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Abstract 
Sandwich panels produced by Isolamin AB are comprised of a core, such as polyurethane or 

mineral wool that is attached between two steel plates. The problem that the thesis 

attempts to solve is whether a flat profiled sandwich panel of 1mm can withstand loads from 

3-storey modular house. To solve this problem investigation in other forms of buckling 

behaviour will be done. This investigation will be carried out through experimentation, finite 

element modelling and calculations to find resistance values. Ultimately, these results will be 

analysed and examined and prove if the sandwich panel with 1mm steel plate is able to 

withstand a 3-storey modular house.  

  



iii 
 

Symbols and notations 
𝑃 perimeter of modular house   [𝑚] 

𝐴 Area of modular house    [𝑚2] 

𝐴𝐹 Cross sectional area of steel plate   [𝑚2] 

ℎ Height of panel    [𝑚] 

𝑑 Cross sectional length    [𝑚] 

𝑓𝑦 Yield strength of steel plate   [𝑀𝑃𝑎] 

𝐸𝑓 Young modulus of steel     [𝑀𝑃𝑎] 

𝐵𝑆 Bending stiffness of sandwich panel   [𝑘𝑁 ∙ 𝑚2] 

𝐺𝑐 Shear modulus of rockwool   [𝑀𝑃𝑎] 

𝐸𝑐 Elastic modulus of rockwool   [𝑀𝑃𝑎] 

𝐼𝑓 Moment of inertia of steel plate   [𝑚4] 

𝑞𝑑 Designing distributed load    [𝑘𝑁/𝑚2 ] 

𝑞𝑑𝑙  Designing line load    [𝑘𝑁/𝑚] 

𝜎𝑤 Wrinkling stress on the sandwich panel   [𝑀𝑃𝑎] 

𝜎𝐹 Stress on the cross sectional area of steel plate  [𝑀𝑃𝑎] 

𝐾 Reducing factor for the theoretical wrinkling stress  [−] 

𝑒0 Initial deflection    [𝑚𝑚] 

𝑁𝑎𝑥𝑖𝑎𝑙  Axial force on the sandwich panel   [𝑘𝑁] 

𝑁𝑤 Wrinkling axial force    [𝑘𝑁] 

𝑁𝑘𝑖 Bending rigidity of steel plates   [𝑘𝑁] 

𝑁𝐺𝐴 Shear rigidity of core    [𝑘𝑁] 

𝑁𝑐𝑟 Elastic buckling load    [𝑘𝑁] 

𝛼 2nd order amplification factor   [−] 

𝑤𝐼 Deflection of panel 1st order, creeping neglected  [𝑚𝑚] 

𝑤𝐼.𝑡 Deflection of panel 1st order, creeping considered  [𝑚𝑚] 

𝑤𝐼𝐼 Deflection of panel 2nd order, creeping neglected  [𝑚𝑚] 

𝑤𝐼𝐼.𝑡 Deflection of panel 2nd order, creeping considered  [𝑚𝑚] 

𝑁𝐼 Axial force in 1st order    [𝑘𝑁] 
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𝑁𝐼𝐼 Axial force in 2nd order    [𝑘𝑁] 

𝑉𝐼 Shear force in 1st order    [𝑘𝑁] 

𝑉𝐼𝐼 Shear force in 2nd order    [𝑘𝑁] 

𝑉𝐼𝐼.𝑠𝑡 Shear force in 2nd order, short term   [𝑘𝑁] 

𝑉𝐼𝐼.𝑙𝑡 Shear force in 2nd order, long term   [𝑘𝑁] 

𝑀𝐼 Moment in 1st order, creeping neglected  [𝑘𝑁 ∙ 𝑚] 

𝑀𝐼.𝑡 Moment in 1st order, creeping considered  [𝑘𝑁 ∙ 𝑚] 

𝑀𝐼𝐼 Moment in 2nd order, creeping neglected  [𝑘𝑁 ∙ 𝑚] 

𝑀𝐼𝐼.𝑡 Moment in 2nd order, creeping considered  [𝑘𝑁 ∙ 𝑚] 

𝜑𝑡 Creeping coefficient    [−] 

𝜏𝑠𝑡 Shear stress in short term    [𝑘𝑃𝑎] 

𝜏𝑙𝑡 Shear stress in long term    [𝑘𝑃𝑎] 
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1 Introduction 

1.1 Aim  
Over the past years the use of sandwich panels has been favored compared to conventional 

wall panels. A lot of research and iterations have been conducted in this field to provide the 

most effective panel. Due to the complexity of the panels components, theoretical 

calculations have to be complemented with experiments and practical results in order to 

achieve reliable results. The research field of sandwich panels consists of phenomena that 

are unique to the panel only. Previous research done on sandwich panels will be mentioned 

to strengthen our results and derivations. 

To achieve the aim of this research several tests and calculations must be done. Due to the 

complexity of sandwich panels and multi-story structures our aim focuses on a wall panel 

subjected to an axial load. Imperfections that exist will be investigated and how much 2nd 

order theory bending will theoretically increase the load. The panel has different forms of 

failure modes, once one of these failure modes occur the panel will cease to uphold its 

function.  

This thesis specifically focuses on the failure mode in sandwich panels i.e. wrinkling of the 

steel plate. Other failure modes are not investigated and will only be briefly discussed. 

