessary to move from
design to construction process [16]. It is first important to verify the accuracy that grasshopper
provides to model a sandwich panel, and check if the model can predict real panel behaviour. As
far as is establishable, structural insulated panels have not yet been modelled on Grasshopper.

Often, hand calculations predict global failure methods to be governing, but in practice local
failure methods occur before global failure loads are achieved [17]. If the model predicts failure
and shows accurate behaviour, implementing the panel into a building model could give an
effective method to design with SIPs. So far, there are difficulties showing the functionality of
structural insulated panels through one specific method [18], since there is no unified method



1.3. Research Objectives 4

nor codes to prove the panel’s behaviour [7], [19] and there is a lack of info on commonly
used sandwich panels’ behaviour [5]. Thus, a method to model a SIP that accurately predicts
the behaviour of the panel, and be also implemented in a building model, could simplify the
design process significantly, and speed up the development of structural insulated panels. This
research aims to create a SIP model which successfully describes the behaviour of the panel,
and to give a preliminary tool to design a residential building with structural insulated panels
to make the design process easier and less time consuming.

1.3. Research Objectives

This thesis will analyse and model the behaviour of a novel bio-based structural insulated panel
in development by Kingspan Unidek. The panel will be loaded axially and transversely (wind
load), and the out of plane behaviour will be observed. It aims to give a method of design-
ing with SIPs by using a parametric structural model to accurately simulate the real life be-
haviour of a SIP, and integrating it into a building model. The possibility of using Grasshopper
Karamba3D to analyse the panel’s behaviour will be explored. Further, two options are inves-
tigated to model a SIP building on Grasshopper — one with Karamba3D plug-in, and another
with Dlubal plug-in connected to RFEM. The building modelling methods will be brought out
in appendix H.

1.4. Research Scope

The research will focus on the analysis and modelling of the novel Kingspan Unidek bio-based
structural insulated panel. The investigated panel dimensions are defined by the available tested
panel, which are as follows: height - 3200 mm, width - 1020 mm, thickness - 124 mm. The
bio-based SIP is made of OSB/3 as the skin material, 12 mm on each side, and the core is
Steico medium density fibre board (MDF-board) type M dry (140 kg) 100 mm with a declared
thermal conductivity of 0.037 [W/mK]. The panel looks very similar to the existing Kingspan
TEK system panel that can be seen in figure 1.2. The panel will be modelled on Grasshopper
Karamba3D, validated by hand calculations, and compared to test results and to a model on
RFEM to find the most suitable and accurate approach. The material properties are provided
by Kingspan Unidek, and the missing core material properties will be assumed based on avail-
able test results and literature. The load cases analysed will involve axial loading as floor and
construction weight loads, and transverse loading as wind loads perpendicular to the plane of
the panel.

In the second part of this thesis, two building model creation methods will be investigated on
Grasshopper for SIP applications. First, again a model on Karamba3D, and second a model
on Dlubal. To limit complexity for the scope of the thesis project, the building models will not
be analysed, but are proposed as possible options for further research. These are presented in
appendix H.
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ﬁ. K_ingspan TEK

Figure 1.7: TEK building system. [20]

1.5. Research Questions

Main question

What is the out of plane behaviour of the novel Kingspan Unidek bio-based panel
under axial and transverse loading, and how can analytical and numerical methods
be used in the design process?

Subquestions
1. What is the correspondence between experimental and modelling work?
2. To what extent is analysis possible with parametric tools for SIPs?

3. What is the best method to predict structural insulated panel behaviour?

1.6. Research Method

In this thesis the modelling method will be used. The thesis will consist of two different parts
— first, as the main part the panel analysis and modelling, and second, the building modelling.
The research begins with a detailed literature review to:

Understand the structural behaviour of sandwich panels, failure mechanisms, and their
applications.

Gather key material properties for bio-based SIPs, with a specific focus on the Kingspan
Unidek panel.

Investigate existing methods for modelling SIPs in structural design.

* Review experimental test data for sandwich panels to get an understanding of SIP be-
haviour under different load cases.

The insights from the literature review will provide necessary background knowledge to create
and analyse the models.

Next, the panel analysis will follow. A model on Rhino 7 Grasshopper Karamba3D and RFEM
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will be created. The novel Kingspan Unidek panel will be modelled on Karamba3D, and vali-
dated through analytical calculations and the RFEM panel model. Further, it will be compared
to the test results provided by Kingspan Unidek. A panel model in Grasshopper Karamba3D
will be created to evaluate the possibility of analysing SIPs with Karamba3D. The independent
input parameters for the model will be the material characteristics of the structural insulated
panel made of bio-based materials. The novel Kingspan Unidek panel will be compared to the
models, to judge the behaviour of the panel in structural applications, and to evaluate if the
panel is ready for structural applications. Additionally, the capability of Karamba3D to model
SIPs for structural analysis will be assessed.

The next part explores the possibility of modelling a residential building out of structural insu-
lated panels with parametric tools. To limit the scope of the thesis, no analysis is performed,
but the modelling options are presented in appendix H. Two building models will be created —
one with Karamba3D in Grasshopper Rhino 7, and the other with Dlubal in Grasshopper Rhino
8 connected to RFEM. Both models will include parametric design flexibility to modify spans,
openings (e.g., windows and doors), and material configurations. The models will be simple —
only one storey, one opening, rectangular geometry, and floor/roof beams. This is brough out
in appendix H.

Expected Research Outputs:

* A validated panel model capable of predicting the structural behaviour of the novel
Kingspan SIP.

* Insights into the best analysis method of SIPs.

* Recommendations for further development of bio-based SIPs and their modelling meth-
ods.

This is illustrated in figure 1.8.

Why Grasshopper and Karamba?

One of the most widely used visual programming languages in architecture, engineering, and
construction is Grasshopper. It allows the user to create a design that can be modified and
already verified in the matter of minutes [21] [22]. It is very useful for optimisation, and to
explore the effect of parameter choices in an early design stage, hence it is a good way to
connect the work of an architect and an engineer. Additionally, Grasshopper connects to many
other products and has multiple plug-ins to perform different tasks within itself, and can also
be linked with python. Karamba allows structural analysis already inside the Grasshopper
environment without putting the model into another medium [23]. In addition, visualization
of the design has many benefits, including a uniform understanding of the project, and faster
optimization [16].

Karamba has developed the possibility to analyse shell structures only recently, so now in ad-
dition to beams and trusses it is also possible to analyse shells [24]. Hence, most researches
that have been done so far have focused on steel structures [25], since the feature of beams and
trusses analysis was present earlier. Additionally, it is possible to create complicated geome-
tries in Grasshopper, thus it is useful for 3D printed structures [26]. Mostly, it has been used
to design high-rise buildings with a very repetitive floor plan [27], but also for huge projects
with extravagant geometries. Grasshopper can also be used to calculate the life cycle costs
[28] or building physics aspects like thermal performance or irradiance values with additional
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plug-ins. Karamba is most useful for preliminary design options since it can optimise to find
the smallest cross-sections possible to make the most optimal design in terms of material use
and resistance. Timber has mostly been analysed as beams and trusses [29], but also as shells
of CLT panels [30] [31].

Revit in combination with Dynamo is another widely used parametric tool. Compared to Rhino
and Grasshopper, it is more manual creation than editing the design by parameters. Revit
allows the user to create families, by changing one element of the family, all of the elements
change. However, the insertion of the elements into the design is still manual and can not be
defined the way it is possible in Grasshopper (visual coding). Although, by using Dynamo,
it is possible to make the design more automatic, which would then work in a similar way
to Grasshopper. In addition, Grasshopper allows structural analysis without transferring the
project to another program, whereas for Revit, Autodesk Robot needs to be used, where the
model can be transferred. This takes time, especially with bigger projects, and load cases can
only be defined in Robot. Finally, if the model would need to be modified later on by a final
user, then the interface for modification can be created in Grasshopper. However, in the case of
Revit, the user would need to know the program well to change the spans and then transfer the
model to Robot and define load cases to perform analysis to get preliminary results. Hence, to
get first design options, Grasshopper in combination with Karamba3D is faster, and combines
multiple outputs in one program making it easier to use.
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Figure 1.8: Theoretical framework



Literature Review

The literature review will give an overview of structural insulated panels, their characteristics,
material properties, failure mechanisms, and connections. Previous research on modelling
and experiments on structural insulated panels will be looked into. It will provide important
background knowledge to create a model in Grasshopper Karamba3D, and to understand its
behaviour. The literature review will focus on bringing sufficient background information by
answering the following five questions:

What are the material properties and characteristics of a bio-based SIP?

What are the failure modes of a SIP?

What are the connection types used for bio-based SIPs?

What are the floor connection types used for SIPs?

How have SIPs been modelled, and how do test results correlate to the analytical and
computational results?

2.1. Material properties and characteristics of a bio-based
SIP

Structural insulated panels or sandwich panels are a specific combination of materials to ef-
ficiently use the resistance, insulation, and stiffness capabilities of a specific material combi-
nation. The panel consists of two skins and a core, connecting the two through an interface
with an adhesive. The adhesive needs to resist the shear and tensile stresses to transfer the
forces to efficiently use the panel materials. The requirements for the core and the faces are
different due to serving different purposes in the structure. Zenkert [32] states that the most
important parameters for the core of the SIP are: low density, shear modulus, shear strength,
stiffness perpendicular to the face, and thermal insulation; and for the faces: stiffness, tensile
and compressive resistance, impact resistance, surface finish, environmental resistance, and
wear resistance. Davies adds that [33] a structural insulated panel needs to satisfy the following
requirements: safety, serviceability, durability, and aesthetics. Safety needs to be addressed
during the whole life-cycle, including production, transportation, and construction phases [33].
These requirements have been met in different industries through different material combina-
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tions. In construction, the most common combination is a sandwich panel with metal skins
(usually aluminium or steel) and a core made of PUR. Nowadays, the integration of bio-based
materials is ongoing, thus OSB skins are becoming increasingly popular and the selection for
cores is substantial.

OSB faced sandwich panels have their disadvantages. Sah et al. [S] have brought out three
negative aspects about OSB faced SIPs. Firstly, they have very low fire resistance, which is
exacerbated by synthetic polymer cores. Second, they have durability issues since OSB is
bio-based, it is susceptible to environmental factors — mould caused by moisture, and living
organisms living from the material. Lastly, they have a low blast resistance, which is important
in case winds shoot debris against the OSB sandwich wall. However, all of these downsides
can be mitigated by using preventative construction measures. In contrast to the negative sides,
OSB faced sandwich panels have many advantages. Sah et al. [5] stated that they have good
thermal insulation capabilities, high strength to weight ratio, they are economical, and have
low embodied carbon. Additionally, they are easy to install and lightweight.

Generally, two main types of face/skin materials are distinguished: “metallic and non-metallic
materials” [32]. For non-metallic skins, especially bio-based ones, extra weather protection is
necessary for example by the facade. The more commonly used panels are metallic panels due
to their weather resistance, thus they do not require cladding to protect the metallic skin.

The loads are distributed in a SIP in a very specific way. The faces of a structural insulated
panel are only in tension and compression due to bending, whereas the core is in shear [32].
The inside skin is usually in compression and the outside skin is mostly in tension [34]. The
bearing capacity of a SIP is usually most restricted by the compressed face [35], but there are
8 different failure modes, which will be further elaborated later on.

_ t
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Ef —1—%\\\%\ﬁ§\xxﬁ*\:\x\\xxx\% —1 ¢
f

Figure 2.1: Sandwich beam sketch [32].

The main reasons for deflections in bio-based SIPs are climate and loading. Relative humidity
influences the deflections of the sandwich panel seasonally, causing extra stresses if one of the
skins is exposed to higher relative humidity [34]. It is also mentioned in the NEN-EN 1995-1-1
that an OSB/3 has 0.03% expansion in plane per 1% of material moisture content. Rungthonkit
[18] also found that relative humidity negatively influences the creep behaviour, making creep
deflections bigger the higher the relative humidity. According to a 24 year long research on
TEK panels by Aicheretal. [34] made with particle board skins, the outside skin had 40% of the
mean strength value of the inside skin, illustrating that environment is a governing factor in the
design. So, relative humidity influences the lifespan of the outside skin and impacts negatively
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on the deflections seasonally. In the research mentioned, the inside skin had twice the strength
than what was expected according to the Eurocode, which led to a conclusion that the time-
dependent deformation factors (kg r) in the Eurocode for timber based materials used in SIPs
are too big [34]. Therefore, through further knowledge and testing, more economical designs
could be made by making material modification factors smaller. Additionally, Aicher et al.
[34] concluded that after 24 years, the creep values of the panel did not further increase under
floor loads. However, Rungthonkit [18] performed creep tests over three months observing
primary and secondary creep effects, and found that the creep deflections doubled over three
months after the primary creep stage. Although concludingly, he also agrees that the design
creep deflection “values are acceptable but overly conservative” and showed that 86.60% of the
creep deflections can recover if given enough time — “70% is recovered after a day unloading;
around 87% recovery after 2 months” [18].

The panel that will be used in this research is being developed based on the Kingspan Unidek
TEK panel system, which already has OSB/3 skins, but the core is currently made of PUR
(polyurethane). The PUR insulation will be replaced by a STEICO low density fibre board in
this research. As already described earlier, the panel will have the following specifications:

- Core: Steico low density fibre board type M dry 100 mm (Figure 2.2, Table 2.1)
- Skins: OSB/3 2x12 mm (Table 2.2)
- Total panel thickness: 124 mm

Table 2.1: Steico Low density fibre board technical information [36].

| Property | Unit | Test method | Board type-Mdry |

Nominal board density [kg/m’] EN 1602 140

Density variation [kg/m3] EN 1602 +20

Declared thermal conductivity | [W/(m=K)] | EN 12667 0.040

Ap

Compression strength (at 10 % | [kPa] EN 826 100

deformation)

Tensile strength perpendicular to | [kPa] EN 1607 20

face L

Shear strength [kPa] EN 12090 40

Dimensional stability - EN 1604 DS(70,90)3

Class of water absorption - EN 1609 1.0

Water vapour diffusion resis- | - EN 12086 3

tance factor u

Fire class - EN 13501-1 | E
wood fibre,

Ingredients - - polyurethane resin,
paraffin wax

Waste code (EAK) - - 030105/170201

The missing values for the insulation panel are a shear modulus and the modulus of elasticity.
These will be assumed based on already existing panel insulation values and available test
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Table 2.2: OSB skin properties [Kingspan Unidek]

perpendicular
Property P aralle‘l . to to span direc- | unit
span direction | .
tion

Bending resistance perpendic- | f, x(y—y) | 16.4 8.2 N/mm?
ular to plane
Compression resistance per- | f.x 10.0 10.0 N/mm?
pendicular to plane
Shear resistance perpendicu- | f, x 1.0 1.0 N/mm?
lar to plane
Bending resistance in plane | f,x(z—z) | 9.4 7.0 N/mm?
Tension resistance in plane f190.k 9.4 7.0 N /mm?
Compression resistance in | feo0.x 154 12.7 N/ mm?
plane
Shear resistance in plane Jo.rol 6.8 6.8 N /mm?
Modulus of elasticity perpen- | Eean 4930 1980 N/mm?
dicular to plane
Shear modulus perpendicular | G,ean 50 50 N /mm?
to plane
Modulus of elasticity in plane | E;;cqn 3800 3000 N/ mm?

Eos 0.85 = 3800 0.85 = 3000 N/mm?
Shear modulus in plane Gmean 1080 1080 N/mm?

Gos 0.85 = 1080 0.85 * 1080 N/mm?
Density Ok 580 580 kg/m?

results. Table 2.4 [18] provides an overview of commonly used core materials’ properties.
The Steico core material info is obtained from Kingspan Unidek. The obtained E modulus is
between 1.5 MPa to 10 MPa. The G modulus is between 2.04 MPa to 7.6 MPa (20 - 24 MPa
with fibres perpendicular to the faces). Knowing this, an assumption for an isotropic material
with the E modulus as 5 MPa, and G modulus as 2.2 MPa (Table 2.3) was made based on
Hooke’s law to have a Poisson’s ratio similar to materials generally used in sandwich panels
seen in Table 2.4.

E=2xGx*(1+v) (2.1)

Table 2.3: Steico low density fibre board properties.

: MDF board (core) material info
\ / Young’s modulus E 5 MPa

. Shear modulus G 22 MPa

Poisson’s ratio \% 0.14

Figure 2.2: Steico low density fibre board. [37]



2.1. Material properties and characteristics of a bio-based SIP 13

Table 2.4: Existing sandwich panel core material properties [18].

Inner core | Density | Shear Modulus | Modulus of Elasticity Shear Strength
material | (kg/m’) (N/mm?) (N/mm?) (N/mm?)
14 2.1 1.4 0.14
18 2.7 2.1 0.17
EPS 22 33 23 0.20
29 4.3 33 0.24
26 29 9.3 0.10
29 3.1 12 0.14
XPS 35 5.1 18 0.24
48 6.2 26 0.28
48 2.8 29 0.29
PUR 64 4.5 5.8 0.43
80 6.4 10 0.60

Classification of sandwich beams

Allen [38] distinguishes three main types of sandwich beams classified by their skin thicknesses
(seen in Table 2.5) which each result in a different set of assumptions for analysis: thick, thin,
and very thin. The panels studied in this thesis, according to this classification have thin faces,
thus need to be analysed as a Timoshenko beam due to having a shear component as well as a
bending component [38]. The flexural rigidity is presented below, however, since the Young’s
modulus varies along the cross-section, it can not be taken out of the integral, meaning that EI
will be marked as D [32]. The equation for the flexural rigidity of a structural insulated panel
is as follows:

Ef*b*t3 Ersxsbxtrxd® E.xbsxt
D:_/Ezzdz= i A +— -

- (2.2)
6 3 B 2Df + D() + Dc

Where:

- E is the modulus of elasticity of the panel.
- z is the coordinate over the cross-section.

- E ¢ is the modulus of elasticity of the face.
- E is the modulus of elasticity of the core.
- 17 1s the thickness of the face.

- t. 1s the thickness of the core.

- b is the width of the panel.

- d is the centre to centre length of the faces.
- D is the bending stiffness of the faces.

- Dy is the bending stiffness of the faces with a lever arm.
- D is the bending stiffness of the core.

Simplifications for the flexural rigidity

Usually, the second term of the flexural rigidity (see equation 2.2) is dominating [38]. The
first term of equation 2.2 can be neglected when the faces of the panel are thin (and very thin)
compared to the core, meaning the first term is less than 1% of the second term. This happens
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Table 2.5: Classification of sandwich beams [38].

Category Condition Analysis method

Very thin % > 100 Timoshenko
Thin 100 > % > 5.77 Timoshenko

Thick g <577 Ritz Method

when the following condition is met:

d\’ d
3 (—) > 100 or — > 5.77 (2.3)
Iy Iy

Substituting the values for our panel, this yields:

112)\° 112
3 (E) =261 > 100 0r — =933 > 5.7 (2.4)

Hence, the first term can be neglected.

The third term can be neglected when the modulus of elasticity of the core is much lower than
the modulus of elasticity of the faces, yielding a third term smaller than 1% of the second term
[32]. This occurs when the following condition is met:

6Ef>l<l‘f*d2

E 0 > 100 (2.5)
¢ 13

Substituting the values for our panel, this yields:

6 % 3800 % 12 % 1122
E. 1003

> 100 = E, < 34N /mm”> (2.6)

In this case, the modulus of elasticity of the core needs to be less than 34 N/mm? to use this
simplification. Previously, the E modulus of the core was assumed to be 5 N /mmz, therefore
the assumption is made that both of these conditions are met, so it is a sandwich panel with
thin faces and a weak core, and corresponds to the simplification seen on the far right in figure
2.3. Therefore, the flexural rigidity can be simplified into the following [38]:

_Ef*b*tf*dz
B 2

(2.7)

Substituting the values for our panel, this yields:

D 3800 x 12 x 1122

> = 286.00kNm? (2.8)
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Important relations for the sandwich panel analysis

“The stresses vary linearly within each material constituent, but there is a jump at the face/core
interface” [32]. This can be seen in figure 2.3, where the left side represents the real situation
for axial and shear stresses, and the middle and right side sketches represent two different
simplifications. First, for when the core is much weaker than the skins, and second, where the
skins are very thin, so there is no increase in stresses within the skins themselves. The stresses

kN | —1

No approximations E. << E; E. << Erand t;<< {;

Figure 2.3: Direct and shear stresses. Two approximations. [32]

in the sandwich beam can be calculated with the following formulas [32] for the faces:

M zE ¢ t. te
= — < < —+t 2.9
of D for > |z 5 i (2.9)

For the core: MAE .
Oc = x; %0 for|z] < EC (2.10)

Where:

- M, is the bending moment.

- z is the coordinate over the cross-section.
- E ¢ is the modulus of elasticity of the face.
- E. is the modulus of elasticity of the core.
- t7 is the thickness of the face.

- t. 1s the thickness of the core.

- D is the bending stiffness of the panel.

General stress strain relation [32]:

Ny N,
- = -~ = 0y = &,0Ey and 0 = ex0E. 211
Eit + Extr + E 1, A, Of =é&xobfand 0c = Ex0Lc ( )

€x0

Where:

- &,0 18 the strain at the neutral axis.

- N, is the normal force.

- A, is the area where the force is applied.

- E ¢ is the modulus of elasticity of the face.
- E, is the modulus of elasticity of the core.
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- t; 18 the thickness of the face.
- 15 1s the thickness of the face.
- t. 1s the thickness of the core.

Shear stress in the core can be found with the following formula [32]:

T, [Eftrd E, [t
TC(Z) = B [ f2f + 7 (Z - Zz)] (212)

Where:

- T is the shear force.

- D is the bending stiffness of the panel.

- E ¢ is the modulus of elasticity of the face.

- E. is the modulus of elasticity of the core.

- t7 is the thickness of the face.

- t. 1s the thickness of the core.

- z is the coordinate over the cross-section.

- d is the centre to centre distance of the faces.

Shear stress in the faces [32]:

T.Ef (t?
T(2) = 55t (Z+tctf+t} —zz) (2.13)

Maximum shear stress at the neutral axis (z=0) can be found [32]:

T, (Eftyd  E.1>
emax(2=0) = — | —=— —= 2.14
Temax(2=0) = 5 ( >t g (2.14)
Shear stress on the interface of the two materials [32]:
tc ) T, Eflfd
cmin |\ 7 | = max — ~ \ " A~ 2.15
Tein (3) = Thmas = ( 2 13

Approximation to the shear stress in the core can be made, which was also seen above for the
flexural stiffness formula simplification at equation 2.5. The difference between the maximum
and minimum shear in the core will be less than 1% if [32]:

Efl‘fd

£ > 100 (2.16)
cle

If the core is weak £, << E (figure 2.3 in the middle) then the shear stress will be constant
in the core and there will be no axial stresses in the core [32].

Face stress Moo E
xZLf
5 (2) Do +2D; @.17)

Core stress
oc(2) =0 (2.18)
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Face shear stress

I.Ef 12 2 2
=— [ = +t.tr+t5— 2.19
) = 3Dy + 2Dy \4 T TR (=19)
Core shear stress T Eeted
xLyly
(7)) = —————— 2.20
()= 3+ 2D B (2.20)

If the core is weak E. << E and the faces are thin 7, << . (figure 2.3 on the right) then
the core will have constant shear stress and there is also no change in axial stresses in the skins,
meaning a constant compression and tensions in the skins [32].

Core stress

o.(z) =0 (2.21)
Face stress Iy
or(z) = — (2.22)
l‘fd
Core shear stress T
7.(z) = gx (2.23)
Face shear stress
T7(z) =0 (2.24)

A conclusion can be made by saying that faces carry tensile and compressive stresses from
bending, and the core takes the transverse forces as shear stresses [32]. The sandwich panel
utilises the material to the most of its bending strength and flexural rigidity by having a lever
arm between the faces due to the core and thus increasing the moment of inertia and creating
a stronger material. Sandwich panels with asymmetrical face thicknesses follow similar equa-
tions. The neutral axis will have a different position and therefore the equations for stresses
will differ. However, this will not be focused on in this thesis, but has been brought out in [32].

Transverse shear deformations

Deformations always occur from two types of deformations: due to bending moments and
due to shear forces (as seen in figure 2.5), hence shear deformation is composed of transverse
and in-plane deformations seen in figure 2.4 [32]. The assumption is made, that only the core
deforms in shear, since the core takes all the shear forces.

dwy/dx

Figure 2.4: Shear deformation of a SIP — total deformation; transverse deformations; in-plane deformations
[32].
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Shear stiffness
The shear stiffness for thin faces and weak core is the following [32]:

_ G d?
==

S (2.25)
Where:

- G, is the shear modulus of the core.

- d is the centre to centre distance of the faces.

- t. 1s the core thickness.

Total deformation

In the considered model of sandwich panels, the total deformation of a structural insulated
panel consists of two parts: the bending deformation, and shear deformation. This can also be
seen in figure 2.5. The total deformation [32]:

w=Wwp+ Wy (2.26)

Where:

- wp is the bending deformation.
- w is the total deformation.

- wy 1s the shear deformation.

Figure 2.5: SIP deformations: a) total deformation; b) bending deformation; c) shear deformation [32].

2.2. Failure modes of SIPs

There are many failure modes for structural insulated panels. Failure can occur with only one
failure mode, but it can also be a combination of multiple [33]. The different cases a structural
insulated panel can fail are presented in figure 2.6 [32]. Under transverse loads, the panel can
fail in “face failure, inner core shear failure, debonding and indentation at the loading point”
[18]. Under axial loads, the failure may occur due to “buckling, end bearing and debonding’
[18]. Rake [39] stated that “analytical calculations of individual geometric instabilities are
insufficient to determine the sandwich panel behaviour of coupled instabilities”. Therefore,
the analytical calculations can give very important insights, but coupled failure mechanisms
should be considered as well.

b
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Figure 2.6: Sandwich panel failure modes. a) Face yielding/fracture; b) core shear failure; c) face wrinkling -
local buckling - delamination; d) face wrinkling - local buckling - delamination; e) face wrinkling - local
buckling - delamination; f) general buckling; g) shear crimping; h) face dimpling - only for honeycomb; i) local
indentation. [39]

There is a set of assumptions for classical sandwich panel theory by Davies [33] listed by
Rungthonkit [18]:

The faces and the inner core are linearly elastic.

The deflections are small.

The shear stress in the core is constant across its thickness.

There is no slip between the core and the faces.

There is no deformation of the inner core in a direction perpendicular to the faces (i.e.
the inner core is not crushed).

These conditions have to be fulfilled to use the equations following for the panel analysis.

a) Face yielding/fracture

In the case of a bio-based skin, the tensile failure is a brittle failure mechanism. For that the
normal tensile failure equations can be used for OSB. The compressive and tensile stresses can
be calculated with the following formula:

F
o= (2.27)

- 0. 1s the compressive stress.
- F is the axial force applied over the cross-section.
- A is the area where the force is applied.

Bending of the panel attributes to the compression and tensile forces of the skins, so the com-
pression from the bending and the direct force need to be added to do the compression and
tension check. The bending stress can be calculated according to equation 2.9.

The compression and tension checks are performed according to the Eurocodes:

Oc¢,d

fc,d B

A

1 (2.28)
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Ot.d

— <1 (2.29)
fra
where f
k
fc,d = C_kmod (230)
YMm
fra = 1% ko 2.31)
Ym
Where:

- 0.4 1s the design compressive stress.

- 01,4 1s the design tensile stress.

- fc.a 1s the design compressive resistance.

- fi.a 1s the design tensile resistance.

- fe.k 1s the characteristic compressive resistance.

- fi.k 18 the characteristic tensile resistance.

- yum 1s the material safety factor.

- kmoa 1s the modification factor to account for load duration and environmental conditions.

The material safety factor from Eurocode NEN-EN 1995-1-1 for OSB/3 is: yj; = 1.2, and the
kmoa values for OSB/3 are brought out in the coming chapter. The service class for the panels
discussed in this thesis will be service class 2, because they are in outside conditions, but with
the assumption of having a cladding that protects the panel from direct rain, and will allow the
panel to dry.

b) Core shear failure

The critical spots for shear failure are usually in the middle of the core or at the face/core
interface [33]. The shear resistance needs to be compared to the shear stress in the panel,
which can be found with the following equation [33]:

2
V(Z EiSi)max V(% + %) V(l + fﬁECFel)
feor = (X E;S;)B T e Ecd ~ Ece (2.32)
i (FTIE+%)B (1+6Ept)eB
Where:
-dec~e
- § is the shear stiffness.
- E ¢ is the modulus of elasticity of the face.
- E, is the modulus of elasticity of the core.
- B is the width of the panel.
- V is the shear force.
- t is the thickness of the panel.
- e 1s the eccentricity of the centre of the panel and the centre of the face.
- d. is the thickness of the core.
The critical shear force [33]:
Ver = €Bfev (2.33)

Where:
- B is the width of the panel.
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- fcv is the shear resistance of the core.
- e 1s the eccentricity of the centre of the panel and the centre of the face.

¢) d) e) Face wrinkling
Face wrinkling, which is a form of buckling in short waves, can occur in three ways: rigid base,
symmetrical and anti-symmetrical [32]. These can be seen in Figure 2.7.

Interfacial stresses (o;) Critical wrinkling stress (o)

Figure 2.7: Three wrinkling modes — Rigid base; Asymmetrical; Symmetrical [39].

“Thin steel faces supported by a thick foam core can be considered as a plate on elastic founda-
tion. Mathematically the problem can be modelled as shown in Figure 2.8. A simply supported
rectangular plate is subjected to an applied stress p along the two transverse edges. The buckled
shape can be represented by a double sine series as given by (Davies and Hakmi 1990)” [40].

e s e e Tk e
R AR T
_}J Cﬂr€1 Er__\. G{'p I"'I,["

Z

Figure 2.8: A plate on elastic foundation buckling shape [40].

The condition for anti-symmetrical buckling is #./t; < 17. If that ratio is above 17, then the
buckling of the faces is symmetrical [32]. In the case of the panel discussed in this thesis, the
face wrinkling will happen in an anti-symmetrical way. To find a solution, the Winkler Foun-
dation approach is suggested, which would model the core as a set of springs [32]. However, in
the case of anti-symmetrical buckling, the springs remain unloaded, meaning that no solution
can be found, since there will be no tension and compression in the core, but only shear, which
that method does not describe [32]. Hence, another method needs to be used. The critical face
wrinkling force can be found with the following formula suggested by Hoff, which corresponds
well with analytical and test results [32]:

0f.er = 0.5JEE.G, (2.34)

Where:
- E ¢ is the modulus of elasticity of the face.
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- E. is the modulus of elasticity of the core.
- G is the shear modulus of the core.

A second method to solve the face wrinkling problem is Hoff’s method, where the shear stress
is included, and modelled by a linear decay function [32]. It assumes that the core is minimally
influenced, with a depth h [32]. The anti-symmetrical case for thick cores (& < f./2) equation
with the Hoff’s method reads [32]:

te
ofer =0.51EfE.G. +0.33G, (;) (2.35)

There are many more similar equations from different sources which are presented in Table 2.6

which follow the shape:
Ofer = kmleEfEch (2.36)

The face can buckle into the core and out of the core as seen in figure 2.6 ¢) d) and e). This
depends on the strength of the core and the adhesive joint [32]. In general, the wrinkling
stress should be determined through tests with the specific panel [35]. “To prevent coupled
instabilities the compression stresses in the face sheets have to be lower than the wrinkling
load of wrinkling case I — rigid base” [39].

Table 2.6: Face wrinkling critical forces equations.

Ofer= O.SW Hoff’s conservative suggestion (Eurocode suggestion) [32]
oper =0.91EEG. Hoff’s method - symmetrical buckling [32]
ofer = 051JEfE.G. +0.33G, (;—;) HofF’s method - anti-symmetrical buckling [32]
Orer = 0.65ETEcG, +033G, (%) ECCS recommendation [33]

f) General buckling

According to the assumptions of the linear sandwich theory, three models can be described to
determine the global buckling load of sandwich panels [39]:

- Allen’s formula for thin faces.
- High-order sandwich panel theory — only for weak cores.

- Extended high-order sandwich panel theory — core can behave linearly or non-linearly
in the axial direction; core shear stiffness, transverse stiffness, and axial stiffness taken
into account — for weak and strong cores.

There is a difference between thin face, and thick face panel global buckling calculations. In
the case of thin faces, the stiffness of the faces is so small, it can be neglected, and the core
stiffness plays a larger role than in the case of thick skins [41]. “Sandwich panels with cores
that have a very low shear modulus will be dominated by the term of the core shear buckling



2.2. Failure modes of SIPs 23

load [...]. If the core shear modulus is very high (e.g., a honeycomb core), the global buckling
load approaches the Euler buckling load” [39].

Euler critical load for axially loaded elements [38]:

72D

77 (2.37)

F cr,Euler =
Where:
- D is the bending stiffness of the panel.
- L is the height of the panel.

The critical load in sandwich structures is smaller than the Euler load due to shear deformations
in the core, which reduces the stiffness of the whole panel [38]. Hence, a critical load for a
sandwich panel needs to be derived, which takes into account the reduction by the core. This
was done by Davies [33] and presented below.

Critical load for thick skins [33]:

FpFgp — F2_ + FpFc
Ferahick = —p— FEEFF+ 2 (2.38)

where Fg = F.r Euler 1s the Euler critical buckling load of the whole panel;
Frr is the Euler critical buckling load of the faces only

2
n°Efl
Fpr = Lg / (2.39)
F¢ is the shear critical load:
G.d*b
Fc=AcG,rf= Ct (2.40)
Cc
Critical load for thin skins [41]:
F
Ferhin = ——— (2.41)
1+ 7
C

g) Shear crimping
Shear crimping is most likely to happen after large buckling has occurred [32]. Shear crimping
is a shear instability failure which can be calculated with the following formula [32]:

S

= — 242
of 2, (2.42)

Where:
- § is the shear stiffness.
- t7 1s the thickness of the face.

h) Face dimpling

Face dimpling can happen only in panels with honeycomb or corrugated cores [32]. Since this
is not the case in the panel discussed in this thesis, it will not be further elaborated.
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i) Local indentation

Sandwich panels are very sensitive to high localised lateral loads [32]. These cause indenta-
tions in the skins, which are supported by the core, and if the core is compressed, the panel
can fail. This can be seen in figure 2.9. The minimum area of the skin that can be under a
concentrated load, can be calculated with the following formula [32]:

(2.43)

Where:
- 0, 1s the compressive strength of the core material.
- P is the concentrated force.

This failure mode can be a problem especially in connections. It is influenced most by the ratio
of the Young’s modulus of the face and the core, and by the thickness of the face [32]. To solve
the likelihood of this failure mode, two methods are proposed, which include the two parameter
model and the Winkler foundation model [32]. It is recommended that the Winkler model be
used for wave-lengths that are less than 60 mm, and for above both of the methods give similar
results [32]. In general, the failure method is not thoroughly researched, so no direct failure
can be assumed according to Zenkert [32].

Figure 2.9: localised loads result [32].

j) Vibration

Vibrations cause problems usually in moving structures, this means that the natural frequency
should be smaller than the vibration frequency of the loads that it is subjected to [32]. This will
most likely not be the governing failure mechanism, since there will not be vibrational loads
subjected to a residential building, unless an earthquake occurs.
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2.3. Panel to panel connections

Connections are a crucial part of any construction. In SIP systems, they provide structural
integrity and air tightness [18]. “Improperly constructed joints present the potential for water
penetration” [11]. In all connections in this chapter, timber-to-timber connection equations
from the Eurocode can be used.

Sandwich panels are connected with conventional connecting elements like screws or nails.
Fasteners are usually loaded in tension and shear [33]. Primary requirements for connections
in external walls are [33]:

- strength of the connection;

hygrothermal performance;

avoidance of air leakage;

fire performance;

appearance.

As discussed previously, the skins of the panel will be in compression and tension from bending
and axial forces, and the core will be under shear loading. However, there are a few connections
where these assumptions are not true [32]. These forces are shown in figure 2.10, and the
corresponding connections can be seen in Figures 2.13, and G.9. The first connection seen in
figure 2.10 is a T-connection and it is not very likely to exist in a residential building, only in
a very large building that would need structural shear walls inside the building. Otherwise, for
non-load-bearing walls the forces will not be high enough to cause problems.

The failure of a connection through a combined case of face buckling and pull through can occur
most likely in two different connections seen on the following figure 2.10 as the T-connection
and the L-connection [33]. However, there are no evaluation methods available to calculate
the failure of the combined case [33]. The rotational stiffness of a connection depends on four
criteria: width of the flange of the purlin (connecting column) profile; number and location of
screws in the flange; bending stiffness of the lower face; compressive stiffness of the core [33].

T Twm
Ny
M
TN
Ny M zl N |§
Asg, T

Figure 2.10: Forces acting in the joints [32].

The connections presented here are all commonly used connections for residential buildings
built with sandwich panels, these also include connections from the Kingspan TEK system.
In figure 2.13 a corner connection can be seen. The connection has been fixed by nails or
screws which go completely through one of the panels and embed into the second panel. This
connection would be subjected to axial, shear and limited bending forces.
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(a) OSB thin spline (b) Mini-SIP spline (c) Dimensional lumber spline

Figure 2.11: Panel to panel connection types [42].

6.0 mm x 210 mm
nail

Figure 2.12: Wall continuous connection TEK system Figure 2.13: Wall corner connection TEK system.
1 — mini-SIP connection. [43] [43]

In figures 2.12, 2.14, 2.15, and 2.11 panel continuations can be seen. These connections all
follow a similar solution by having a connecting element between them, and transferring min-
imal axial and shear forces. From a building physics aspect, connections seen in figures 2.12,
and G.3 should be preferred, because there is no thermal bridge and the thickness of insulation
material is bigger than in all similar connections, limiting the effect of a thermal bridge. These
are called a spline and mini-SIP spline. However, the dimensional lumber spline gives more
stiffness in the panel. The stiffness can be increased up to 23% [10]. The type of connection
changes the amount of deflection seen in tests by Kermani [10]. The biggest change in the
amount of deflections compared to a normal panel was for a dimensional lumber spline con-
nection whereas for a mini-SIP spline the effect was the smallest. Additionally, header and
footer boards of the panel added stiffness and reduced the amount of deflections.

Openings reduce the strength of the panel by reducing the flexural, shear, and torsional rigidity
[33]. Thus, large openings usually need to be reinforced by adding beams around it or by locally
making the faces thicker. This can be seen in figures 2.17, and G.5. Additional reinforcements
can be placed inside the sandwich panels if the loads get too big, and the panel is not able
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Figure 2.14: Wall continuous connection TEK system Figure 2.15: Wall continuous connection TEK system
2 — thin spline connection [43]. 3 — dimensional lumber spline [43].

to resist the forces. The panel with an opening will transfer the load to adjacent panels, while
resisting a smaller load [33]. Stress concentrations from small openings and the corners of large
openings may cause the panel to prematurely fail [33], [18]. The average ultimate strength of
panels with a single outlet (276.0 kN) was 17% lower than those without (331.8 kN) [11].
A study by Jacques et al. [11] showed that the panels with outlet penetrations failed by the
face-sheet crushing over the entire width of the OSB at the location of the outlet, likely due
to local damage induced by the process of cutting and removing the OSB and foam at the
outlet. Panels with outlets exhibited reduced stiffness due to the net reduction in face-sheet
area on the compression face. It is anticipated that increasing the number of outlet penetrations
would lead to further decreases in load-carrying capacity and panel stiffness, which should be
accounted for in practice [11]. Given that the structural behaviour of the wall panels with and
without penetrations was largely unaffected when loads were within the design service range,
strengthening the panels at the locations of the outlets will likely not achieve a greater level of
performance [11].

Roof edge details are usually under high lifting wind loads [33], therefore they require good
connections to the wall elements and the roofing elements. Everything will be connected to the
panels through fasteners. Fasteners on external walls should be made from durable materials
to avoid corrosion lines on the facade [33]. Connecting elements (called inserts) change the
stiffness of the panel, making it locally stiffer [32]. A suitable connecting method needs to
be used to transfer the loads from one element to another. Some connecting methods can be
seen in Figure 2.18, and in Table 2.7 with their performance to different forces. Figure 2.18
[32] shows four different insert types: 1) self-tapping, 2) through-thickness, 3) partial, and 4)
flared top inserts. Each insert serves its own purpose. Self-tapping inserts do not take bending
moments, and should in general be used where there are no significant forces involved. Thus, to
connect small elements. Through-thickness connectors transfer all forces very well, especially
shear forces. These should be preferred for transferring high loads. Partial inserts are similar to
self-tapping connectors, which do not transfer bending forces nor can they transfer high shear
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Figure 2.16: Roof wall connection 1. [44]
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Figure 2.17: Window opening detail. [44]

loads, but can be preferred over through-thickness connectors to avoid damaging both skins of
the panel. The flared top is connected with an adhesive making it a good solution to not pierce
the core, however, the adhesive needs to be reliable to transfer all the loads. Another addition
to the insert can be a flared top to more evenly distribute stresses, however there will still be

stress concentrations under the flared edges.
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Figure 2.18: Connecting insert types — 1) self-tapping, 2) through-thickness, 3) partial, and 4) flared top inserts

[32].
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Table 2.7: Connecting inserts performance [32].

Transverse In-plane Bending |Comments
force force moment
—— | — | >

> —

ST Use where one face sheet must be kept
intact
4 + + s

i + & Avoid bending moments

. Do not use in panels subjected to much
Partial shear

Beware of stress concentration in core

|
|
~\ | Use for heavy loads
,\\ N NN Note stress-concentrations in core and
I ++ +++ ++ in core/face-sheet interface
Through-thickness
\ AN Use for attaching light equipment
] Use mainly in thick face-sheets
I + + ++ Avoid bending moments and transverse

forces
Beware of stress-concentration in core,
in particular when using long screws.

Rivet / screw

N | A N Use for improved stiffness and pull-out
strength
+ ++ + Beware of bending stress in face sheets
Flared top and peel-stresses underneath flared
edge

2.4. Panel to floor beams connections

In general, a floor on beams is common for residential buildings made of SIPs. This floor
type does not provide a lot of sound insulation, and can also have vibration issues, unless
an additional damping layer is constructed. Two different types of connections for floors are
commonly used for SIP buildings. First, a floor beam supported directly on the wall, which
can be seen in figures G.13, 2.20, G.16, and G.17. This connection causes axial loads for the
sandwich panel, but creates a thermal bridge with the rim board and the connecting elements.
Second, a floor beam which is connected by a joist hanger, which can be seen in figures 2.19,
G.15, and G.14. This connection causes very big eccentricities for the panels, but the effect of
a thermal bridge is reduced. In the case of the floor to wall connections, the hanger joist needs
to be calculated with timber to steel equations from the Eurocode.
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Figure 2.19: Floor beam with a joist hanger [44]. Figure 2.20: Floor beam directly on the panel [44].

2.5. Models and experiments of SIPs

The main loading cases for a sandwich panel are axial, bending, racking, and accidental wind
debris collision loads. There is constant research going on to establish the behaviour of new
sandwich panel configurations, and to fill missing gaps in the design process. There has been
a sufficient amount of research into single loading cases, but only little research into loading
combinations [18], [45]. The main software successfully used to analyse sandwich panels has
been ABAQUS [17], [46], [47], [18], although, many other finite element modelling (FEM)
tools have also been successfully used to model sandwich structures e.g. ANSYS, LS-DYNA,
DIANA, and COMSOL [5]. All previously mentioned FEM softwares were able to model the
failure modes of the analysed panels, some more successfully [17], [46], [47], [18], [48] than
others [39]. The most promising seemed to be the model developed in the process of Smakosz’
[47] research for analysing flexural behaviour for all SIPs if small modifications are made to
account for material differences, and Santos et al. [46] found only a 12% difference in his
ABAQUS model compared to Timoshenko beam equations. Mousa et al. [45] also confirmed
the agreement between FEM and analytical results, and proposed the use of the model to reduce
the amount of tests necessary to show the panel’s agreement to construction requirements. In
general, there are options to model the failure behaviour of sandwich panels that give reliable
results.

It is possible to use analytical, computational and experimental ways to design with structural
insulated panels. However, in general using only one method does not give sufficient relia-
bility, thus Ni et al. [49] recommended using multiple methods to accurately predict a panel
behaviour since analytical methods are only accurate to show the linear behaviour of the panel
[50], but once the panel reaches failure there are inaccuracies. In general, analytical calcula-
tions predicted a higher buckling resistance and overestimated the strength of the panel [51],
[47], whereas in some cases, FEM gave a similar result to analytical calculations [17] overesti-
mating the resistance of the panel. Fathi [17] found, that the analytical Euler critical buckling
load was never reached, because local panel failure happened earlier — the analytical load was
434 kN, but the failure load in experiments was 96 kN/m. The failure mode was accredited to



2.5. Models and experiments of SIPs 31

wrinkling at the top of the panel. This was also confirmed by Jacques et al. [11] and Kermani
et al. [10] who found that linear elastic analysis overestimates the resistance capacity of the
panel — panel of OSB faces and PUR foam of 3 m high buckled under 68 kN/m. This is also
supported by Rake [39] who states that Timoshenko beam theory and Euler theory are not able
to predict the bending behaviour of a sandwich panel, and analytical methods alone do not
suffice in predicting the behaviour of the panel if multiple failure methods occur at the same
time. In his experiments, he observed that a very sudden and brittle wrinkling and delamina-
tion failure occurred for steel faced sandwich panel with a XPS core. It was a combination of
multiple failure modes, namely flexural-shear, delamination, buckling, core shear, and faces
compression. In general, the failure was often described as sudden and brittle [11], [9]. The
failure of a normal timber frame wall is much more ductile than the failure of a SIP wall [9].

The Euler critical buckling equation modified for sandwich panel applications assumes that the
load is concentric and divided equally between the two faces, however this is not the case [52].
As Jacques et al. [11] proved, eccentric axial resistance is usually 15% less than concentric
resistance of the panels. Vaidya et al. [52] found that the resistance was 35% less in eccentric
loading. The variance comes from the different panels tested — in the first case it is OSB
faced panels [11], but in the second case the tested panels are E-glass fibres impregnated with
polypropylene matrix as the faces [52]. For the latter, the analytical failure load was 40% bigger
than the experimental results and failure occurred due to the delamination of the facesheets
and the core. The small scale tests which were also performed within that research showed that
failure was predicted by the Euler buckling equation for the small scale samples, but on real
size panels, delamination occurred which is not represented in the Euler buckling equation [52].
This was strongly supported by the findings of Mousa et al. [48] who tested for axial concentric
and eccentric loading and found a buckling failure without debonding during concentric testing
[48] whereas a facesheet-core debonding failure during eccentric loading [45]. He showed that
the eccentrically loaded panels failed under a load that was 35% lower than the concentric load
for composite faces [48] which supports the findings of Jacques et al. [11] and Vaidya et al.
[52].

The most common failure mode for OSB or plywood faced panels under axial loading was end
bearing failure — core materials: styrofoam [53]; PUR [18]; EPS [9]; styrofoam [54]; EPS,
PUR, PI [11]. The core material had an influence on the failure mechanism — the governing
failure method for EPS board stock was OSB failure (end bearing and middle failure), but for
blown in foam cores the failure mode was shear failure of the core [11]. The end bearing failure
consequently caused delamination, and close to the failure the linear behaviour changed to non-
linear behaviour [53], [9]. The Euler buckling mode never occurred, but local buckling caused
the failure earlier [9]. Jacques et al. [11] eccentric and concentric tests concluded that “the
strength of SIPs and their corresponding failure modes were primarily influenced by the panel
slenderness and the type of foam core”.

For bending, the failure occurred due to debonding of the compressed sheet which can also
be called wrinkling or local buckling of the face, and caused very big shear deformations in
the core [53], [18]. When a combination of axial loading and transverse loading was applied,
the bending resistance of the panel decreased by 2-7% [18]. However, when openings were
made into the panel and tested, the failure mode changed to flexural-shear [18]. Mousa et al.
[55] tested composite panels under bending and also found debonding as the failure mecha-
nism where “the out-of-plane tensile stress at the facesheet/core interface exceeded the tensile
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strength of the core” and proved that “the interfacial stress [...] only depends on the core prop-
erties”. Santos et al. [46] presented an analysis on cross-insulated timber panels which is an
idea experimented to reduce the amount of timber used in a CLT panel and to improve its in-
sulation capabilities by replacing the middle layer with PUR foam insulation. The failure was
governed by core shear for transverse loading. The panels exhibited linear behaviour up until
shortly before failure when non-linear behaviour was observed [46] as for all other structural
insulated panels analysed [52], [39], [56], [45], [11], [53], [57], [54], [55]. However, with
thicker cores the behaviour was linear, then turned non-linear, but continued with a different
curve as linear again until failure [46] . Before failure, the foam core deformed significantly.
Thicker cores and faces had better shear resistance than thinner cores and faces [46]. However,
Pokharel [51] found in previous research that foam thickness does not play a significant role on
the buckling strength of the panel. Jacques et al. [50] “showed that the ultimate shear resistance
of SIPs is proportional to the mechanical properties of the core, and inversely proportional to
the thickness of the core” [50]. Smakosz et al. [56] stated that “the flexural stiffness of panels
in large-scale tests depends mostly on the core properties” and Rungthonkit [18] confirmed
that the deflection is more dependent on the shear modulus of the core rather than the outer
OSB faces or the core’s modulus of elasticity. To compare to analytical calculations, Santos’
et al. [46] test results showed a higher shear resistance than analytical calculations showed due
to the non-linear behaviour of the core which was caused by the densification of the material
under compression and bending. The capacity of the core is also observed by Mousa [45] who
stated that “in case of global buckling, the core may exhibit a substantial shearing deformation
whereas in case of local buckling the core acts as an elastic foundation for the facesheets in
compression [...]”. The elastic foundation behaviour of the core can successfully be modelled
by the Winkler foundation model [45]. In contrast to Santos’ et al. [46] results, the experi-
mental results by Mousa et al. [45] were only half of the expected analytical resistances found
for wrinkling, meaning failure occurred much earlier than analytically predicted due to ‘“the
out-of-plane interfacial stress [exceeding] the core tensile strength” which was also confirmed
by the pull-off tests performed. Thus, the densification did not occur for Mousa’s et al. [45]
experiment who tested EPS core material whereas Santos et al. [46] tested PUR foam. “The
main conclusion of these results is that the core density (or shear rigidity) plays a significant
role in the resulting deflection and has very little effect on the strain of the facesheets” [45]
and the failure method depends on the core material — PI and EPS blown foam core panels
failed in core shear, but EPS board stock and LPU failed in OSB failure such as end bearing
failure [11]. Thus, the core and the construction mode of the panel play a role in the failure
[11]. Additionally, Jacques et al. [11] observed that the face-core bond has a significant effect
on the panel behaviour — the axial load resistance was similar with panels that exceeded a 60%
bonding between the faces and the core, however, if it subceeded 60% then the faces started to
work separately lowering the axial resistance of the panel.

Yang et al. [42] and Rungthonkit [18] found that serviceability limit state was the governing
condition when testing OSB faced sandwich panels for a four point bending test. The panel at
the deflection limit was only using 15% of its resistance, which was also the case for a mini-
SIP connection. However, when a timber beam is used for the connection, then the utilisation
was 20%. To analyse the serviceability limit state, the conventional sandwich panel theory
is very reliable [46]. This connects well to earlier research by Pokharel [S1] who found that
sandwich panels have significant postbuckling strength. Rungthonkit [18] also elaborated that
“SIPs have a high degree of capacity reserve since the design load allowance is well below the
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onset of failure load”. Thus, if the serviceability limit state is taken as the limiting criteria, the
analytical design calculations can be reliable.

2.6.

Conclusions

The literature review chapter is concluded here with the main important points listed.

Structural insulated panels have many advantages — good thermal insulation capabilities,
economical, fast construction.

The faces are in tension and compression and the core transfers forces through shear.
Relative humidity influences the creep deflection of the panel with OSB faces.
Material modification factors in the Eurocode for timber used for SIPs are too large.
The core material properties were assumed to be E=5 MPa and G=2.2 MPa.

Simplifications can be made to the flexural rigidity due to the thin faces and the weak
core.

The panel will be analysed according to Timoshenko beam theory.

The panel analysed has thin faces and a weak core.

The total deformation of the panel consists of bending and shear deformation.
There are many failure mechanisms that can occur alone or as a combination.
Failure combinations are difficult to predict.

Connections mainly need to provide forces transfer and be air tight.

There are three main types of panel to panel connections — thin spline, mini-SIP spline,
dimensional lumber spline.

Openings reduce the stiffness but in serviceability limit state stiffening is usually not
necessary.

Through-thickness connectors can add a significant amount of stiffness to the panel.

The connections can be calculated using Eurocodes for timber to timber connections or
timber to steel connections.

The more common floor beam to panel connection is the joist hanger connections which
causes eccentricities for the panel.

ABAQUS is the most commonly used FEM tool used which can successfully describe
the failure of the analysed panel.

FEA gives reliable results to use in the design process of SIPs.
Multiple methods are recommended to get reliable results in design with SIPs.
Analytical methods only describe the linear behaviour of the panel.

Analytical calculations overestimate the strength of the panel and failure can not be pre-
dicted.

Euler critical buckling equation does not account for eccentricities and assumes the load
to be distributed equally between the two faces.
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- Structural insulated panels fail abruptly as a brittle failure — timber frame walls have a
more ductile failure mode.

- Eccentric resistance for OSB faces is 15% less than concentric resistance; for composite
faces the difference is 35% less.

- OSB faces fail for end bearing under axial loading, but the core material has an effect.

- Blown in foam cores fail for core shear whereas board stock cores fail for end bearing
and delamination between the core and the faces.

- The behaviour of the panel is linear until shortly before failure when it changes to non-
linear.

- The main failure mode under transverse loading was wrinkling or debonding of the face
which depends on the core properties.

- Big shear deformations were observed in the cores.
- Bending resistance decreases with the application of a constant axial force.

- Thicker cores have a better shear resistance than thinner cores, but the thickness does not
play a role on the buckling strength.

- Core properties dominate the flexural stiffness, especially the shear modulus.
- Densification of the foam core can increase the shear stiffness of the panel.

- The core acts as a elastic foundation for the faces during local buckling which can be
described by the Winkler foundation model.

- If the bond between the faces and the core is less than 60% then the faces start to deform
separately.

- Serviceability limit state is the governing criteria in the design with structural insulated
panels and sandwich panel theory is very reliable in those cases.

- The connection types have an influence on the stiffness of the panel.



Methodology

This chapter will give a detailed overview of the methods used to analyse the novel structural
insulated panel. First, a Karamba3D model is created, and validated through Timoshenko
beam equations and a RFEM model. Further, experimental results will be presented, after
which the models and analytical calculations will be compared to experimental results. Lastly,
in appendix H two different methods will be explored to model a residential building out of
structural insulated panels on Karamba3D and Dlubal. The panel’s dimensions are based on a
test rig set up by Kingspan Unidek seen in Figure 3.1.

BIOBASED PANEL
3200x1020x124
12+100+12

Figure 3.1: Test rig set up by Kingspan Unidek.

35
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3.1. Karamba model

The panel is modelled using two shell-elements as the skins (Figure 3.2) which can transfer
axial, shear and bending forces. The core is modelled by beams (Figure 3.2) which in theory
are loaded only in shear, and no bending stresses occur in the core. Karamba3D does not allow
the user to model a layered material, therefore beams were chosen to represent the core material.
These beams were dimensioned so that they would represent the shear behaviour of the core
material. In the first version of the panel model, the bending stiffness of the beams is as defined
by Karamba3D, but in the next versions, the bending stiffness has been defined by the user to
be very low, so the bending stiffness is negligible.

Five different combinations for the beam distribution and dimensions were modelled. They
were as follows:

1. Beam distribution of 4x19 with a circular cross section with a diameter of D=21 mm and
a significant bending stiffness

2. Beam distribution of 10x32 with a rectangular cross section 100x100 mm without a
bending stiffness

3. Beamdistribution of 20x64 with a rectangular cross section 50x50 mm without a bending
stiffness

4. Beam distribution of 102x320 with a rectangular cross section 10x10 mm without a
bending stiffness

5. Beamdistribution of 16x49 with a rectangular cross section 65x65 mm without a bending
stiffness — final iteration

Outer face

Shells = skins/faces

Faces

,,,,,,,,,,,

Core i H I [ Ra— ;

Inner face

Beams = core

Figure 3.2: Karamba model sketch.

The first option for the beam selection was made based under the wrong assumption that it is
not possible for the user to define a material for beams on Karamba3D, thus an existing material
was chosen that had a bending stiffness as an E modulus and a predefined G modulus which
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could not be removed nor changed (Figure 3.3). The amount of beams was chosen based on
the shear stiffness of the core material in vertical direction with the predefined G modulus:

A1G1 = A6y (3.1)

where

-Aj is the area of the Steico core material A; = 1020 * 3200 mm?

- G is the shear modulus of the Steico core material G| = 2.2 MPa

-Aj; is the area of the beams representing the core material in Karamba3D

- G is the shear modulus of the beams representing the core material on Karamba3D, chosen
as Family: wood, and Name: (VH)III, G, = 270 MPa

Therefore, the area of the beams was chosen as follows:

A1Gy 1020 %3200 % 2.2
_ 4G * L 26596mm> (3.2)

A
2776, 270

The beam distribution was 19 in vertical direction, and 4 in horizontal directions with the beams
having a circular cross-section with a diameter of 21 mm, and a length of 100 mm. This showed
to be a not so accurate approach, but not due to the bending stiffness of the beams, but instead
due to the small amount of beams and the lack of interaction between each other to provide
stiffness for the faces. Thus, the next models were modelled with a user defined material where
the E modulus was defined as E = 0.0001 MPa (Figure 3.4) to minimize the bending stiffness
of the beams to model the core behaviour. The shear modulus was defined as is chosen for the
core G = 2.2 kN/cm? 1. This resulted in the choices for combinations 2-5, where the area of
the beams was chosen based on the same equation:

A1G1 = A6y (3.3)

where

-A; is the area of the Steico core material A; = 1020 * 3200 mm?

- G is the shear modulus of the Steico core material G; = 2.2 MPa

-Aj; 1s the area of the beams representing the core material in Karamba3D

Therefore, the area of the beams was chosen equal to the real area of the core:

_AG,

- = 1020 * 3200 = 3264000mm? (3.4)
1

A

Thus, combinations 2-5 have a beam area close to the real core area: 3264000 mm?.

Based on the results of combinations 2-4, and comparison between analytical results and RFEM
model results, the final combination of beams 16x49 with a rectangular cross section 65x65
mm seemed to most accurately model the behaviour of the panel (Figures 3.7, 3.9, 3.11, 3.13).

1Due to the units, an error was made. Instead of 2.2 MPa for the shear modulus, it is 22 MPa. This was
changed for only one chapter, which is the Karamba3D model analysis alone.
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@ Material: Wood
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= G12:270[kN/cm2] g
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[l Mat D
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L Material Type:

Figure 3.3: Predefined Karamba3D material for the Figure 3.4: User-defined material for the beams. E —
beams. E — modulus of elasticity [kN/cm2]; G12 and modulus of elasticity [kN/cm2]; G12 and G3 — shear
G3 — shear moduli in different directions [kN/cm2]; moduli in different directions [kN/cm?2]; gamma —

gamma — specific weight [kN/m3]; alphaT — heat specific weight [kN/m3]; alphaT — heat conductivity
conductivity [1/C]; ft — tensile strength [kN/cm2]; fc — [1/C]; ft — tensile strength [kN/cm2]; fc — compressive
compressive strength [kN/cm2] strength [kN/cm2]

The panel is supported on the bottom on the inner face by restricting all translations and one
rotation in the in-plane direction. This choice was made based on the assumption that the inner
face takes on most of the load and the outer face is to provide support for the inner face. The
green arrows represent translational constraint directions at the supports. The purple circles
represent the rotational constraint location and direction of the constraint. This can be seen in
Figures 3.6 to 3.11. Due to the shape of the panel, the assumption is made that in-plane rotation
is restricted (around the y-axis) visible in Figure 3.6 represented by the purple circles. On the
top of the panel a support has been modelled by restricting translations in x and y direction
due to floor beams being connected in those positions, and other panels supporting from the
sides in a real building situation. Mesh has been defined as 100 mm for all panels, but for most
panels, the mesh got finer due to the beam selection — all beam connections also created a node.

The loads have been added according to a test rig at Kingspan Unidek, and an additional wind
load as a distributed load over the panel has been added for comparison with analytical calcu-
lations. Loads are applied with an eccentricity, directly on the inside and outside faces as seen
in Figure 3.5 and they are distributed loads.

The model will be used to analyse the behaviour of the structural insulated panel under axial
and transverse loads — deflections, stresses and strains in the faces. The following points will
be analysed:

Does the model represent experimental results?
What kind of analysis is possible — SLS and ULS?
Which kind of failure is the model able to predict?

Can the model be used in SIPs design process?
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- Can the model be used to analyse other SIP material configurations?

Loads

N
Outer face -] /

Figure 3.5: Loading schema.

Inner face
Core

Next, a description of the RFEM model will follow, which
behaviour of the Karamba3D model.

was used to verify the transverse
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Figure 3.6:

SIP panel with D=21 mm beams.

Figure 3.7: SIP panel 65x65 mm isometric view.
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Figure 3.8: SIP panel Karamba3D model D=21 mm  Figure 3.9: SIP panel Karamba3D model 65x65 mm
beams side view. beams side view.

Figure 3.10: SIP panel Karamba3D model D=21 mm
beams top view.

Figure 3.11: SIP panel Karamba3D model 65x65 mm
beams top view.
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Figure 3.12: SIP panel Karamba3D model D=21 mm Figure 3.13: SIP panel Karamba3D model 65x65 mm
beams front view. beams front view.

3.2. RFEM model

The RFEM model was created (Figure 3.14) to have a verification possibility for the analytical
calculations and the Karamba3D model. RFEM model is based on real material values and
modelled as a layered material into one shell-element (Figure 3.16). Additionally, the experi-
mental results are compared to the RFEM model.

A panel model for comparison with Karamba3D was modelled on RFEM. It was modelled as a
layered material, while using the existing material “OSB (EN 300), OSB/2 and OSB/3 (>10-18
mm) EN 12369-1:2001-01" as faces of the sandwich panel, and the core material was defined
by hand based on “MDF (EN 622-5), MDF.LA (>30 mm) EN 12369-1:2001-01" (Figure 3.15)
with material properties brought out earlier in table 2.1, and the E and G moduli are brought
out in table 2.2.

The panel dimensions are the same as for the Karamba model, which were based on the test
rig set up seen in figure 3.1. At the bottom of the panel all translations and one rotation in the
in plane direction of the panel are restricted. At the top, translations in X and y direction are
restricted, but the panel can freely move in the z direction. In RFEM it is not possible to apply
supports with an eccentricity in normal analysis. A panel with a rigid link between the bottom
and the bottom support was modelled to try to model an eccentricity for the support, but it did
not show different results due to the definition of the layered material which is one shell within
which the different materials are defined. Thus, the rigid link was connecting the whole bottom
of the panel, not changing the support conditions. Therefore, the rigid link modelling option
was discarded.
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The loads are applied with an eccentricity on the inner face and on the outer face in respect to
the relevant load case analysed. The mesh size has been defined as 10 mm.

Figure 3.14: RFEM panel model.

The model will be used in the iteration process of the Karamba3D model, and to analyse
the behaviour of the structural insulated panel. The same points will be addressed as for the
Karamba3D model:

- Does the model represent experimental results?
- What kind of analysis is possible — SLS and ULS?
Which kind of failure is the model able to predict?

Can the model be used in SIPs design process?

Can the model be used to analyse other SIP material configurations?

Further, analytical equations are presented that were used in the panel analysis and model
verification processes.
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No. Name Assigned to

2 MOF (EN 622-5), MDF.LA (> 30 mm) | EN 12369-1:2001-01 |

Main  Material Values  Timber Design

Categories Basic Material Properties

Material type Modulus of elasticity
Timber ~ E 50 - b [N/mm]

Material model Shear modulus Definition type
Isotropic | Linear Elastic v G 22 b [N/mmd] E|G]| (W v

Poisson's ratio

v 0136 - F []

Specific weight / Mass density
¥ 137 S v [kN/m3]

p 14000 © » [kg/m3]

Coefficient of thermal expansion

o 0.000005 ¥ [1/°C]

Figure 3.15: Material definition for the core.

1 - Layers | d:124.0 mm | Layers: 3

— 1: 0°|1- 0SB (EN 300), 0SB/2 and OSE/3 (> 10 - 18 mm) | EN
— 2: 0°|2- MDF (EN 622-5), MDF.LA (> 30 mm) | EN 12360-1:2001-01 |
— 3: 0°|1- 0SB (EN 300), 058/2 and OSE/3 (> 10 - 18 mm) | EN

100.0
L ]

Figure 3.16: Cross section set up on RFEM.

3.3. Shear Beam equations

The shear beam equations have been used to describe the behaviour of the panel when the outer
face is not supported, but an axial load has been applied to it. So, the vertical movement of the
outer face of the panel since the core only transfers shear loads. This was not experimentally
described since in the experiment both of the faces are supported. The equation is used to
compare the Karamba3D model results where the outer face is not supported.

3.3.1. Kinematic Relations
For a shear beam, the shear angle y(x) is given by the derivative of the transverse displacement:

dw(x)

e (3.5)

y(x) =
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3.3.2. Constitutive Relations
The shear force V(x) is related to the shear strain y(x) by:

dw(x)

V(x) = kGA; (3.6)
dx
Where « is the shear correction factor, G is the shear modulus, and Ay is the shear area.
3.3.3. Equilibrium Equation
The equilibrium equation for the shear force is:
dv
@ () =0 3.7)
dx

3.3.4. Governing Equation
Substituting the constitutive relation into the equilibrium equation, we get the governing equa-

tion:
d*w(x)

GA;
S dx?

q(x) =0 (3.8)

3.3.5. Solution for a Cantilever Beam

For a short cantilever beam with a concentrated load F at the free end, the deflection is:
—Fx
kGAg

w(x) = (3.9)

3.4. Timoshenko Beam Theory

The Timoshenko beam theory has been used to describe the transverse loading situation on the
panel. In Timoshenko beam theory, both bending and shear deformations are considered. It
is used to verify the transverse behaviour of the Karamba3D model. Additionally, the axial
loading was also described with these equations by applying a moment coming from the ec-
centric loading at the top of the panel. Below are the kinematic relations, constitutive relations,
equilibrium equations, and governing equations.

3.4.1. Kinematic Relations
The total rotation of the cross-section is given by the sum of the bending rotation 6(x) and the
shear strain y(x):

¢(x) =0(x) +y(x) (3.10)
dw
H(X) = —E (311)
d
y(x) = ¢(x) + d—w (3.12)
X

Where:

- w(x) is the transverse displacement.

- ¢(x) is the total rotation of the cross-section.
- v(x) is the shear angle.
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3.4.2. Constitutive Relations
The constitutive relations for bending and shear stress are:

- The bending moment M (x) is related to the curvature:

a9 Pw dé
M =FKl—=-El—— =FEI— i
x) dx dx? dx (3-13)

- The shear force V(x) is related to the shear strain through the shear modulus G, shear area
Ay, and shear correction factor «:

V() = kGAY () = GAL9() + ) (3.14)

Where:

- E is the modulus of elasticity.

- I is the second moment of area.

- k is the shear correction factor, which in the case of this specific material will be 1.0 since the
distribution of the shear stresses is uniform over the cross section.

- G is the shear modulus.

3.4.3. Equilibrium Equations

The equilibrium equations are:

- Force equilibrium:

V(x) = M (x) (3.15)
dx
- Moment equilibrium:
WV _ ) (3.16)

Where ¢(x) is the distributed load.

3.4.4. Governing Equations
The governing equations are derived from combining kinematic relations, constitutive relations,
and equilibrium equations:

- Bending equation:

d*¢
- Shear equation:
d*w  do
kG A; (W + 5) = —Q(X) (3.18)
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3.4.5. General Solution for Simply Supported Beam with Uniform
Distributed Load ¢

For a simply supported beam of length H, subjected to a uniform distributed load g, the general
solution for deflection, shear force, moment, and rotation is:

- Deflection w(x):

gx*  gx°H gx? gxH qxH?

_ _ 1
W) = 4ET T 12E1  2GA. T 2GA. t 24E] (3-19)
- Shear Force V(x):
H
V(x)=gqg=* (5 — x) (3.20)
- Moment M (x):
q X
M(x) = 7 * (H —x) (3.21)
- Rotation ¢(x):
3 ’H H H H?
pr)=-—_ L2, 97 47 4 (3.22)

6E1 4EI 2GA. 2GA. 24E]

3.5. Rod in compression

Rod in compression equations are used to describe the vertical compression of the panel under
axial loads. This will provide a comparison point for the model results.

3.5.1. Kinematic Relation
The strain €(x) in the rod is given by the derivative of the axial displacement u(x):

e(x) = db;ix)

(3.23)

3.5.2. Constitutive Relation
For a linearly elastic material, the stress o (x) is related to the strain €(x) through Young’s

modulus E:
du(x)

dx

ocx)=E-€ex)=E (3.24)

3.5.3. Equilibrium Equation
The axial force N(x) in the rod is given by the stress o (x) multiplied by the cross-sectional
area A:

d
NG = o (x) - A = EATS) (3.25)
dx
In the absence of distributed forces, the equilibrium equation is:
dN
) _y (3.26)
dx

This implies that the axial force N (x) is constant:
Nx)=F (3.27)
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3.5.4. Governing Equation
From the equilibrium equation and the constitutive relation, the governing equation for the
displacement u(x) is:

A% _ (3.28)
dx
or du()  F
u(x
= — 2
dx EA (3-29)
Integrating this:
F
u(x) = ax +Cy (3.30)

3.5.5. Boundary Conditions and Solution

For a column with a concentrated force F at the top and supported at the bottom:
- At x = 0 (the bottom), the displacement is zero: u(0) = 0.

- Therefore, C; = 0, and the displacement becomes:

u(x) = %x (3.31)

The displacement at the top of the column (atx = L) is:

FL
u(l) = (3.32)

All of the previously seen equations will be used in the verification of the models and the
analysis of the panel behaviour. Next, an overview of the experiment will be given.

3.6. Experiments by Kingspan Unidek

Five experiments were conducted at Kingspan Unidek, where the panel was tested under axial
eccentric loads for multiple load combinations. The tests and the measurements were per-
formed by Kingspan Unidek, but the post-processing and analysis has been carried out within
this thesis.

The first test results will be addressed in detail, and the following test results will be provided
in Appendix F. The test rig was set up at Kingspan Unidek (Gemert) to measure the horizontal
deflections and local strains of the structural insulated panel. The test rig set up can be seen
in figure 3.1. The panel was supported at the bottom and top by simple supports (seen in
Figures 3.19, and 3.18) with the assumption that the inner face will take most of the loading,
and the outer face will only be supporting the inner face. At the top of the panel the two faces
were connected by a beam for the final (5th) test, which was unconnected for the previous four
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Height L 3200
Width W 1020
Thickness t 124

Core thickness f. 100
Face thickness 7y 12

mm
mm
mm
mm
mim

tests. The top is also able to deflect in the vertical direction. The panel measurements are the

following:

The measurements for local strains were taken in the middle of the panel at L = 1600 mm from
the inner and outer faces left and right sides seen in figure 3.17 in the middle. For horizontal
deflections, the measurements were taken at the following locations with respect to the panel
height also from the inside face and the outside face at the following locations (seen in figure

3.17 on the left):

L; = 800 mm
L, = 1600 mm
L3 = 2400 mm
Outer face Inner face Outer face
o
(@]
0
o
> |« g
—
o
S
> |« > < > <
o
o
o0
(@]
> |« g
—
o
@

Inner face

tc

tf

Figure 3.17: a) Horisontal deflection measurements locations; b) Local strains measurements locations; c)

Panel sketch.

The deflection results were then interpolated with the thin plate spline radial basis function to
get approximate deflection lines over the whole height of the panel. The radial basis function

¢(r) for the thin plate spline is given by:

¢(r) = r*log(r)

(3.33)
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G

Figure 3.18: Test rig bottom support. Figure 3.19: Test rig top support.

where r = y/(x — x;)2 + (y — ;)2 is the Euclidean distance between the point (x, y) and each
interpolation point (x;, y;). The function is visualised in Figure 3.20.

Thin Plate Spline Radial Basis Function

10} —— Thin Plate Spline RBF

RBF(r)

0.0 0.5 1.0 15 2.0 2.5 3.0

Figure 3.20: Radial basis function of thin plate spline.

The test rig is set up so that the lower row of weights loads the inner face of the panel, and the
higher row of weights loads the outer skin. This is best seen in figure 3.21 where 12 kN is on
the inner face and 6 kN on the outer face with two weights on the inner face and one weight on
the outer face, and also on the schema in figure 3.1. The loads are applied as two point loads
for the inner face and for the outer face for the test rig, however a simplification of line loads
is assumed while modelling the test on Karamba3D and RFEM.

All five tests had a different loading order which is seen in Figures 3.22, and 3.23 and were as
follows:

1. Test 1
1.1. 6 kN in
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1.2. 12kN in
1.3. 18 kN in
1.4. 12kN in
1.5. 12 kN in, 6 kN out
1.6. 12 kN in
1.7. 6kNin
2. Test2

2.1. 6kNin
2.2. 6 kN in, 6 kN out
2.3. 6 kN out

3. Test3

3.1. 6kNin
3.2. 6 kN in, 6 kN out
3.3. 6 kN in, 12 kN out
3.4. 6 kN in, 6 kN out
3.5. 12 kN in, 6 kN out
3.6. 6 kN in, 6 kN out
3.7. 6 kN out
4. Test4

4.1. 6kNin
4.2. 6 kN in, 6 kN out
4.3. 12 kN in, 6 kN out
4.4. 12 kN in
4.5. 6kNin
5. Test5
5.1. 6 kN in
5.2. 6 kN out
5.3. 6 kN in, 6 kN out
5.4. 12 kN in, 6 kN out
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o

Figure 3.21: Test rig set up - load case 3 — 12 kN on the inner face, 6 kN on the outer face.
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Figure 3.22: Tests loading order.
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6 kN 6 kN 6 kN 6 kN
Test 2
12kN 12 kN
6kN 6kN  6kN KN  6kN  6kN
TeSt 3 6 kN 6 kN 6k 6 kN

iﬁ ia #ﬂ* L| ;¥ -+

JIQ_ o LeLo, o 0 OL

2 kN 12 kN

Test 4 6 kN 6 kN 6 kN 6KkN

Figure 3.23: Tests loading order.



Structural Insulated Panel Analysis

This chapter gives an overview of the bio-based structural insulated panel with OSB/3 boards
as faces and the Steico medium density fibre board as the core of the panel while presenting
analytical, experimental and modelling results. The initial dimensions are based on a test rig
set up in Kingspan Unidek to compare the experimental results with the models. The chapter
starts with initial information, next hand calculations from sandwich panel theory will follow
which show all the failure stresses. Then, an overview of the Karamba3D and RFEM model
findings will be presented, and finally a comparison between the experimental, analytical and
numerical results is performed.

4.1. Initial information

The panel calculation sketch is seen in figure 4.1 and 4.2. The panel information is presented
in table 4.1.

Table 4.1: Panel information based on test rig set up.

Initial information

Thickness of the core te 100 mm
Thickness of one face tr 12 mm
Center to center distance (of the faces) d 112 mm
Width of the panel b 1020 mm
Thickness of the panel t 124 mm
Height of the panel H 3200 mm
Eccentricity of forces applied e 56 mm
Force on the inner face ql 6,12,18 kN/m
Force on the outer face q2 6 kN/m

53
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Figure 4.1: Panel sketch side view. Figure 4.2: Panel sketch isometric.

Linear elastic analysis is performed. The experimental results will be compared to charac-
teristic material values. The failure loads will be evaluated with characteristic values for the
material to account for any deviations in the material. Design loads will be found with the
help of safety factors, kmod values which account for the load duration, moisture exposure,
and the type of material used. The material safety factor from Eurocode NEN-EN 1995-1-1
for medium density fibre board is: vy, = 1.3, and the k,,,4 values for MDF are the following:

Table 4.2: MDF (Steico) k04 values for service class 1 (NEN-EN 1995-1-1 table 5.3).

kmoa of medium density fibre board

Load duration class permanent long medium short instantaneous

Service class 1 0.2 0.4 0.6 0.8 1.1
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The material safety factor from Eurocode NEN-EN 1995-1-1 for OSB/3 is: yy; = 1.2, and the
kmoa values for OSB/3 are the following:

Table 4.3: OSB k04 values (NEN-EN 1995-1-1 table 5.3).

kmoa of OSB/3
Load duration class permanent long medium short instantaneous
Service class 1 0.4 0.5 0.7 0.9 1.1

2 0.3 0.4 0.55 0.7 0.9

The design resistance values are calculated with the following equations:

fel

Fod = 2 kmoa (4.1)
YMm

frt = 25k 42)
YMm

The resistance values for the Steico medium density fibre board for different load durations are
presented in table 4.4.

Table 4.4: MDF strength properties based on load duration.

MDF board strength properties based on load duration (eq. 4.1 and 4.2)

permanent long medium short instantaneous

Compression strength at 10% def. fea MPa  0.015 0.031 0.046 0.062 0.085

Tensile strength perpendicular to plane f;;, MPa  0.0031  0.0062 0.0092 0.49 0.017

Shear strength foa MPa  0.0062 0.012 0.018 0.025 0.034

The design strength properties of the OSB/3 boards are presented in table 4.5. Service class
1 and 2 values are brought out, because for a more precise design, the inner face is in service
class 1, because it is in indoor conditions, and the outer face is in service class 2, because it
is outside, and exposed to more moisture and temperature variances. The calculated design
resistances are important for design situation analysis.



4.?2. Hand calculations 56

Table 4.5: OSB/3 strength properties based on load duration.

OSB board strength properties based on load duration service class 1 (eq. 4.1 and 4.2)

permanent long medium short instantaneous

Compression resistance perp. to plane f.904 MPa 3.33 417 583 7.50 9.17
Compression resistance in plane fea MPa 5.13 6.42 898 11.55 14.21
Tensile resistance in plane fi.a MPa 3.13 392 548  7.05 8.62
Shear resistance fva MPa 2.27 2.83 3.97 5.1 6.23

Bending resistance fma MPa 5.47 6.83 9.57 12.3 15.03

OSB board strength properties based on load duration service class 2 (eq. 4.1 and 4.2)

permanent long medium short instantaneous

Compression resistance perp. to plane f.904 MPa 2.50 333 458 583 7.50

Compression resistance in plane fea MPa 3.85 513  7.06  8.98 11.55

Tensile resistance in plane fi.a MPa 2.35 3.13 431 548 7.05
Shear resistance fva MPa 1.7 227  3.12 3.97 5.1

Bending resistance fma MPa 4.10 547 7.52 9.57 12.30

4.2. Hand calculations

In this chapter, the failure methods are all calculated, based on the panel information in table
4.1 to evaluate which failure method could be governing.

Bending stiffness

P _ 38001020+ 123 , 3800%1020 + 12 « 1122 , %1020+ 100°
B 6 2 12 B (4.3)
= (1.116 + 291.72 + 0.425) * 10° Nmm? = 293.26k Nm?>

Critical load for compression in the faces

Feer = feoo * Ay = 15.4 % 12 % 1020 = 188.50k N 4.4)

Critical load for tension in the faces

Ft,cr = ft90,k *k Af = 94 * 12 % 1020 = 11506kN (45)

Shear stress of the panel, load application perpendicular to plane (transverse loading case)

e Ecd?
= V(ZEiSi)max _ V(Egt + CSC) ~ 4

(X EiS)B - (EF2t€2 + Ei;pc)B h E

(4.6)
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where d¢ ~ e

The critical shear force [33]:

Ver = eBfyx =56 % 1020 % 0.04 = 2.28kN 4.7)

The critical q load on the panel would be

2V,  2%2.28
H 32

Gor = = 1.43kN/m (4.8)

Shear stress of the panel, load application in-plane (axial loading)

F
Ter = T = For =7 % Ac = 0.04 % 1020 * 3200 = 130.56kN (4.9)
Cc

Maximum shear angle for the core based on the characteristic shear strength of the core mate-

rial: 0.04
T _ 227 _ 0.018 (4.10)

Tcr:Gc¢cr:>¢cr:G_— )
c .

The shear angle of the core material will be one of the governing design criteria in the case of
this panel.

Face wrinkling for anti-symmetric wrinkling

Ofer= 0.51\3/EfECGC+O.33GC(tC/tf) =0.51V3800 % 5 * 2.2+0.33%2.2%(100/12) = 23.75N/mm2
“4.11)
Hence, the critical force for that to occur would be

Frop=0per v A=23.75%1020 12 = 290.695 * 10°N =290.70kN (4.12)

Therefore, face wrinkling is not a governing design criteria for this panel.

Buckling
Euler critical load for axially loaded elements [38]:
n’El
Fcr,Euler = 12 (4.13)
2 3
5% 1020 % 100° /12
Fercore = Tror - / = 410N 4.14)
’ 32002
2 %3800 * 1020 % 123/12
Fer face = - - . / = 538N (4.15)
’ 32002
Euler critical buckling load for panels with thin skins [41]:
F 282.7 % 103
Fuphin = —2— = — 125.09kN (4.16)

Fg 282.7%103
L+ Fc 1+ 204.4%10°
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Critical force

Critical buckling load:
—— Panel
only OSB
only Steico
—&@)- Resistance at 3,2 m

200 +

150 4

100 A

force [kN]

50 A

2000 4000 6000 8000 10000
height of the panel [mm]

Figure 4.3: Buckling of the panel, and the materials

FE is the panel critical load without the shear reduction:

7D 7*%293.26 % 10°

Fg = =282.7 % 10°N 4.17
E=m 32002 * .17
F¢ is the shear critical load:
Fe=AcGe =100 %1020 % 2.2 = 224.4 % 10°N (4.18)
Shear crimping
S 4730.1 % 10°
- = 1 7 2 2 41
of 21, 7+ 12 97086392N /mm (4.19)
S : 9
2D 2%293.26 % 10
=2 _ZF Y 4730.1 % 10°Nmm (4.20)

t 124

The critical stress for shear crimping to happen is very high, so it is not a governing criteria for
design.

The governing design factors are global buckling, transverse shear failure of the core, and as-
suming the tensile forces do not get as high as would be critical then tensile failure is unlikely
to occur. Global buckling equation does not take eccentricity of the load application into ac-
count, thus the critical global buckling load may be even lower. The failure loads have been
concluded in Table 4.6.
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Table 4.6: Panel failure loads.

Failure method Failure load

Face compression 188.50 kN
Face tension 115.06 kN
Core shear transverse 1.43 kN/m
Core shear axial 130.56 kN
Face wrinkling 290.70 kN
Global buckling 125.09 kN

4.3. Analytical results

In order to describe the transverse loading situation Timoshenko beam equations were used.
Timoshenko beam equations predicted failure under 2.5 kN/m with the limit criteria of 0.018
shear angle according to equation 3.22. This can be seen in Appendix C.

The serviceability limit state was reached with 2.0 kN/m where the L./150=21.3 mm deflection
was reached according to equation 3.19.

Shear beam equations were used to describe the core shear failure under axial loads which oc-
curred at 129.5 kN on the outer face when 0.018 shear angle was reached according to equation
3.9. Maple output has been brought out in Appendix B.

The rod in compression equations were used to describe the vertical displacement of the panel
under axial loads. The global buckling failure load 125.09 kN compressed the panel vertically
4.4 mm according to equation 3.31. This can be seen in Appendix E.

4.4. Experiment Results

The experiment performed at Kingspan Unidek consisted of 5 tests. The first test will be ad-
dressed in detail within this chapter but the remaining results will be brought out in Appendix
F.The loading for test 1 was performed in the following order also seen in Figure 4.4:

1. 1 weight on the inner face - 6 kN

2. 2 weights on the inner face - 12 kN

3. 3 weights on the inner face - 18 kN

4. 2 weights on the inner face - 12 kN

5. 2 weights on the inner face and 1 on the outer face - 12 kN + 6 kN
6. 2 weights on the inner face - 12 kN

7. 1 weight on the inner face - 6 kN

The whole test duration was 13 minutes. The results are presented in the order of appearance,
but the same load combinations are presented in the same graphs with the first time that this
load appeared.



4.4. Experiment Results 60
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Figure 4.4: Loading order of test 1 (also seen in Figure 3.22.

Inner face

In figure 4.5 the deflections of the inner and outer faces are presented when the inner face
is loaded with 6 kN. The beginning (blue) lines represent when the weights are first applied,
and the red lines represent the moment where all additional weights were removed. These
deflection results should be of the same magnitude, but a 73% increase is seen. This also
applies to measured local strain results seen in Figure 4.6 where an increase of 36% is shown.
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Figure 4.5: Deflections of Test 1 inner face loaded with 6 kN.

After loading the inner face with 6 kN, another weight was added, so the inner face was loaded
with 12 kN. This loading case was measured three times which can be seen in Figure 4.7. The
beginning inner and outer face deflections already start to show some discrepancies between
each other (blue lines) — outer face has bigger deflections than the inner face. However, mea-
surements two (red lines) and three (green lines) show a big difference between the inner and
outer face behaviour. This suggests that after the first loading of 12 kN on the inner face, the
panel went through a change. Presumably in the core or the interface, since the faces do not
deform parallelly anymore, nor do they have the same deformed shape to further confirm sepa-
rate behaviour. This can be seen for the previous loading case, where similar behaviour occurs,
that the upper part of the panel core is under compression and the lower part of the panel core is
under tension coming from the faces’ behaviour. The increase of strains can be seen in Figure
4.8 where the final loading (green line) of 12 kN shows the biggest strains eventhough the same
load is applied. The increase in strains is 26% whereas the increase in deflections is 16%.
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Local strains of Test 1 inner face loaded with 6 kN
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Figure 4.6: Strains of Test 1 inner face loaded with 6 kN.
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Figure 4.7: Deflections of Test 1 inner face loaded with 12 kN.

The third loading case was 18 kN on the inner face as seen in Figure 4.9. The deflected shape
has a stronger deflection concentration slightly towards the top of the panel. This could signify
some local damage in the faces since the loads applied are small. The strains can be seen in
Figure 4.10. This is most likely the loading situation where the possible damage occurred,
since after this the faces started to behave separately.
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Figure 4.8: Strains of Test 1 inner face loaded with 12 kN.
Deflections of Test 1 inner face loaded with 18 kN
54 -
389 Results:

Deflections [mm]

—— *Quter face

—— *Inner face

® Outer face - Original Points
Inner face - Original Points

T T T T T
0 400 800 1200 1600 2000 2400
Panel height [mm]

Figure 4.9: Deflections of Test 1 inner face loaded with 18 kN.
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Loading 5, where 12 kN were applied on the inner face and 6 kN on the outer face shows a
clear difference in the two faces’ deflections seen in Figure 4.11. Thus, a change or a possible
failure in the core or interface may have happened or the core might be unable to support the
faces of the panel to behave as a fully composite material. Alternatively, it could be related
to the face/core interface bonding percentage. The core is in compression at 2400 mm and in
tension at 800 mm. The strains can be seen in Figure 4.12 where a linear distribution should
be seen where the inner face is in compression and outer face in tension, but instead there is
bending in the outer face and compression in the inner face. There is no linear behaviour in
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the strains in any of the measurements, suggesting a lack of composite action already in the
beginning.
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Figure 4.10: Strains of Test 1 inner face loaded with 18 kN.
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Figure 4.11: Deflections of Test 1 inner face loaded with 12 kN and outer face loaded with 6 kN.
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Local strains of Test 1: Load Case 3
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Figure 4.12: Strains of Test 1 inner face loaded with 12 kN and outer face loaded with 6 kN.

4.4.1. Experiment Results Analysis
The experiment results will be further analysed and the stress results will be calculated based

on the following formula:
o=F=x¢ 4.21)

For the first loading where the inner face was loaded with 6 kN the panel deflections increased
up to 73% after the additional loading between the two measurements (Figure 4.5). This may
be caused by the low mechanical properties of the core or could suggest that an overloading
happened for some part of the panel leading to an unexpected behaviour where the two faces
do not deform together, suggesting a loss in the core stiffness or a change in the composite
action of the core and the faces. The strains in figure 4.6 in the inner face increased by 12 to
33% indicating permanent deformations to the faces, but these do not contribute to the core
failure. The additional deflections can be caused by plastic deformation, fatigue, or creep. In
this situation, since the loads were very low and not cyclic, fatigue can be excluded. Plastic
deformations are also unlikely, since the loads are relatively low and the stresses are not near any
failure stress as seen in table 4.5, and figure 4.13. The most probable cause for the additional
deflection is creep. Test 1 took 13 minutes in total to perform, meaning that already within
this time a 73% increase in deflections could happen. Based on the beginning deflection result,
second order theory can be added to calculate the amplification factor for the deflections [35]:

1 1
e a e =1.05 (4.22)
Ner 125.09

Multiplying the beginning deflection with the amplification factor @« = 1.05, 1.05 = 1.356 =
1.424mm it is still not as large as the deflection at the end of the test (1.905mm) seen in figure
4.5. Therefore, it seems likely that creep has occurred but additional mechanisms have also
occurred. It could be that the core is not able to support the faces and is too deformable, or
perhaps the interface has debonded and is causing the faces to resist the loads separately. This is
also supported by the strain results seen in Figure 4.6 where the expected fully linear behaviour
is not seen. Showing bigger compressive strains at 112 mm which is the inner face’s core side.
This could imply that the face is trying to work on its own by having higher compressive stresses
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on the inside rather than the expected outside. Although, this result could also be explained by
the placement of the load on the test rig and the connecting beam at the top between the two
faces, making the load press more on the inner face’s core side.

Additional creep factor testing should be performed to determine the long term behaviour of the
whole panel. Even though literature review showed that creep from loading is not a problem,
in this case the primary creep effect is significant, and should be further investigated.

Between the beginning and end of this test, some permanent deformations occurred and it
might be that the core lost its stiffness allowing the faces to deform separately and losing a
part of its composite action. The two faces are not working together as a composite material
already in the first test, and knowing that 4 more tests were performed on the same panel, it
can be assumed that based on these results, the following tests may not be reliable if creep
deformation has indeed happened or some other failure mechanism. The deflection graphs
after load removal show compression in the core at the top of the panel, and tension in the core
in the lower half of the panel. The tensile stresses can be found by looking at the difference in
deflections between the inside and outside faces:

AL =1.303 - 0.928 = 0.375mm (4.23)
AL 0.375
= =0 = 0.00375 (4.24)
oc=FExe=5%0.00375=0.019M Pa < 0.020M Pa 4.25)
The tensile deformation limit for the core is
.02
e= % = ? =0.004 = 0.004 % 100 = 0.4mm (4.26)

Table 4.7: MDF strength properties and maximum strains and deformations.

Insulation board resistances and maximum strain and deformation (eq. 4.24 and 4.26)

Characteristic Resistance Max strain Max deformation
MPa mm
Tension 0.02 0.004 0.4
Compression 0.10 0.02 2.0
Shear 0.04 0.018 57.6

This suggests that core tensile failure occurs when the faces deformations differ by 0.4 mm.
Thus, making previously seen 0.375 mm deformation significant.

The stresses calculated based on the local strain results are in accordance with the theoretical
stress value in the inner face, although slightly higher than the analytical values:

F 6000

1= 321000 = 0.5MPa 4.27)

g =
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Calculated local stresses of Test 1 inner face loaded with 6 kN
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Figure 4.13: Calculated stresses of Test 1 inner face loaded with 6 kN.
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Figure 4.14: Stresses of Test 1 inner face loaded with 12 kN.

This stress distribution supports the assumption for the Karamba3D model where the inner face
takes on most of the loads and the outer face is only for providing support and stability. The
outside face should be in tenion which can be seen in figures 4.13 to 4.15.

The core compressive failure value is based on 10% deformation failure for an insulation ma-
terial, meaning that the core could compress for 2 mm and only then analytical failure would
occur. However, in the context of a sandwich panel, this deformation could be too big, and the
insulation material should be tested as a structural material, to show how easily it will compress
or delaminate under tensile and compressive stresses.

For loading 5, 12 kN on the inner face and 6 kN on the outer face, the stresses in the inner
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Calculated local stresses of Test 1 18 kN on Inner Face
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Figure 4.15: Stresses of Test 1 inner face loaded with 18 kN.
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Figure 4.16: Stresses of Test 1 inner face loaded with 12 kN and outer face loaded with 6 kN.

face are 45% (o = 12000/(12 % 1020) = 0.98M Pa — (0.98 — 1.423)/0.98 = 45%) higher
than expected from only the load on the inner face, meaning that the inner face does still resist
forces also from the outer face due to the existing composite effect. This could mean that some
individual behaviour is allowed for the sandwich panel and should not immediately suggest a
failure in the core. This could also be explained by the deformation shape of the whole panel,
where the 6 kN load on the outer face will start to push inwards towards the inner face, thus
successfully transferring the forces through the core into the inner face. Therefore, the possible
failure that has caused separate behaviour of the faces is not a complete failure, but seemingly
only partial.

From test 1 it seems that there are three possible options. First is, that the core material fails
under compressive or tensile stresses and therefore the faces start to deform separately from
each other, and the composite action of a sandwich panel disappears. Second option is, that the
core material deforms without failure diminishing composite action which means that it is not
suitable for sandwich panel applications. Third option is that the bond between the face and
the core delaminated and caused the faces to resist the loads separately. The first two options
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give only one possible choice, to use this specific Steico insulation in a SIP a frame needs to
be placed inside the panel. This would add significant stiffness to the panel since it would
resemble a traditional timber frame building. The third option would require further testing
on the developed panel to determine the interface strength and the amount of bonding between
the core and the faces. If it would appear that the bond strength is not sufficient then it should
be strengthened. If the bond was sufficient, then the first two options are more likely to be
accurate.

As seen in test 1 occurrence of creep deformation, and possibly a failure in the core or interface,
deems tests 2 to 5 to not be reliable and therefore will not be analysed in depth, but the results
are visualised in Appendix F. In order to compare the models to experimental results, some
loading cases will still be looked at in the following chapters since it will still give some insight
into the accuracy of the modelling results.

4.5. Model results

45.1. Karamba3D model results*

*These results were created with a different material definition for the core than the rest of
the thesis due to an error in the magnitude of the shear modulus. For the rest of the work it
is defined as 2.2 kN /cm? which is 22 MPa. The scaling of the panel and the two deflection
graphs were created with the 22 MPa but the analysis in this chapter is conducted with the
shear modulus of 2.2 MPa so 0.22 kN /cm? and the modulus of elasticity is defined as 5 MPa.
The beam distribution and dimensions are the same, so the deflection results will be bigger
than for the rest of the analysis in this thesis.

The Karamba3D model described in Chapter 3 was developed to describe the behaviour of the
SIP, and to evaluate the possibility of using it in the design process for SIPs. The first iteration
had a wood material defined in Karamba3D, which resulted in the beams of the core being
very far apart, which caused the interaction between the two skins to be insufficient. The next
iterations were scaled based on the Timoshenko beam equation results for deflections under
transverse loading according to equation 3.19. This can be seen in figure 4.17.

The deflection difference was minor when only axial loads were applied. The difference be-
tween the biggest and the smallest deflection was only 8% and can be seen in figure 4.18.
Therefore, the scaling of the final model was based on the transverse loading case, and the final
model of 65x65 mm dimension beams will be further analysed.

First, the model was analysed for serviceability limit state. The serviceability limit state is
taken as L/150 which is 3200/150=21.3 mm. This is reached in the cases presented in Table
4.8. These results show that the most critical cases are combined loads where there is axial
load and transverse load like wind loading. Only the transverse load is already quite small on
its own, which means that this panel will deflect quite fast over the SLS limit.

Next, failure was evaluated based on the utilisation percentage of the materials in Karamba3D.
The axial failures are presented in Table 4.9, and the transverse loading failures for the face and
for the beams are presented in Table 4.10. Axial loading failure depends on where the load is
applied — inner face, outer face or both. Axial failure from the model was caused by the failure
of the faces (the beam utilisation was not considered in the axial loading cases, but would
probably predict failure earlier). If the outer face was loaded, then the failure happened due to
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Figure 4.18: Deflections under axial loads.
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Table 4.8: SLS limit loads from Karamba3D model.

inner face outer face transverse

kN kN kN/m
Axial 75 20
Axial 74
Transverse 1.12
Combination 6 1.03
Combination 12 0.94

compressive failure of the outer face as seen in Table 4.9. The lowest OSB failure under axial
failure loads according to the Karamba3D model is 87.8 kN when applied only on the outer face.
The highest OSB failure load under axial loading is 91.6 kN when applied on the inner face.
The shape as which the panel deforms changes — if only inner face is loaded then it deforms
according to the first Euler buckling curve, however when a load is applied to the outer core,
the deformed shape will be anti-symmetrical wrinkling as seen in Figure 4.21. The critical
anti-symmetric wrinkling stress and load has been calculated under Hand Calculations with
equation 4.11. The failure shape can be seen in Figures 4.25 and 4.26. In the case of this panel,
the critical wrinkling stress is reached at 23.75 MPa which is 23.75 % 1020 = 12 = 290.7kN.
The shape is already seen before the failure mode occurs when load is applied to the outer face.
This shows that the failure mode is most probably not face wrinkling. Therefore, according to
the model, it can be concluded that the failure method would be end bearing or face crushing,
although global buckling can not be disregarded. As seen before, the global buckling failure
load is 125 kN, however the axial load that resembled the first Euler buckling shape according to
the model only reached 91.6 kN. This is 28% smaller than the analytical calculation predicted.
This is probably due to the eccentric loading conditions which are not accounted for in the
Euler buckling equation for sandwich panels, and the material characteristics which fail under
compression. Also, the core failure was not evaluated for axial loading since it is uncertain
whether the results are reliable or not. Additional failure testing should be done to confirm the
critical buckling load, and to confirm if the model can predict core failure.

The transverse loading for the faces tensile failure was caused by a distributed force of 6.01
kN/m, whereas the beams had already failed according to the utilisation rate. Tensile failure of
the beams already occurred under 2.86 kN/m where the model already deflected 54.3 mm. The
change in the shear modulus of the core proved that the core’s shear modulus has a significant
effect on the bending stiffness of the panel. When a combination of loads was observed then
the serviceability limit state was governing for failure. With 12 kN on the inner face and 1
kN/m as wind load, the SLS limit had been reached (22.4 mm), but utilization for the faces
was only 19.7% in compression and 17.2% in tension according to the model. Therefore, a SIP
that is called a very efficient structure in terms of material use and strength properties, does not
even use 50% of the load bearing capacity in serviceability limit state which is the governing
design criteria in that case.

The Karamba3D model shows that it is capable to predict OSB crushing failure from the util-
isation percentage, and it is able to predict the shape of the panel under different loads. It
also predicts failure of the beams that represent the core, but this should be tested on the real
panel to confirm the findings. The panel does not describe the interface between the core and
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the faces, thus it is unable to predict debonding. The model can successfully show SLS limit
states and some failure modes but not all — debonding being the main mode, and core failure
should be confirmed by tests. The shear failure of the core is predicted already at 0.29 kN/m
which is as low as the panel theory suggests for permanent loading (0.22 kN/m in Table 4.13).
Therefore, it is possible that the model can provide similar results to sandwich panel theory.

The stresses and strains seen in figures 4.20 to 4.24 show a linear distribution. This suggests a
perfect bond between the faces and the core. In the case of the outer face being loaded as seen
in figure 4.24, the inner and outer face both take on the loads and distribute them equally. If
the inner face and the outer face is loaded, the deflection shape still remains as if only the outer
face is loaded, but the distribution of stresses and strains is different. Both of the faces are still
in compression but the most of the loading is taken by the inner face. This is due to the chosen
support conditions, where only the inner face is supported. The stress and strain results suggest
that Karamba3D is able to predict the correct stress and strain results according to what would
be analytically expected. If the outer face is loaded with 91.6 kN, the stress in the inner and
outer faces should be 91.6/(2 % 12 1020) = 3.7M Pa. Figure 4.20 shows that the stresses vary
linearly in the OSB faces between 3.7 MPa and 3.8 MPa. Thus, the stress and strain results
are reliable. However, the characteristic compression resistance in-plane and parallel to the
span direction is 15.4 MPa. This suggests that a failure has not occurred even in the inner face
loaded case where a maximum compression stress of 7.9 MPa is shown. Therefore, only half
of the characteristic compression resistance is used, but according to the utilisation percentage,
the material has failed. These values have been taken in the middle of the panel, but it could
be the case that the stress concentrations are very high near the supports, so the stress values
here are not representing the failure situation.

Table 4.9: Axial loading failure Karamba3D model.

inner face  outer face utilisation of the utilisation of the Displacement

inner face outer face
kN kN Yo Yo mm
Axial 91.6 100 6.3 26.2
Axial 91.6 25 105 3.09
Axial 87.8 23.8 100 2.96
Axial 60.4 30.0 7.9 100 15.9

Table 4.10: Transverse loading failure Karamba3D model.

transverse loading utilisation
kN/m %o

Face tensile failure 6.01 100
Beam failure 0.29 100
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Figure 4.21: Deflections of axial load 87.8 kN and 90.4 kN.
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Figure 4.22: Stresses of axial load 87.8 kN and 90.4 kN (negative is compression and positive is tension).
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Figure 4.23: Strains of axial load 87.8 kN and 90.4 kN (negative is compression and positive is tension).
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Figure 4.25: Outer face loaded deflected Karamba3D  Figure 4.26: Outer face loaded deflected Karamba3D
model isometric. Red signifies compression and blue ~ model side view. Red signifies compression and blue
signifies tension. signifies tension.

4.5.2. RFEM model results

RFEM model was created to have a comparison point for the Karamba3D model. The RFEM
model might be less accurate than the Karamba3D model due to the position of the supports and
due to the definition of the panel layers in one shell-element. The model does predict instability
at 126 kN axial loading, but it is unable to show the different deformation shapes that would
occur in reality. It does give similar results as Timoshenko beam equations and karamba3D
model under transverse loading, but axial loading results are not sufficiently accurate to use
in design — deflection results are mostly smaller than the experimental results or karamba3D
model predicted for axial loads. It does show a trend for a sharper deflection curve towards
the top of the panel as happened for test 1 loading 5, 12 kN on the inner and 6 kN on the outer
face. The transverse loading capacity according to RFEM is almost 0 — the model states that
the structure is unstable already at 0.1 kN/m.

Prediction of stresses and strains was inaccurate under axial loading. This is due to the support
conditions. The transverse loading case stresses have a good accordance with the sandwich
panel theory.
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4.6. Comparison of experimental, analytical and mod-
elling results

This chapter will compare all of the methods used to analyse the SIP behaviour. However,
not all methods are used in each loading case comparison. First, transverse loading will be
analysed where there are no experimental results to be used. After that, two different loading
cases will follow, where all methods are used in the analysis.

4.6.1. Transverse loading

A A
A B

Figure 4.27: Transverse loading schematisation.

Table 4.11: Shear failure of the core.

unit eq.

Characteristic shear resistance Tk 0.04 MPa

Maximum shear angle Yemax 0.018  rad  (4.10)

Critical transverse shear load according to panel theory ¢,,., 143 kN/m (4.8)

Critical transverse shear load according to Timoshenko ¢, 25 kN/m (4.8)

Table 4.12: RFEM and Karamba 65x65 mm deflection results.

Panel theory Timoshenko units

maximum distributed load ¢4 1.43 2.5 kN/m
RFEM w 15.2 26.6 mm  failure warning
Karamba3D 65x65 mm w 15.0 28.2 mm

The transverse loading will be analysed with the analytical calculations, Karamba3D model and
the RFEM model. The comparison is presented in Table 4.13 where according to the maximum
shear angle and the maximum shear resistance, the maximum distributed loads were found
with the Timoshenko beam equations and the panel simplification equations seen in table 4.11.



4.6. Comparison of experimental, analytical and modelling results 76

Then, the maximum q loads were taken according to the Timoshenko beam equations and the
deflections and shear stresses were found for the RFEM and Karamba3D models seen in table
4.13. The loads were applied with the load duration factors. The shear angle was chosen as
the governing failure criteria since it is the weakest failure mode for transverse loading.

Table 4.13 shows that the core will fail earlier than OSB since the permanent maximum dis-
tributed load for the OSB is 8.93 kN/m for service class 2, but the permanent maximum dis-
tributed load for the core is according to the Timoshenko beam equations 0.35 kN/m, but only
0.22 kN/m according to the panel simplification equations. Therefore, the governing failure
method is shear failure of the core under transverse loads. These loads suggest that the panel
in this form is not suitable for roofing nor floors, since the maximum permanent load is much
lower than usually applicable for floors or roofs — around 2 kN /m? permanent load for floors
and 0.5 kN /m? for roofs. They would need a significant amount of stiffening to prevent shear
failure. The solution would be to add through thickness stiffeners.

If we apply the panels as wall panels, then a short-term wind load could be of a maximum
magnitude of g=1.5 kN/m according to Timoshenko equations or according to the panel sim-
plification equations q=0.88 kN/m. These loads are without any safety factors, meaning if
calculations are made then the loads would be multiplied usually by a safety factor of 1.5. The
average wind load expected for a 9 meter tall building in the Netherlands is 1.6 kN/m. There-
fore, the panel might not be strong enough to resist those loads. Additionally, the axial loads
coming from the building itself will already cause stresses and deflections, resulting in a failure
before the 1.6 kN/m average wind load is reached, and causing significant additional deflec-
tions meaning second order effects which would lead the situation more critical. Further, creep
effects from axial loads would already cause additional deflections, meaning the panel would
become unstable earlier than 1.5 kN/m.

The next point of concern would be deflections. Usually, the serviceability limit is between
H/150 to H/300. That would mean a deflection between 10-21.3 mm is allowed, but not nec-
essarily wanted. Another concern rises if the movement for other elements connected to the
panels is acceptable. Under transverse loading, only the instantaneous load would surpass the
serviceability limit state deflection of 21.3 mm. However, if axial loads are applied, the situa-
tion declines faster depending on the amount of the axial load and the transverse load meaning
that the governing design criteria could be the SLS limit instead of the panel failure.

The panel simplification equations predict failure earlier than the Timoshenko beam theory
equations. These values would need to be confirmed by a bending test, to see which method
gives a more accurate prediction. The RFEM model only has a 1.4% difference with the Tim-
oshenko beam equations when comparing deflection values seen in figure 4.34. Additionally,
the shear stresses from RFEM differ only by 0.004 MPa which is 11.8%. The Karamba model
with 65x65 mm beams predicts the deflection result more accurately on higher loads, but for
smaller loads the deflection result differs up to 0.66 mm which is 15.5%. The shear stresses
seen in figures to show that the 1.43 kIN/m load is at the shear resistance limit according to
sandwich panel theory, however, the Karamba3D model is exhibiting only half of the failure
stresses, whereas the RFEM model has slightly higher shear stresses, but overall falls uner the
same magnitude as the Karamba3D model. The load distribution of 2.5 kN/m shows that for
both the Karamba3D model and RFEM model the maximum shear stresses have been reached,
but the sandwich panel theory shows almost twice the maximum shear resistance. These dif-
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Table 4.13: Shear failure under q loads from Timoshenko beam equations.

Medium density fibre board (Steico) shear failure

permanent long medium short instant units ref

shear resistance Tnax 0.006 0.012 0.018 0.025 0.034 MPa 4.2
max shear angle Vmax 0.003 0.006 0.008 0.011 0.015 rad (4.10)

w 3.6 8.3 11.4 15.5 21.8 mm  (3.19)

1) 0.0016 0.0035 0.005 0.007 0.01 rad (3.22)
Timoshenko M 0.45 1.02 141 192 269 kNm (3.21)

Vinax 0.56 1.28 1.76 2.40 3.36 kN (3.20)

9max 0.35 0.8 1.1 1.5 2.1 kN/m

Vinax 0.35 0.70 1.05 1.41 1.93 kN 4.7
Panel simplification

9max 0.22 0.44 0.66 0.88 1.21 kN/m (4.8)

T 0.005 0.011 0.016 0.021 0.03 MPa
RFEM model

W 3.7 8.4 11.6 15.8 22.1 mm

W 4.26 8.77 11.8 15.8 21.8 mm
Karamba3D

T 0.0019 0.0044 0.0061 0.0083 0.012 MPa
OSB/3 shear failure

scl Tae 0.33 0.42 0.58 0.75 0.92 MPa (4.2)
Shear resistance

SC2 Tax 0.25 0.33 0.46 0.58 0.75 MPa (4.2)

scl Ymax 0.007 0.008 0.012 0.015 0.018 rad (4.10)
Shear angle

SC2 Ymax 0.005 0.007  0.009 0.012 0.015 rad (4.10)

scl Viyar 19.04 23.80 33.32 4284 5236 kN 4.7
Max shear force

SC2 Vipax 14.28 19.04 26.18 33.32 42.84 kN 4.7)

scl gmax 11.90 14.88 20.83 26.78 32.73 kN/m (4.8)
Max distributed load

SC2 Gmax 8.93 1190 16.36 20.83 26.78 kN/m (4.8)
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ferences are most likely due to the fact that sandwich panel theory underestimates in this case
the panel resistance and the RFEM and Karamba3D models have good correspondence with
the Timoshenko beam equations.

The bending stress in the cross section of the panel seen in figures 4.28 and 4.29 is found with
the analytical formula for sandwich panels, Karamba3D model and the RFEM model. The core
does not take any bending due to its low strength properties. The inner face is in compression
and the outer face is in tension, analytically anti-symmetric force distribution. The RFEM
model has very good correspondence with the sandwich panel theory, showing only minor
differences. The Karamba3D model is showing significantly larger distribution of stresses in
the faces. The maximum stress is 44% larger than the analytical stress in the face. These results
would need to be confirmed by a bending test.

The panel models are presented in figures 4.32 and 4.33. The deflections from the Timoshenko
beam equations, Karamba3D model and RFEM can be seen in figure 4.34 which all have a good
correspondence with each other.

CS Stress Distribution for q=1.43 kN/m

Bending stress from: 60 1.47 ___-e212
—— Panel theory / ______
RFEM | === =" 1.49
—-@- Karamba 65x65 mm
40
20+
T T T 6 T T T
-1.6 -11 —0.6 —-0.1 0.4 0.9 14
—20 1
=40
) R ———
212g--—-"""1.49 ,/-4 ~60

Figure 4.28: Cross section bending stress distribution under q=1.43 kN/m.
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CS Stress Distribution for g=2.5 kN/m
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Figure 4.29: Cross section bending stress distribution under q=2.5 kN/m.
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Figure 4.30: Cross section shear stress distribution for Figure 4.31: Cross section shear stress distribution for

q=1.43 kN/m.
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, Pz [kN/m]

10 kN/m

Figure 4.32: Karamba3D model under transverse ~ Figure 4.33: RFEM model under transverse
loading. loading.
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Figure 4.34: Deflections of transverse loading under 1.6 kN /m?.

4.6.2. Outer face loaded

This load case is compared with all methods used — shear beam equations, experiment results,
Karamba3D model results and RFEM results. The outer face is loaded with 6 kN. In the
experiment it is two point loads which equal 6 kN but in the models it is assumed to be a
distributed load, so F2=6 kN/m. The RFEM model has centric support conditions instead of
eccentric, therefore the results differ from the other methods used.

The critical angle in the core under which failure occurs assuming permanent loads.

Tor =G *vy (4.28)
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Figure 4.35: Calculation with 6 kN loaded on the outer face

Ter
Ymax = E (4.29)
0.04
Ymax = 55 = 0.018rad (4.30)

Finding the support reactions.

ZMA:O ZMB:O Zz:o 4.31)

F,-d-Fpx-H=0 Fr-d-Fax-H=0 Faz-6=0 (4.32)
6-0.112 6-0.112
FBX:3—2:O.21KN FAX:3—2:O.21kN FAZ:6kN (433)

The support reactions for the RFEM panel are exactly half of what they are supposed to be due
to the location of the supports, which is in the middle of the panel instead of the inner face.
The support reactions of the Karamba model match the hand calculations.
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Largest allowable vertical movement of the outer skin, in regards to the failure of the core in
shear.

Viax = 2 (434)
le
Zmax = Ymax * Ic (4.35)
Zmax = 0.018 * 100 = 1.8mm (4.36)

i

A

Figure 4.36: Loading case 6 kN on the outer face crack formation/failure

Actual shear stress in the core from the load.

F
= — 4.37
T= (4.37)
6000
=———— =0.0018MP 4,
T = 1020 #3200 ~ -O018MPa (4.38)
Actual vertical movement from the 6 kNN load.
.
- — 4.39
$=3 (4.39)
0.0018
=3 = 0.0008rad (4.40)

=@, 4.41)
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z=0.0008 = 100 = 0.084mm (4.42)

Critical shear force on the outer skin of the panel for core shear failure.

Fop=1,%A (4.43)

F,, = 0.04 % 1020 * 3200 = 130.6kN (4.44)

The maximum load bearing capacity of the core under axial loading is 130.6 kN. The applied
load is not close to the critical load, so failure should not happen in the core this way. However,
the deformed shape under the 6 kN on the outer face is anti-symmetric buckling also discussed
earlier under the experiment results analysis. This buckling causes compression and tension
perpendicular to the plane in the core material by the faces of the panel. The experimental
results, which are presented from tests 2, 3 and 5 (Appendix F) in figure 4.41 show an unusual
behaviour after test 2 — test 2 shows the anti-symmetrical wrinkling deformation shape, but
3 and 5 start to resemble more buckling shape 3 of Euler buckling. This suggests a failure,
debonding or stiffness loss in the core which causes the OSB faces to resist the loads separately.
This is supported by the Euler critical buckling loads for only the OSB faces. It is indeed not
a clear third buckling shape, but that could be caused by the composite effect of the sandwich
panel acting partly together. The faces resembling a third deformation in the third buckling
shape suggest that they are resisting the loads as single standing materials. The third buckling
shape load for a single OSB face is the following:

nmlEl 3*ﬂ2*3800*%

L? 32002

Fery058 = =4.8kN (4.45)

The load that is applied to the outer face is 6 kN, and the critical buckling load for the third
shape is 4.8 kN and for the fourth shape is 8.6 kN. Thus it supports the conclusion that the faces
could deform in the third buckling shape and might be taking on the loads as single standing
material. Therefore, there is a loss in the composite effect. If the gamma method were to be
used as for mechanically jointed beams, the gamma factor would then go from 1 to maybe
almost to 0, resisting the loads as separate materials.

As mentioned previously, the core is being compressed and is under tension from the OSB
faces. Therefore, a check for the maximum and minimum area to resist the loads is done.

Tension check for the core material

Fpx
o = 4.46
I Amin (.40
F
Apin = X (447)
ﬁ,CV
210
Apin = —— = 10500mm?* 4.48
0.02 i (448)
Compression check for the core material
F
feer = 25 (4.49)

Amin
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Deflections: Outer Face Loaded with 6 kN. Experiments
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Figure 4.37: Deflections of 6 kN on the outer face experimental results.
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Figure 4.38: Buckling modes 1 to 4.

F
Apin = 2% (4.50)
Ocr
210
Apin = o1 2100mm?> 4.51)

The tension and compression checks were conducted, to see how big should the connecting
area be to support the tensile and compressive loads appearing. So, the more critical case is
the tension, where a minimum area of 10500 mm? is necessary. This means, that over the 1020
mm wide panel a height of at least 10 mm is necessary to distribute the load without failing in
tension for the core.
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Table 4.14: Outer face loaded concluded results.

Xmax Zmax \" gamma

mm mm N rad

0.094 6000 0.00084

Shear beam
Karamba 0.188 0.144 6000 0.00144
RFEM 1.0 0.3

Test rig 0.178

o Py Pz [kN/m]

WM\\\\\\\\\X\ AR IR
Y

Figure 4.39: Outer face loaded Karamba3D model Figure 4.40: Outer face loaded RFEM model
deformed shape. deformed shape.

The vertical movement for the experiment was not measured. Also, the panel was supported
fully from underneath, so realistically, the modelled situation did not exist in the experiment.
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However, the Karamba3D model did predict the shape of the deformed panel for test 2 with
(0.177 — 0.105) /0.105 =) 69% difference for the 65x65 mm beams model seen in figure 4.44.
The top side of the panel was closer in result with (0.188—0.178)/0.105 =) 6% difference in the
deflection result. The RFEM model could not predict the deformed shape due to the supports
placement seen in figure 4.42. By hand, this shape can only be predicted by the wrinkling
equation conditions, but the wrinkling failure will not be the governing case.

Deflections: Outer Face Loaded with 6 kN
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Figure 4.41: Deflections of 6 kN on the outer face.

The strains seen in figure 4.45 show that in the experiment the faces deformed separately, be-
cause the strain distribution is not linear over the cross-section. The RFEM model predicts
very high strains which are almost twice the experimental results. The Karamba3D and RFEM
model outer face strains are very similar to each other, but Karamba3D model also matches
with the inner face inner experimental reading of 0.00006 mm/mm. The outer reading follows
a linear distribution due to the ideal composite action in the model.
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Figure 4.42: Deflections of 6 kN on the outer face - experiments and RFEM.
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Figure 4.43: Deflections of 6 kN on the outer face - Karamba results and test 2.
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Figure 4.45: Strains of 6 kN on the outer face
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4.6.3. Inner and outer face loaded

For the inner and outer face loaded case, two different loads were observed. First, F1=12
kN/m on the inner face and F2=6 kN/m on the outer face, and second, F1=F2=6 kIN/m on both
the inner and outer face which is presented in appendix F. The first loading case is described
by a combination of Timoshenko beam equations and a rod in compression equations with

experimental results and also results from both models. The calculation schematisation is seen
in figure 4.46.
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Figure 4.46: Loading on the inner and outer face.

The test results varied a lot for all of the experiment loading cases seen in figure 4.50, even
though the same panel was tested and no failure was supposed to occur. Nevertheless, the
difference between test 1 and test 5 deflections of 12 kN on the inner and 6 kN on the outer
face vary by 44%. The first test deflections being much higher than the last test deflections
which are the lowest. This can also be caused by the addition of top and bottom beam to
connect the two faces, which would add a significant amount of stiffness to the panel and could
explain the change in deflection results. The peak of the deflection results leans towards the top
of the panel which could indicate a possible local failure position if higher loads are applied.
This is also seen in the RFEM model results and Timoshenko beam equation results seen in
figure 4.52. This would suggest that the RFEM model could possibly predict also the local
failure spot on the panel if it were to occur as predicted visually. However, if the final (5th)
test deflections are observed then the peak leans towards the bottom which can also be seen
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Table 4.15: Inner face loaded with 12 kN and outer face loaded with 6 kN displacements.

mm mim

timoshenko/rod 1.51 0.9

karamba 3.16 0.452
RFEM 2.2 1.2
test rig 3.489

by the Karamba3D results. The Karamba3D model result or peak formation could suggest
that maybe a more accurate prediction can be done for panels with top and bottom beam/plates.
The Timoshenko beam equations do not reach the experimental deflections due to the boundary
conditions. It is not possible to describe behaviour under axial loads, but in this case the load
was applied with an eccentricity into the boundary condition, but should be multiplied by two
to get similar results as the experiment or Karamba3D model. The RFEM model does show the
deflection shape, but does not reach the measured deflections, presumably due to the support
conditions definition. Therefore, if two faces are loaded, an experiment or the Karamba3D
model could predict the deflection results most accurately.

The Karamba3D model iterations had minor differences in the deflection results seen in figure
4.51. The smallest deflection value was predicted by the 10x10 mm beams model. The rest of
the models all showed a 3.15 mm deflection result. This shows that the axial loading case is
not influenced that much by the beam size. The Karamba3D 65x65 mm model corresponded
well with the average experimental result. A comparison is shown in figure 4.53 where the
maximum deflection differs only by 0.12 mm which is 4%. Therefore, the Karamba3D model
has good correspondence with the experimental results.

The strain results seen in figure 4.49 showed a separate behaviour from the faces as for the
previous loading case. The RFEM and Karamba3D model showed a linear distribution, but
the RFEM model suggested a higher strain result than the Karamba3D model. The RFEM
model result was similar to the first test result where a possible creep behaviour might have
occurred, but the Karamba3D model showed a more similar result to all the other experimental
results, especially the inner face strains matched well.
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Figure 4.47: Case 3 Karamba panel. Figure 4.48: Case 3 RFEM model.
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Figure 4.49: Strains of 12 kN on the inner face and 6 kN on the outer face (compression is positive and tension
is negative).
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Figure 4.52: Experiment 3, Timoshenko and RFEM deflections of 12 kN on the inner face and 6 kN on the
outer face.
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Figure 4.53: Experiment 3 and Karamba 65x65 mm deflections of 12 kN on the inner face and 6 kN on the
outer face.

4.7. Conclusions

Based on the tests, models from Karamba3D, RFEM, and analytical results, it can be concluded
that this panel with the combination of the given materials might not be a suitable option for
construction applications. Firstly, looking at the test results, the core is unable to sufficiently
support the faces making them resist the loads as single standing materials (for example when
only the outer face is loaded). Secondly, the shear capacity of this panel is very low due to
the core material properties, which makes it unsuitable for both floor panel or wall panel ap-
plications without significant additional stiffening. The only option to use this combination
of materials in a structural insulated panel would be to add stiffeners which would have to be
through the whole core. However, this would result in a traditional timber frame prefabricated
panel. Therefore, based on the test results, it can be concluded that the Steico medium den-
sity fibre board is not suitable for sandwich panel applications due to its deformability and
tensile/compressive strength properties. If this behaviour did not occur, then a possible option
to increase the shear resistance of the panel could be to make the panel thicker, which would
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give a larger shear area in the transversal direction, and would increase the lever arm between
the two faces resulting in a higher bending stiffness.

The modelling methods could somewhat accurately predict the behaviour of the sandwich
panel. RFEM model provides very good accuracy with transverse loads such as wind loads
on the panel, but does not describe sufficiently the panel behaviour under axial loads. The
developed Karamba3D model accurately predicts the panel faces behaviour under axial and
transverse loading. If the core material behaviour is known through test results, then the core
can be modelled as beams which need to be scaled first and can be used for future panel ver-
ifications. However, the governing situation to know the number of beams accurately is the
transverse loading case, since for the other load cases all models showed a very similar result.
The final version of the Karamba model has 16 beams in the horizontal direction and 49 beams
in the vertical direction with the dimensions of 65x65 mm to represent the Steico medium den-
sity fibre board. The model should be further tested to verify its behaviour when the panel
dimensions are changed, but could be used for further research on sandwich panels.

The experiment results had a lot of variance in them and suggested failure of the core or some
delamination which resulted in the faces to have some composite interaction but mostly the
faces were resisting the loads separately. The experimental results outcome could be improved
by using a regulated testing method for SIPs. Additionally, the lack of knowledge about the
core material properties cause a lot of uncertainty while interpreting the experimental results.



Discussions

5.1. Panel material and experiments

The panel core’s Young’s and shear moduli were unknown and were thus assumed based on
other sandwich panel’s insulation materials. The insulation material has lower strength proper-
ties than other commonly used core materials — tensile strength 0.1 MPa, compressive strength
0.02 MPa, and shear strength 0.04 MPa. The assumed Young’s modulus and shear modulus
fell in the range of other commonly used materials like EPS and PUR - for Steico insulation
board the assumed values were E = 5 MPa and G = 2.2 MPa. However, the behaviour of a
bio-based fibre panel compared to a foam is completely different, suggesting that maybe the
assumptions should have been done based on a different material, but there were also some
tested values for Steico insulation which gave an idea on where the range should be and the
lower end of that range was chosen. There have been studies which tested first the core material
which gives an insight on whether the Steico insulation could be considered for sandwich panel
applications. For example, Santos et al. [46] tested PUR foam properties and found that the E
modulus in tension and compression ranged from 7 to 15 MPa, and the shear modulus G was
3 MPa. Therefore, the shear modulus is very close to the Steico insulation material, but the
modulus of elasticity is in some cases three times higher. The shear strength for PUR is 0.12
MPa [46] which is also three times higher than the shear strength of the Steico insulation board.
Similarly, Yang et al. [53] tested styrofoam under compression which showed 0.35 MPa for
the compression strength under 10% deformation which is 3.5 times higher than Steico, for
tensile strength they measured 0.46 MPa which is 23 times higher than Steico, and for shear
strength 0.13 MPa was measured, which is also 3 times higher as well as the previously dis-
cussed PUR foam. The shear modulus for styrofoam was measured as 4 MPa, and the Young’s
modulus was in the range of 20 to 24 MPa. Therefore, the shear modulus is almost twice as
high as for Steico, and the modulus of elasticity is already 4 to 5 times higher. Rungthonkit [18]
tested EPS, XPS and PUR insualtion materials (Table 2.4), which showed that EPS shear and
Young’s moduli are smaller than the Steico insulation panel values, although with a density of
29 kg/m? the shear modulus is higher than the shear modulus of Steico insulation panel. For
XPS all shear and Young’s moduli were higher — G modulus between 2.9 MPa and 6.2 MPa,
and E modulus between 9.3 MPa and 26 MPa depending on the density of the product. PUR
foam lower density insulation material has very similar properties to the Steico panel — E =
2.9 MPa and G = 2.8 MPa. Higher densities have higher moduli values. However, the biggest
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difference with all of the materials is that the shear strength is at least twice as high as for the
Steico insulation material. The highest case is for PUR foam which has a shear strength 15
times higher than the Steico insulation board. Additionally, foams exhibited densification un-
der loads which increased the shear strength of the panel [46]. The discussed strength values
show that the insulation materials commonly used are at least twice as strong as the applied
Steico insulation material. Therefore, the E and G moduli are not as important in this case, but
the strength properties should be improved. The large difference in the strength properties is
most likely due to the fibres used in the Steico insulation material and how they are bonded
together. They seem to be brittle and therefore have low strength properties. The material
could be improved by either changing the polyurethane resin used to see if other resins provide
a better bond, longer wood fibres could be used to increase the bonding ability of the material
itself, or a more random direction for the fibres could be chosen to homogenise the material
better. All in all, the material needs to be at least twice as strong in tension, compression and
shear. Especially since the flexural stiffness “depends mostly on the core properties” [56].

The core material or the interface bond were the most likely causes for the separate behaviour
of the faces during experiments. When the outer face is loaded, the faces want to behave
separately — the trend is seen even if the inner face is also loaded in addition to the outer face.
However, the separate behaviour occurred already during the first experiment after the inner
face was loaded with 18 kN and no load had been applied to the outer face. This suggests
that the panel was overloaded, but 18 kN is still a very low load considering that the critical
global Euler buckling load is 125 kN. This situation was also observed by Vaidya et al. [52]
where the theoretical Euler critical buckling load was around 3000 kN, but then delamination
occurred at 18 kN. The delamination was also described by Abbasi et al. [9] and Mousa et al.
[45]. This could suggest that a similar phenomenon occurred during the analysed experiment
which was not expected. Vaidya et al. [52] concluded that the delamination occurred due to
the eccentric loading which caused higher shear stresses at the interface. This could suggest
that centric loading could avoid the delamination from occurring, but would need to be further
verified through testing. Mousa et al. [45] elaborates that the delamination occurred “because
the out-of-plane interfacial stress exceeded the core tensile strength”, and in a previous study
Mousa et al. [55] found that delamination occurs with soft core materials under transverse
loading. Therefore, this might still be the failure mode under transverse loading, even if the
delamination is avoided with centric axial loading.

The delamination or lack of bond theory is supported by the loading case where the outer
face is loaded with 6 kN (Figure 4.35). In experiment 2 the expected sinusoidal wrinkling
shape is seen, but for experiments 3 and 5 the faces start to deform in the third Euler buckling
mode which suggests the faces working on their own. This could be caused either by failure
in the core, the core’s deformability and inability to sufficiently support the face or a low bond
between the faces and the core (either delamination or lack of bond from the beginning). The
failure of the core could be suggested based on deflections of experiment 1 where the inner
face was loaded with 6 kN (Figure F.3) in the beginning and end of the experiment. The
deflection results are significantly different from each other. The first measured case shows
how the faces deflect together and with a normal first Euler buckling shape. However, the
second measurement shows how the faces do not deform together, they have an almost 0.4 mm
difference which suggests core tensile failure according to the characteristic strength value of
the core. Showing a significant decrease in the composite action of the panel. However, the



5.1. Panel material and experiments 97

mean value would be attained if the characteristic value is multiplied by 1.65, yielding the limit
to 0.66 mm. Therefore, it can be argued that it is not failure but just the deformable nature of
the core, but in that case the first measurement should have also showed different behaviour of
the faces compared to each other. The last possibilities for the separate behaviour of the faces
could be the delamination discussed earlier or the lack of bond between the faces and the core
from the manufacturing process. This was studied by Jacques et al. [11] where they found
that a bond percentage of less than 60% resulted in a separate behaviour from the faces which
significantly reduced the axial resistance of the panel. Therefore, it could be a possible cause
for the behaviour of the panel, especially when considering the brittleness of the material and
the fibre surface characteristics. If this is the case, a change in the application of the glue should
be made or different glues should be tested to compare the bonding strength and percentage.
Lastly, it could be argued that maybe it is normal for structural insulated panels to have such a
difference in the two faces’ behaviour since insulation materials are deformable, but Pokharel
etal. [51] reported that “there was no relative movement between the core and the faces under
the loading”. Suggesting that the assumption that maybe the movement is normal is not likely.
Thus, the bonding percentage should be investigated.

The adhesive is another unknown factor that was not considered in this research. The assump-
tion was that the adhesive is strong enough that debonding failure could not occur. However,
the test results now suggest otherwise. It has also been suggested in earlier studies that the
adhesive plays an important role when the panel is buckling, and a comment for moisture re-
sistance was made with an addition for the durability over the service life of the panel [18].
Additionally, in some cases, the insulation in the SIP is made up of multiple boards within the
panel, but these disconnected boards should also be glued together, because if not, the panel
strength could be reduced up to 20% [10]. This was not an issue in the panel analysed here,
but should be taken into consideration when larger production quantities are made, and these
kind of situations could occur.

The type of the insulation material also influences the failure mode. Jacques et al. [11] de-
scribed that if the insulation material was a board then the failure was due to the face sheet of
the panel, but if the insulation was blown foam the failure mode was due to core shear. This
could suggest that since the analysed panel has a board insulation that the main failure method
under axial loading would be face crushing. Even though failure tests were not performed,
the experiment results so far would indicate a delamination failure. For quite a few OSB faced
panels, end bearing was the main failure method which was followed by delamination [54]. Ad-
ditionally, the core density influences the panel’s deflections, but will not affect strains in the
panel’s faces [45]. This could suggest that the delamination occurs together with the end bear-
ing failure, since it is possible for multiple failure methods to occur together. Rake [39] stated
that “to prevent coupled instabilities, the compression stresses in the face sheets have to be
lower than the wrinkling load of wrinkling case I — rigid base.” Additionally, the strains in the
face sheets also create higher stresses at the interface resulting in delamination [45].Therefore,
to rule out a double failure mechanism, the wrinkling for rigid base should be calculated.

The deflection graphs started to show a trend where the deflection curve peak tilted to the
bottom or to the top of the panel. This also seems logical if the deflection graphs for the outer
loaded face are investigated which show that there is compression and tension occurring in the
core at the top half and at the bottom half. These results suggest that a local failure might occur
at those spots. Delamination at the top half of the panel was also observed by Vaidya et al. [52].
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Therefore, it is highly likely that if the panel were to be tested for failure, a delamination would
occur at the top half of the panel with a possible OSB bearing failure as dicussed earlier.

An unknown factor in the test set up could also be a possible cause for the separate behaviour
of the faces. Firstly, the same panel was tested multiple times since the loads applied were far
from failure loads and it was not expected to have any form of failure. Second, there were no
regulated test instructions followed, which makes it difficult to know the reliability of the tests
following the first one. Thirdly, the end plates for the panel were applied between the fourth
and the fifth test, which could explain the lower deflection results, since end plates increase
the strength of the panel according to Jacques et al. [11], and additionally cause delamination
between the core and the faces while the end plates were applied. These could also cause addi-
tional human errors which could influence the experiment results. Fourth, the eccentric loading
could have caused the faces to presumably delaminate from the core. Therefore, assuming no
eccentric loading is applied, the separate behaviour of the faces might not occur. This theory
should have to be confirmed through experiments, since there were no failure experiments con-
ducted, and the RFEM and Karamba3D models do not describe the interface delamination. In
order to model that failure mechanism DIANA or ABAQUS could possibly be used. If the
separate behaviour of the faces still occurs with centric loading, then only through-thickness
stiffeners can be used to make the panel suitable for construction. However, in that case the
insulation material will not carry nor transfer any loads, and the panel would not be consid-
ered a sandwich panel anymore, but rather a prefabricated timber frame panel. Fifth, there
could also be an effect from the initial slack which could mean that the whole panel has to still
shift into place. Jacques et al. [11] observed that the initial slack was overcome only after 50
kN loads were exceeded. Lastly, relative humidity could have had a significant effect on the
experiments. OSB is very susceptible to moisture effects, the insulation material is made of
wood fibres making it also susceptible to any moisture, and finally the adhesive needs to be
durable for moisture effects. The moisture content in the air was not measured, and can not be
determined anymore, but the test set up was in a warehouse which was not heated. All of the
points mentioned here can be accounted under uncertainty in the experiment which could have
caused the delamination or the core failure.

The panel in this form is not suitable for use in construction. If the separate behaviour of the
faces is disregarded, then the shear strength of the core will be governing in transverse loading
cases — for the panel simplification equations the distributed transverse load can be maximum
1.43 kN/m, the Karamba3D model predicts maximum utilisation at 2.8 kN/m, RFEM at less
than 0.1 kN/m, and Timoshenko beam equations at 2.5 kN/m. These are too low to take on any
wind loads, hence the shear strength would need to be improved. One method for that would
be increasing the core thickness to add more shear area in transverse direction. This is also
supported by Santos et al. [46] and Jacques et al. [50]. However, this can only be done if the
previously discussed delamination or core deformability is disregarded or does not occur.

5.1.1. Creep

The strain measurements in the experiments suggest that there could be creep occurring. In
these tests, only primary creep could be happening since the experiments are relatively short
(maximum 17 minutes). The strains increased under the same loads within the same experi-
ments. However, the creep coefficient was not big enough to explain the whole increase in
deflections and strains. This suggests that permanent deformations could have occurred in the
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faces, although the loads were not as high as to cause any failure. Creep behaviour for sand-
wich panels has been described by multiple earlier researches. Rungthonkit et al. [18] and
Yang et al. [42] all concluded that creep deformations are continuing at a constant rate. Yang
etal. [42] saw a doubling in creep deflections over three months. Mousa et al. [45] and Vaidya
et al. [52] said that there was a permanent deformation of the panel after unloading. However,
Kremani et al. [10] and Rungthonkit et al. [18] stated that the permanent set recovered over
some time, where Rungthonkit [18] stated that the speed of recovery is slower than the speed
of creep, but only a 87% recovery was measured at the end of the experiment. Additionally,
OSB creep depends on relative humidity and its moisture content [18], and since the insulation
material in this case is also bio-based, there are high chances that this also has a correlation
between relative humidity and creep. The creep should be measured for the whole panel to
extract creep coefficients that would be useful for further design. Rungthonkit [18] found that
the design creep deflections were much higher than the actual creep deflections measured for
a test spanning three months. Therefore, creep does not have a high significance in this thesis,
but should be investigated for long-term load applications.

5.2. Models

5.2.1. Karamba3D model

Now, in addition to ABAQUS, DIANA and many other FEA tools, it can be concluded that
Karamba3D can be “tricked” into successfully predicting the behaviour of a structural insulated
panel. Karamba is a very effective way of modelling and analysing the behaviour of a structural
insulated panel. Eventhough the modelling of layered materials is not possible on Karamba,
the method of using equivalent beams to model the core proved to be relatively accurate in
predicting the global behaviour of the panel if normal core behaviour would have occurred in
the tests (so no separate behaviour by the faces). The Karamba3D model was scaled based on
the Timoshenko beam equations and RFEM panel model. The deflection values for transverse
loading differed from the analytical Timoshenko beam equations by 2 % under higher loads,
but under lower loads the difference increased to 18%, but still showed a larger deflection
result than analytical results, so the design would be on the safer side if the model would be
used. There were some differences where the Karamba3D predicted deflection was smaller
than what was experimentally measured, but this is most likely due to the “ideal” conditions
in the model and the uncertainties in the experiment. It could be argued that the Karamba3D
model is not accurate due to the way the core is defined, and there are no failure tests done to
actually prove the failure results. Additionally, the Timoshenko beam equations used to scale
the model might not be accurately describing the panel, leading to a too low of a deflection
result which would yield the model unfit for use in transverse loading cases. In addition, the
RFEM model which was also used for scaling does not describe the interface between the two
materials, thus can not accurately predict failure, which would make the transverse loading
case even less trustworthy. However, for the axial loading cases the experimental results are
used for comparison. Therefore, it can only be said that the axial load cases can be analysed
with the Karamba3D model with complete certainty, but precision could be added to the model
by testing the panel for transverse loading.

The model’s calculation time increased with the increase of the number of beams used to model
the core. The final version of 65x65 mm beams has a reasonable amount of elements, limiting
the calculation time to a few seconds if changes are made.
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The model could be improved by further trying to scale the beams of the core material. As seen
previously during the calibration process, a bigger beam dimension resulted in a stiffer panel
showing smaller deflections, and a larger width between the beams resulted in a less stiff panel.
In order to additionally adjust the deflection results, maybe a smaller beam dimension could be
used or a smaller mesh size. Presumably, a finer mesh could possibly result in a better match
between the experimental results and the Karamba3D results due to having more calculation
points in the FEA model.

The core material was defined incorrectly for the panel analysis by defining the shear modulus
as 22 MPa due to the units defined by Karamba3D. This material was used for the scaling
process for the main analysis part of this thesis. The magnitude of the shear modulus was
changed for the Karamba3D analysis chapter, but the beam dimensions were kept the same.
This error resulted in showing that the shear modulus has a significant effect on the deflections,
and the modulus of elasticity has a smaller influence on the deflections. This was also stated
by Rungthonkit [18] with an addition that the shear modulus of the core has an even higher
influence on the deflections than the OSB faces. Due to the error in the magnitude of the shear
modulus, the deflection results are larger when the material is defined correctly. Therefore,
an additional scaling should be performed to again describe the behaviour of the panel and to
compare to the experimental results. Although, the method still remains valid and can be used
for further research. Additionally, the correct definition of the core material allowed the model
to also predict core shear failure through the utilisation percentage of the beams representing
the core, but this would need to be confirmed by bending tests.

To accurately describe the failure modes of a SIP, a non-linear analysis should be performed
using another modelling method since karamba3D is not suitable for that purpose. The analysis
that was performed was linear elastic analysis. It can not show any additional densification of
the core material or a local failure in the faces. Smakosz et al. [56] agreed that a linear elastic
approach is not sufficient to describe the failure of a SIP. However, SIPs follow a linear elastic
behaviour up until shortly before failure where a non-linear behaviour is observed which is fast
followed by an abrupt failure [53], [11], [45], [57], [39], [9].

The Karamba3D model could show strain results which matched with the experimentally mea-
sured strain results. However, the biggest difference is that the strain results from the model
were linear, but the strain results for the experiments were often not linear and showed a sep-
arate behaviour by the faces. The interface definition of the Karamba model is the limitation
where a perfect connection is assumed. The connection can transfer all forces — shear, axial,
bending. Although, the connection could be defined as a spring to possibly more accurately
describe the interface conditions. This is worth looking into.

The face’s failure can be predicted since the strain results measured on the test rig matched
with the strain results of the Karamba model. Additionally, the stress results for the faces were
equivalent for what was expected analytically. Thus, it is a very effective method to model
sandwich structures if the core behaviour can be modelled accurately, which in this case was
achieved thanks to test results. Even if test results are not available, then the correct amount
and size of the beams had a significant effect only on the transverse loading cases, making
axially loaded analysis results still valid.

The support conditions were chosen to analytically model the panel. The assumption of the
inner face mainly supporting the full panel and the outer face supporting the inner face was
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made. Therefore only the inner face was supported. The top supporting condition was based
on the real construction situation where the panel has loads coming from the top floor beams
which are applied with an eccentricity since the joist hanger is the more common floor beam
connection system. The floor beams would then provide support in the transverse direction
of the panel. The panels next to the single observed panel would then support the panel from
the sides, restricting any translations and rotations towards the sides. However, the vertical
translations were unrestricted. The bottom had similar conditions with the addition that vertical
movement is restricted due to the foundation. This was only applied to the inner face whereas
in reality the outer face is also supported. This could also be a point where the results could
become even more precise if the outer face was also supported.

The failure load according to the material utilisation for the Karamba3D model was lower than
the Euler buckling load calculated analytically. The more critical case was when the outer
face was loaded. The model would suggest an end bearing failure — OSB bearing failure. End
bearing failure is very common for OSB faced panels [18], [53]. End bearing failure is usually
shortly followed by delamination. The model suggested lower failure value could be due to the
eccentric application of the load. Mousa et al. [48] found that the eccentric failure load was
35% smaller than the Euler buckling load due to eccentricity. In this case the axial failure load
1s 30% smaller than the Euler buckling load. This is only according to the model and should
be further tested on the real panel. The panel can also fail by a combination of failure modes,
but the model is not able to predict that.

Load combinations lower the load bearing capacity of the panel. The rate of decline for the
transverse loading capacity was 8% according to the karamba3D model when an axial load of
6 kN and 12 kN was applied and then the transverse load was analysed for the serviceability
limit state. Rungthonkit [18] observed a similar trend. The bending capacity reduces as an
axial load is applied [57]. Kermani et al. [10] stated that if bending is the dominant loading
case, in combination of axial loads, the panel resistance is overestimated. However, in most
cases the governing factor is the serviceability limit state [18].

Yang et al. [42] found that serviceability limit state was the governing condition when testing
OSB faced sandwich panels for a four point bending test. The panel at the deflection limit was
only using 15% of its resistance, which was also the case for a mini-SIP connection. However,
when a timber connection beam is used, then the utilisation was 20%. This is also the case
with the Karamba3D model. Before a failure can occur, the 21.3 mm serviceability limit is
reached, where the faces use only 19% of their resistance. The axial load for SLS is 74 kN,
and the transverse load for SLS is 1.12 kN/m. These are significantly lower than the failure
loads. Therefore, in general design, if failure modes do not need to be accurately described,
the model can be successfully used in the design process.

5.2.2. RFEM model

As well as the Karamba3D model, the RFEM model can not describe the interface between
the faces and the core. The RFEM model has additional limitations. First is the fact that the
panel is defined by one single shell element and the material is defined within that shell. This
assumes a perfect material as the core which does not describe the faces movement as the
experiments show nor as the karamba3D model exhibits. Additionally, the supports can not be
defined eccentrically as was modelled for the Karamba3D model. this however, should not be
an issue since in the real experiment the whole bottom is supported. Nevertheless, the model is
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not able to show the sinusoidal anti-symmetrical wrinkling shape when the outer face is loaded.
This is most likely due to the top support which is also supporting the whole top part instead
of the inner face only. However, there is a slight trend that the RFEM model shows, which is
where the local failure of the panel could occur in real life due to the eccentric loading. This
is most likely realised due to the eccentric load application.

The axial failure loads were very similar to what the sandwich panel theory predicted — 125
kN. The transverse loading failure case was predicting failure already at 0.1 kN/m. This is
most likely due to the safety factors used in the programme. For the loads, it is still possible
to see how far the actual load value is, but for the material failure it is not possible to see the
characteristic failure values. The model can predict failure through instability warnings but it
does not specify in which material the failure occurred. Similarly to the Karamba3D model,
the RFEM model can not predict local failures nor interface delamination.

5.3. Experiments vs modelling

In the scope of this thesis no failure testing was conducted, therefore it is difficult to conclusively
state if the modelling methods predict a higher resistance than the panel actually would have
experimentally. However, it can be stated that analytical methods did predict a higher resistance
than the models showed. Therefore, it can be said that analytical methods do predict a higher
resistance for this bio-based structural insulated panel than FEM tools predict. This could
suggest that analytical methods do predict higher resistance for SIPs than experimentally occurs.
This was also found by multiple studies by Fathi et al. [17], Smakosz et al. [47], Pokharel et
al. [51] and Kermani et al. [10]. There is a high possibility for coupled instabilities to occur,
but this would also need to be experimentally tested, and multiple analysis methods should be
used [39], [49].

The wrinkling sinusoidal shape is only seen when the outer face is loaded due to the top support
conditions of the karamba3D model and in the case of the experiment, the top inner face was
also supported by the loading beams — holding the inner face in place and not allowing it to
deform outwards or inwards. It would be interesting to change the inner face’s constraints and
then perform tests.

The effect of eccentric and concentric loading should be investigated — how much should the
Euler buckling load be decreased. According to the Karamba3D model, the load bearing ca-
pability is 30% smaller than analytically calculated. Vaidya et al. [52] found that it is 40%
smaller in eccentric loading, and Mousa et al. [48] found it to be 35% lower. Therefore, failure
tests would bring more insights into the topic.

The models can predict the panel behaviour as long as it stays in the linear behaviour. Timo-
shenko beam theory has been found accurate in some cases as well [46] which gives reasonable
credibility to the results, especially considering that the axial loading deflections had a good
correspondence between the Karamba3D model and the experiments.

Rungthonkit [18] had an interesting statement saying “that SIPs have a high degree of capacity
reserve since the design load allowance is well below the onset of failure load”. This probably
is not the case with the panel analysed here. It does seem that the design loads are quite near
to the failure loads, if the behaviour of the panel is observed within this thesis.
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5.4. Additional points
5.4.1. Openings

Openings were not under investigation within this thesis, but they do have an important place
in residential building design. Starting from small openings for outlets and ending with big
window openings. A small outlet can already cause the panel to lose 17% of its resistance
capabilities [11]. The stiffness of the panel reduces and the effective area working in compres-
sion and tension is decreased with any opening leading to an increase in stresses. Therefore, it
is very likely that a face bearing failure occurs on the same line as the opening, although the
design service range is not really affected by the opening [11]. Therefore, it is probably not nec-
essary to strengthen the small openings locally. However, the failure mode might change due
to the presence of an opening — debonding without openings and flexure-shear with openings
[18].

5.4.2. Connections

Connections were also not under investigation in this thesis, but they can have a big influence
on the panel behaviour. There are multiple ways how to construct a panel to panel connection
— mini SIP, small dimensional timber connection and a big dimensional timber connection.
The joint could be a weak point in the structure where water could penetrate through [11].
Additionally, depending on the joint type, it can significantly improve the deflection result —
dimensional timber connections have the best improvement in results [18].

5.4.3. Fire safety

This panel does make a step towards a more sustainable future, however as is the problem with
most bio-based materials, they are very flammable. This issue should be addressed for this
panel. Very often timber is impregnated with fire proof substances, but these make it very hard
to reuse or recycle the same timber material. Therefore, another option could be to cover the
panel from inside and outside, but that would not stop the spread of the fire once it has breached
the fire proof layer.

5.4.4. Regulations development

There are some guidelines on how to design with SIPs. Most commonly used is the Easie
guidelines [35]. There is a big variance in the behaviour of the panel depending on the material
and the difficulty in creating one big code is evident. In some cases the sandwich panel theory
equations are more or less accurate, but mostly for OSB faced panels the equations overestimate
the resistance. Already assigning right creep coeflicients should be done depending on the
material combinations. Additionally, having multiple failure methods which exhibit non-linear
behaviour make the analysis difficult [56].

There are some norms on how to find creep coeflicients or how to test sandwich panels materials.
BS EN 14509 - Cl. A.6.5 for creep coefficients [18]; BS EN 14509 — tension tests and BS EN
12090 — double shear tests [54];

A modelling tool would significantly simplify the design of SIPs [45]. A combination of loads
can not be analysed with the available methods yet [18]. This has been an obstacle in the design
of SIPs where it is difficult to prove the reliability of a product [18], [11].



Conclusions

This thesis analysed and modelled the novel Kingspan Unidek panel behaviour with four dif-
ferent methods. The research questions of interest are brought out below and will be answered
in this conclusions chapter.

Main question

What is the out-of-plane behaviour of the novel Kingspan Unidek bio-based panel
under axial and transverse loading, and how can analytical and numerical methods
be used in the design process?

Subquestions

1. What is the correspondence between experimental and modelling work?
2. To what extent is analysis possible with parametric tools for SIPs?

3. What is the best method to predict structural insulated panel behaviour?

What is the out-of-plane behaviour of the novel Kingspan Unidek bio-based panel under
axial and transverse loading?

The panel exhibits a failure under the experimented axial loads which can most likely be at-
tributed to delamination or a failure of the core. This was unexpected since the global buckling
load was supposed to be governing under axial loading, and no failure was expected to oc-
cur. The analytical global buckling load was 125 kN, which was also confirmed by the RFEM
model results. However, the Karamba3D model only allowed 87.8 kN on the outer face as an
axial load, and 91.6 kN on the inner face while predicting OSB/3 compressive failure. The
experimented axial load under which a probable delamination or core failure occurred was 18
kN on the inner face. This could have been caused by the eccentric load application. This was
concluded based on the observed separate behaviour of the panel faces.

The panel’s deformed shapes are different depending on the application of the axial load — load
on the inner face causes a normal first Euler buckling shape, but if there is already 6 kN applied
to the outer face, the buckling shape turns into an anti-symmetric sinusoidal curve. This is due
to the top support conditions for the experiment.
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Additionally to the experimented axial loads, the analytical calculations showed that the trans-
verse loading case would cause shear failure of the core very early, yielding the panel unsuit-
able for use even for wind loads — panel theory 1.43 kN/m; Timoshenko beam theory 2.5 kN/m;
Karamba3D model 0.29 kN/m; RFEM model <0.1 kN/m. Therefore, the panel is not suitable
for construction purposes due to the core material and the possible delamination. The only
possibility to use this panel would be to significantly improve the core material or to use full-
thickness timber stiffeners that connect the inner and outer faces which would allow the loads
to be transferred without loading the Steico insulation board to avoid damage.

How can analytical and numerical methods be used in the design process?

The Timoshenko beam equations proved useful to describe the transverse loading situation, and
had a good accordance with the RFEM model. The Karamba3D model which was scaled based
on the Timoshenko beam equations successfully described the experimental results albeit with
minor differences. None of the methods describe the delamination failure since none of them
model the interface between core and skin, assuming a perfect bond.

The stresses, strains and deflections can be accurately predicted with the Karamba3D model.
All of the methods describe the linear behaviour and do not show non-linear behaviour nor
failure situations, but they do predict failures based on the utilisation percentage, setting a
constraint, or through instability warnings. The Karamba3D model was most successful in
describing the behaviour of the panel, and could be used for design purposes where mostly
serviceability limit state is governing. The RFEM model is best for transverse loading cases,
but can not predict the behaviour under axial loading. Local failures can not be predicted with
any of the methods.

What is the correspondence between experimental and modelling work?

The developed Karamba3D model successfully described the behaviour of the panel under
both axial and transverse loads compared to the experimental results. This is considering the
experimental results where no big deviations from the mean were observed. The RFEM model
could only show good agreement under transverse loading, and could not predict axial loading
behaviour. Although, it did show some trends towards where a local failure might occur. The
analytical calculations most likely overestimated the load bearing capacity of the panel com-
pared to modelling results, and could not predict local failures. The separate behaviour of the
faces in the experiments was not predicted by any of the methods.

To what extent is analysis possible with Karamba for SIPs?

Karamba3D can successfully describe the structural insulated panel behaviour under axial and
transverse loading. It can predict global failure for both the faces and the core based on the
utilisation percentage of the material. It can show the correct deformed shape and give stress
results which were analytically predicted. It can not predict local failure, nor can it describe the
interface between the faces and the core. Therefore, delamination can not be analysed with this
model. So, this model should be used when the general failure mode is known and preferably
not for failure analysis, but for design purposes on limited stress and strain levels in SLS load
combinations.

What is the best method to predict structural insulated panel behaviour?

The work seen previously suggests that the most accurate panel behaviour prediction can only
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be achieved through experimental results. Experimental work should be carried out at different
scale levels (material characteristics of the separate layers, interface experiments to investigate
the bond, full-scale in- and out-of-plane global behaviour). However, if testing is not possible,
then a good understanding can be given by the Karamba3D model and analytical sandwich
panel theory calculations. Overall, a combination of multiple methods can give a thorough
understanding of the panel behaviour.



Recommendations

7.1. For Kingspan

7.1.1. Panel development

Compared to conventional polymer-based structural insulated panels’ core materials’ strength
properties, the Steico insulation material is quite weak. The panel’s core material should be
improved for tension, compression and shear. The fibres could be made longer to increase
the material strength, the fibre orientation could be made more random to increase material
homogeneity or another resin could be used for the binding agent. In the case that the material
is not improved, only through-thickness stiffeners could be used to use this panel in construction
applications. Alternatively, the stiffeners could be made discrete to reduce the thermal bridge
effect.

A delamination test should be performed. If delamination was the reason for faces’ separate
behaviour then centric loading experiments should be preformed to possibly avoid the delamina-
tion. However, it is difficult to control in real situations to completely avoid eccentric loading.

The panel should be tested for failure to confirm if the analytical calculations accurately predict
the correct failure method for this specific panel, and to further validate the model results.
Additionally, four point bending tests should be performed to observe the shear failure of the
core. If indeed the core does fail under low shear loads, then a thicker core material could be
used to increase the shear resistance of the panel.

Regulated test methods should be used while testing a new panel. Also, two panels were under
the loads, but only one panel was measured — if the second panel were measured as well, there
would be a comparison for the results to confirm whether there was a defect in the panel that
was observed or if similar mechanisms occurred as for the already measured panel.

Second order effects should be tested by conducting a bending test under an axial load, to see
how much the panel load bearing capacity decreases.

Creep tests should be conducted for the whole panel. Additionally to creep, the relative humid-
ity effects on the insulation material as well as for the whole panel’s creep results should be
evaluated.
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Racking loading should be tested only if the panel will not be stiffened with through thickness
stiffeners.

7.1.2. Model development

The Karamba3D panel model can be effectively used to describe the behaviour of the panel.
The panel model should be further scaled with the correct core material, and tested if a smaller
or a larger panel can be successfully described with the same model. Also, if other panels can
be analysed with the same model when dimensions and material properties are changed.

The Karamba3D model should not be used for failure analysis since it does not describe the
interface. For failure analysis, DIANA or other available FEA methods can be used which can
describe local failures, interface strength and eccentric support conditions.

7.2. For further research

7.2.1. Panel development

The effect of the bond percentage (area which is fully glued) between the core and the faces
should be analysed, since it has a significant effect on the load bearing capacity of a SIP. The
bond percentage influences the composite behaviour — if it is low, the faces start to behave
separately.

The delamination effect under eccentric loading should be further explored to have a good
understanding of the mechanism and to have an analytical description.

The effect of load combinations, openings, vibration analysis, and second order analysis should
be further explored - how much does the core influence the results.

7.2.2. Model development

The Karamba3D model showed promising results to use the method to design and analyse other
sandwich panels - easy to build a model, but results visualization and results retrieval can be a
bit difficult. The trickiest part is modelling the core, but if analytical calculations are preformed
then based on them the core can be already modelled within a reasonable error margin. If the
iterations made in this thesis are observed then for axial loading the amount of beams did not
influence the results too much, only in transverse loading, so for wind loads, the amount of
beams is more governing and could cause a big error.

The panel model should be further analysed to see if other SIPs can be analysed and described
by the same model. Additionally, the height and thickness should be changed in the model and
the effect should be investigated to see if scaling the panel would still give accurate results and
still be in correspondence with experimental results.

7.2.3. Regulated guidelines for design

It is difficult to develop a unified code for a composite structure when the range of materials is
wide. There are some patterns for materials that usually bring about the same failure method
— for example blown foam cores or board insulation materials. These patterns would need to
be recognised and grouped. Additionally, the Euler critical buckling load equation should be
modified for eccentric loading or a reduction factor suggested for different panel compositions.
In general, the analytical sandwich panel theory equations overestimated the panel strength,
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and should be reevaluated. This is based on the experimental results and the model results.
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Load on the outer face F=6 kN Maple
output

=> restart;
shear beam
 [units N and mm]

|> with (plots):

[> ODE: =- GAef f *di ff (W(x) , x$2) =0
2
ODE = GAq[f'[sz w(x)) -0 (1)

| > assi gn(dsol ve({ODE}, {W(x)}));

> W =w(Xx):
> V. =Qlef f*di ff(w x):
> w;

Clx+ _C2 2)
>V

GAeff CI A3)

> Gamma;
L r ()
> x:=0: eqgl: =w=0:

> x:=L: eqg2: =V=F:
> Gamma = diff (w, x) :

> assign(sol ve({eql, eq2},{_C1,_C2})); x:=
> w

I
><_

Fx
L GAeff

(O]

L GAeff ©®

I 0 @)
L ®)
L 6.000000000 )

;Panel info:
| > GAeff:=7180800: L:=112: F:=6000: h:=3200:




> plot(—w,x=0..L, title="Deflection w(x)");
Deflection w(x)

20 40 60 80 100

X

—0.01+
—0.02+
—0.03+
—0.04 4
—0.054
—0.067
—0.07-

—0.081

—0.09+

[ > plot(—V,x=0..L, title ="Shear force distribution V(x)");




Shear force distribution V(x)
X

0 20 40 60
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—3000 e

— 40001
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— 70007

— 80001

L —9000-
> plot( —Gamma, x =0..L, title = "Shear angle Gamma(x)");
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Shear angle Gamma(x)
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Load on the outer face F=129 kN Maple
output

=> restart;
shear beam
 [units N and mm]

|> with (plots):

[> ODE: =- GAef f *di ff (W(x) , x$2) =0
2
ODE = GAq[f'[sz w(x)) -0 (1)

| > assi gn(dsol ve({ODE}, {W(x)}));

> W =w(Xx):
> V. =Qlef f*di ff(w x):
> w;

Clx+ _C2 2)
>0

GAeff CI 3)

> Gamma;
L r ()
> x:=0: eqgl: =w=0:

> x:=L: eqg2: =V=F:
> Gamma = diff (w, x) :

> assign(sol ve({eql, eq2},{_C1,_C2})); x:=
> w;

I
><_

Fx
L GAeff

(O]

L GAeff ©®

I 0 @)
L ®)
L 6.000000000 )

;Panel info:
| > GAeff:=7180800: L:=112: F:=6000: h:=3200:




Deflection w(x)

0.02 0.04 0.06 0.08 0.10

X

—0.0005 -+

—0.0010 -+

—0.0015 -+

| —0.0020
> plot(—V,x=0..L, title="Shear force distribution V(x)");




Shear force distribution V(x)
X
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[ > plot(—Gamma, x =0..L, title ="Shear angle Gamma(x)");
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Transverse loading g=2.5 KN/m Maple
output

> restart,

Timoshenko beam

 [units N and mm]

| >

> pri= ET* diff (phi(x), x$2) — GA* (diff (w(x), x) + phi(x)) =0;
2

d d
DVI == EI el ¢(x)j - GA [E w(x) + ¢(x)J =0 @

=> DV2 == GA* (diff (w(x), x$2) + diff (phi(x),x)) =—q;
& d
DV2 = GA (dxz wix) + - (I)(x)j =—q @

:> soll = dsolve({DV1, DV2}, {w(x), phi(x)}) : assign(soll) :
> w= (w(x)); phi == (phi(x));

7C1x3 qx4 7C2x2
W= 6 + 24 Bl + > + C3x+ 4
ClI X qx3 ElI ClI qx
=T T em YT T aa Y ®

;> Gamma = diff (w, x) + phi : kappa = diff (phi, x) :

| > alpha_bending = phi : alpha_shear = diff (w, x) :

;> V= GA* Gamma: M := EI* kappa:

>x=0:eql =w=0:eq2 :=M=0:

L x:=L:eg3=w=0:eq4:=M=0:

| > sol2 = solve({eql, eq2, eq3, eq4}, {_Cl, _C2, _C3, _C4}) : assign(sol2); x =='x".

>
> CI,
_aL
2 EI @
> 2
_ 41
A &)
> 3
qL(GAL* + 12 EI) ©
24 EI GA
> _C4;
0 Q)
_> w;
qu3 qx4 _ qx2 n qL(GAL2+12E1)x ®)

C 12EI 24 EI 2GA 24 EI1 GA




_> phi;

3
_ 49X

gL qL(GAL’+ 12EI)

6 EI

2 GA 24 EI GA
2
qLx  gx
E[[ 2El 2EI]
gL  gx
2 GA GA

G4

> L:=32-1000:¢q :=2.5:El := 293.26-10°: GA = 224.4-103;

GA = 224400.0

_> plot(—w, x=0..L, title ="Deflection w(x)");

Deflection w(x)

®

(10

(11

(12)

0

— 104
— 154
—204

—254

_> plot(—phi, x=0

1000 2000

..L, title ="Bending rotation phi(x)");

3000



Bending rotation phi(x)

0.010 4

0.005 4

1000 2000 3000
—0.005

—0.0104

> plot(—M, x=0..L, title="Moment distribution M(x)");




Moment distribution M(x)

1000 2000 3000

—1. % 10°1

—2. % 10%1

—3.x 10°7

[ > plot(—V,x=0..L, title ="Shear force distribution V(x)");




Shear force distribution V(x)
40001

3000+

20004

1000+

2000 3000
— 1000+

—20004
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—4000-
[ > plot(—Gamma, x =0..L, title = "Shear angle Gamma(x)" );




Shear angle Gamma(x)

2000 3000
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Outer face loaded with F=6 kN Maple
output

> restart,

Timoshenko beam
 [units N and mm]
>

[> DVI = EI* diff (phi(x), x$2) — GA* (diff (w(x), x) + phi(x)) =0;
2

d d
DVI = EI el ¢(x)j — G4 [E w(x) + ¢(x)J =0 @

> DV2i= GA* (diff (w(x), x$2) + diff (phi(x), x)) =0;
& d
DV2:= GA[dxz wx) + oo ¢(x)]—0 @

> soll := dsolve({DV1, DV2}, {w(x), phi(x)}) : assign(soll) :
> w= (w(x)); phi = (phi(x));

1 1
W= g7C1x3+ ?7C2x2+7C3x+7C4
2
Clx EI CI
- = 2 x — — _
0 5 C2x— == C3 A3)

> Gamma := diff (w, x) + phi : kappa := diff (phi, x) :
> alpha_bending = phi : alpha_shear = diff (w, x) :
> V= GA* Gamma: M := E[* kappa:
>x:=0:eql =w=0:eq2 = M=Fe:
x=1L:eq3:=w=0:eq4:=M=0:
> sol2 = solve({eql, eq2, eq3, eq4}, {_Cl, _C2, C3, C4}) :assign(sol2);x :="x".

=>
> (I
Fe
EIL @
> 2
Fe
~ 7 ®)
> 3
LFe
3EI ©
[> ¢4
0 (@)
> w;
Fex’ _ Fex* n LFex ®)
6 EIL 2 EI 3EI
[>



0

2

B Fex n Fex B Fe B L Fe ©)
2FIL El GAL 3EI
Fex Fe
EI(—EIL—FE) (10)
Fe
_ 1t 11
I am$)

> L :=3.2-1000: Fe := 112-6000 : EI := 293.26-10° : GA = 224.4-103;

G4 := 224400.0 (12)

> plot(—w,x=0..L, title="Deflection w(x)");

Deflection w(x)

—0.51

—1.5-

1000 2000 3000

B plot(—phi, x =0..L, title ="Bending rotation phi(x)");



Bending rotation phi(x)

0.003 1

0.002 1

0.001 +

0 - - - - - -
1000 2000 3000
X

> plot(—M, x=0..L, title="Moment distribution M(x)");




Moment distribution M(x)

IOIOO | 2()'00 | 30
— 100000+
— 200000+
— 300000+
— 400000+

— 500000+

— 6000001

[ > plot(—V,x=0..L, title ="Shear force distribution V(x)");




Shear force distribution V(x)
300 -
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240 -
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X

[ > plot(—Gamma, x =0..L, title = "Shear angle Gamma(x)" );
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o —

Inner and outer face loaded F=125 kN
Maple output - vertical displacements

> restart,

Rod in compression
 [units N and mm]

| >
[> DV = EA*diff (u(x), x$2) =0;
d2
DV:=EA(§ u(x)]:o 10
=>

> soll := dsolve({DV?}, {u(x)}) : assign(soll) :
> = (u(x));

u= Clx+ C2 @)

> N:= EA-diff (u,x) :

v

v

>x=0:eql :=u=0:
x=0L:eq2 = N=—F:
> sol2 := solve({eql, eq2}, {_Cl,_C2}) : assign(sol2);x ='x"

[>
> CI,
F
>y @A)
> 2
i 0 @
[>
[ 4 5)
>
Fx
A (6)
_> N;
i —F %)
I ®)

;> L :=3.2-1000: F := 1.02-(125090) : E4 := 5-100-1020 + 3800-24-1020 :
> plot(u, x=0..L, title="Deflection u(x)");




Deflection u(x)

1000 2000 3000

> plot(N, x=0..L, title="Shear force distribution V(x)");




Shear force distribution V(x)
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T 1

Additional experiment results

This chapter has all of the experimental results visualised. It starts with overall graphs for 6 kN
on the inner and outer face deflections and strain results, and 6 kN on the inner face deflections
and strains. After that, results starting from experiment 2 have been brought out in the same
principle as for the analysis of the experimental results. Some of the graph info has been used
in concluding graphs under panel analysis chapter.

The inner and outer face loaded with 6 kN seen in figure F.1 gives very similar trends as to
already analysed loading case where 12 kN in on the inner face and 6 kN on the outer face.
The deflection curve leans towards the top half of the panel suggesting a possible local failure
point. The Karamba3D model encompasses the main experimental results.

The strain results in figure F.2 suggest that RFEM is not capable of predicting the strain results
since the support conditions are different to the Karamba3D model. However, the difference is
not that significant to experimental set up, but most likely the shell-element layered material
definition plays the biggest role in the strain results.

The inner face loaded with 6 kN seen in figure F.3 was compared with experimental results,
Karamba3D and RFEM model results. This load case showed a similar case with the model re-
sults as for previously, where RFEM deflections are not as big as for experimental or Karamba3D
results, but does show a peak towards the top of the panel. This trend is not shown by the
Karamba3D model, but the Karamba3D model does surpass most of the deflection results ex-
cept for test 1 results.

The strain results seen in figure F.4 are this time very similar to the experimental measurements,
showing some agreement between the results. However, the Karamba3D model shows a linear
distribution of strains meaning a full composite action, but the experiments suggest a separate
action from the faces.
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Deflections of 6 kN on inner and outer face

T T
Deflections:

------ Test 1 Outer face beginning

----- Test 1 Inner face beginning

-+ Test 1 Outer face after load removal
Test 1 Inner face after load removal
Test 2 Outer face
Test 2 Inner face

------ Test 3 Outer face

Test 3 Inner face

Test 4 Outer face beginning

Test 4 Inner face beginning

Test 4 Outer face after load removal
Test 4 Inner face after load removal
Test 5 Outer face

Test 5 Inner face

—— Karamba 65x65 mm

Deflections [mm]

0g00

400 800 1200 1600 2000 2400 2800 3200
Panel height [mm]

Figure F.1: 6 kN on inner and outer face deflections
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Strain [mm/mm]
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Figure F.2: 6 kN on inner and outer face strains
Deflections of 6 kN on inner face
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Figure F.3: 6 kN on inner face deflections
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Strain
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Figure F.4: 6 kN on inner face strains
Deflections of test 2, 6 kN on inner face
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Figure F.5: Test 2 6 kN in defl
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Strain
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Figure F.6: Test 2 6 kN in strain
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Strain

Deflections [mm]
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Additional connection type figures

Additional connection types have been brought out here to have a better understanding of the
applications of SIPs.

Continuous sealant Roof shingles
as recommended by Roofing paper

manufacturer \ SIP roof panel _ Fasteners per manufacturer's —
E recommandatlons \ — Ventilated and drained cladding
SIP wall \ [
; \ 4'T’ y
Wood “I" joist / SIP tape at roof panel joints & Double 2x lumber spline — A\ Continuous sealant each side of
required ﬁ SIP tape over interior joint / spline typ. as recommended by
v (optional) 1€2008 Building Science Corporation manufacturer
Figure G.1: Wall continuous connection 3. [44] Figure G.2: Wall continuous connection 2. [44]

, Continuous sealant as
Fasteners per manufacturer’s recommended by manufacturer

recommendations '/— Ventilated and drained cladding

SIP wall
T

Surface spline —7

Continuous sealant each side of

SIP tape over interior joint spline typ. as recommended by
(optional) ©0008 Building Science Corporation  Manufacturer

Figure G.3: Wall continuous connection 4. [44]
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SIP WALL PANEL ~ F FRAMING AS RECOMMENDED BY
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CLADDING

Figure G.4: Roof wall connection 2. [44]
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A 6'0.C. BOTH SIDES
CONTINUOUS SEALANT
AS RECOMMENDED BY
A MANUFACTURER

ROOF-TO-WALL PANEL CONNECTION
DETAIL SHOWN ELSEWHERE

USE NAILS PER MANUFACTURER'S
RECOMMENDATIONS FOR SIZE AND
SPACING.

FASCIA
SOFFIT BOARD
— A

Figure G.6: Roof wall connection 3. [44]
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Figure G.8: Roof edge detail 2. [44]
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Figure G.5: Opening detail TEK system. [43]
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Figure G.7: Roof edge detail 1. [44]
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Figure G.9: Roof top connection. [44]
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Figure G.10: Roof purlin connection TEK
system. [43]
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Figure G.11: Roof beams TEK system. [43]
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Figure G.13: Foundation connection directly on
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Figure G.14: Joist hanger floor connection TEK
system 2. [43]
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Figure G.16: Rim board floor connection TEK
system 1. [43]
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Model of a Residential Building

The preliminary goal of this thesis was to explore the possibility to have a parametric residential
building model for structural insulated panels. This goal was changed due to the behaviour
of the structural insulated panel. Therefore, two methods of creating a parametric building
model were explored without further analysis. The two methods explored were on Grasshopper
karamba3D and Grasshopper Dlubal with a connection to RFEM. To limit the complexity, the
models consist of walls, roof/floor beams and openings.

The first option, Karamba3D, will be explored as a simple building model with a square geom-
etry, one storey high with walls, floor/roof beams, and one opening. Example of the build up
of a SIP building can be seen in figure 1.7. The second option will be Dlubal plug-in where
a more complex model was developed with the same concept. Loads that will be applied are
self-weight, another floor weight, and wind loads. The foundation, roof, and facade are out of
the scope of this thesis. The research question that was posed is the following:

- How can a residential building out of SIPs be modelled with parametric tools?

Different methods were considered since Karamba3D does not allow a layered material to
be used. As seen previously, Karamba3D does predict with a reasonable accuracy the SIP be-
haviour, however building a model with a panel model which already has hundreds of elements
would render the model very slow. Thus, it would be unsuitable for preliminary design choices,
and not accurate enough to provide a final design. Therefore, an equivalent panel model was
suggested based on the panel bending stiffness.

To have a comparison point, and possibly a better/more accurate modelling option, the Dlubal
plug-in is also explored. Since the Dlubal plug-in is connected to RFEM a layered material
selection is possible, however as seen for the panel design, it does not give reliable results under
axial loading.

This chapter will explore two methods on how to create a SIP building model with parametric
tools. The methods to model the material will be discussed and the models will be shown.
First, will be a model created in Karamba3D, and second, will be a model created with Dlubal
plug-in with a connection to RFEM. However, there will be no analysis since the panel that was
investigated is most likely not suitable for load bearing applications according to the analysis
conducted within this thesis.
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Figure H.2: Simple building concept.

H.1. Karamba3D Model

The Karamba3D model has been created by modelling the panels as one single shell-element
to limit the number of elements within the model, and to not cause too long calculation times.
The material has been defined as a user-defined material according to the OSB/3 material. This
is not a real scenario but is an option to explore if this way of modelling could give preliminary
results that could be used in preliminary design choices. The panel has been defined with an
equivalent stiffness through the moment of inertia to match with the bending stiffness of the
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Figure H.3: Karamba simple building geometry.

sandwich panel. The material’s E modulus was defined as 3800 MPa and therefore, a panel
thickness of 97 mm was assumed. This is not a realistic case, but it is to see whether this could
already be a sufficient way of designing with SIPs through a very big simplification and to limit
the number of elements in the model.

D
I=— H.1
z (H.1)
3 tf'[
t=q—— H.2
3 (H.2)

The model consists of panels, one opening, and roof beams. Between each panel, joints have
been defined. It is expected that this could transfer the loads, but most probably the deflection
results will not be close to what would occur in reality. The panel defined here would be much
stiffer. Additionally, the supports that are defined here are not defined with an eccentricity,
although this should mimic the real life situation. The top roof beams are connected through
nodes which have been defined without a bending stiffness in the connection, but with all the
transverse movements restricted. The connections are directly connected to nodes which are
not defined with an eccentricity. This method of modelling is worth looking into, depending
on what is the goal for modelling. Assumingly, failure could not be predicted due to big sim-
plifications, but it might be that this simplification is enough to make preliminary, very robust
design choices if the defined shell-element behaves similarly to the SIP. The modelled structure
can be seen in figures H.3 to H.7.
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H.1. Karamba3D Model

/s 3

\\ \\\\\M\\ .

Figure H.4: Karamba simple building with joints and support conditions 1.
Figure H.5: Karamba simple building with joints and support conditions 2.

Figure H.6: Karamba simple building with joints and support conditions 3.
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Figure H.7: Karamba simple building with all the loads.

H.2. Dlubal Model

The Dlubal model creation is slightly less user friendly. It follows a very clear pathway to
the RFEM interface. It requires the user to number each element and define each elements’
material according to those numbers which makes it significantly more complicated than the
Karamba3D input. The connection between Dlubal and RFEM works well when everything
has been defined correctly. The material can be defined as for the RFEM panel model — in one
single shell-element the materials are defined. This would result in presumably good results
when transverse loads like wind loads are applied. However, the accuracy of axial load transfer
would still need to be further investigated. The suitability for preliminary design options should
be evaluated. The model is seen in figure H.8.

Figure H.8: Grasshopper/Dlubal plug in detailed building for RFEM.

H.3. Additional modelling suggestions

The most accurate method would probably be by applying the developed Karamba3D panel
model for the whole building model. The panel model could be scaled for all different kinds of
SIP material combinations and would be a useful tool. However, the biggest drawback would
be the number of elements created in the model which would slow down the calculation time
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of the whole model, and thus not serving the purpose of having a preliminary design tool.

H.4. How can a residential building out of SIPs be mod-
elled in Grasshopper?

Grasshopper has many plug-ins which all allow a different range of structural analysis. Karamba3D
and Dlubal connection to RFEM were used to model a building to analyse the feasibility of
making a model with Grasshopper for a residential building with structural insulated panels.
Dlubal connection to RFEM is a reliable method since the material can be defined within one
layer, but does not show the behaviour of the faces separtely. However, it is expected to be an
easy method for analysing a building made of SIPs. As previously mentioned, Karamba does
not allow the definition of a layered material, hence an equivalent panel was defined as one
layer to limit the number of elements, but this is expected to show a big error margin in terms
of the real behaviour of a building made of SIPs, because it does not have a deformable layer
in the middle. Third method which was not modelled, but would be the most accurate method
of the three is the application of the panel developed for the analysis of this thesis. However,
the limitation is the number of elements which would be multiplied every time a new panel is
added. This would cause the calculation time to be multiple hours if not days, since the panel
model with 10x10 mm beams needed sometimes around an hour to calculate. Therefore, if the
number of elements gets too large, the whole interface becomes slow, and calculation takes
time.
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