Restricting ourselves to one possible failure mode allows us to investigate the cause of the 

failure. For simplicity purposes, the scope of the thesis is only examining the failure mode 

which occurs from an axial loaded panel. 

1.1.1 Problem statement 

The problem statement that this thesis attempts to solve is to determine whether a 80mm 

wall panel (2x1mm thick steel plate) will be suitable for 3-story module house.  

After a taking into consideration the following assumptions the result obtained will 

determine whether an 80 mm panel with 1 mm steel plates is suitable for a 3-storey modular 

house. The result will be further evaluated with the help of a laboratory experiment as well 

as a finite element analysis. Figure 1, Figure 2 illustrates the problem at hand and for what 

purpose the panels will be used for.  
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Figure 1: Singular modular houses 

 

Figure 2: Illustration of the problem statement i.e. 3-storey module apartment 

The panels that are used in the experiments and FEA models are not the same as in the 

figures 3-4. These figures are merely to give an idea of the problem statement and how 

modular houses look like. 

1.2 Background 
Over the past couple of years, a demand for more housing has risen in Sweden. 

Entrepreneurs and companies have developed an incentive to urgently to meet the demand 

for housing. The most effective solution has been modular housing. Inspired from shipping 

containers, module rooms are accommodations of the size 14m2 built from a series of 
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sandwich panels that are assembled together. One company that has risen to meet this 

demand is Isolamin AB located in Överkalix, Sweden which produces modular room 

comprised of flat profiled sandwich panels. 

 

Figure 3: Light-flat profiled sandwich panels and it’s cross section (Isolamin AB, 2015). 

Figure 1, shows the composition of the sandwich panel and its cross section. The panels are 

pre-fabricated and assembled in the factory forming modular rooms. They are then 

transported and installed at the construction site. It’s common practice stacking modules on 

top of each other and transferring loads to a substructure. Absent the substructure the 

modules must be load bearing and resistant to fire, sound and thermal changes. One of the 

disadvantages with modular housing is that their rectangular shape is esthetically 

displeasing. Therefore, designers must take into consideration the materials used must be 

esthetically pleasing as well as cost-effective. An advantage these sandwich panels have is 

their ability to act as load bearing walls with high resistance to sound, fire and thermal 

changing effects.  Taking this into consideration, over the years designers developed 

different forms of sandwich panels however the most optimal design is by Isolamin AB, see 

Figure 3: Light-flat profiled sandwich panels and it’s cross section.  

1.3 Description of Sandwich Panel 
Flat profiled sandwich panels are light and esthetical compared to conventional profiled 

panels. A sandwich panel is comprised of three parts; two flat steel sheets with rockwool in 

between the steel sheets. Alongside the load bearing properties, the panel offers thermal 

and acoustic resistance. The bonding between the steel plates and core is rather strong and 

as we see later it can withstand a large load. One of the disadvantages of the sandwich panel 

is that opening such as windows, doors effectively weakens it’s bending and shear 
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resistance. No form of design calculation is provided in the European standard EN 14509 to 

calculate the effects of openings in the panel, (Metod Čuk, 2013) therefore it is assumed that 

the panel is not load bearing. This assumption is regarded by reducing the perimeter and 

area of the modular room. 

 

 

Figure 4: Schematics of sandwich panel (Isolamin AB, 2015) 

The steel plates attached to the sides of the panel are slim and stiff. They are weak in-plane 

compression and the thickness of flat steel sheets ranges from 0.7mm – 1mm. The plate is a 

hot-formed galvanized steel. Hot-dip galvanization is the process of zinc coating of steel 

where the iron bonds with the zinc creating a strong protection layer for the steel (American 

Galvanizers Association, 2017). Because of the galvanization of the steel plates they become 

rust resistant and able to be placed in outside environment.     

The core of the sandwich is an insulating core made of out of dense rockwool. Strips of 

rockwool are layered and stacked on of each other. This yields a strong resistance against in-

plane compression if the material remains in-plane with the load. The layers of the rockwool 

make the material slender with a low bending stiffness which explains why two steel plates 

are attached on both sides, see Figure 4: Schematics of sandwich panel. Rockwool is a 

porous material that traps air inside its air pores which is why it acts as a great thermal and 

acoustic insulator. It’s high porosity also makes it an excellent material for fire resistance. 

The material discussed in thesis is a panel with fire resistance of EI60 (Isolamin AB, 2015). 

This being said, the core of the sandwich is susceptible to shear failure which is the designing 

criteria in calculations. 

It is evident from the properties of the components, that each part lacks a crucial property 

for it be to use in the wall. They synergize well due to their material properties i.e. core 

Rockwool 

Adhesive Steel plate 

Steel plate 

Rockwool 
Adhesive 

connection 
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bearing load and plates that make the panel stiff. The components are glued to each other 

and cease to function when the adhesive bond is broken. Due to the synergy and interaction 

of the components the panel is viewed as one entity. How this affects the design calculations 

of the buckling’s will be discussed further in this thesis. 
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3. Literature review 
In the building industry, the steel faces of sandwich panels are used in 3 forms; flat, lightly 

profiled, and profiled as shown in figure below. Tensile and compression are supported 

almost entirely by faces. Flat and lightly profiled faces are not able to tension forces since 

their bending stiffness is negligible. However, profiled faces are able to carry tension forces 

and bending moments.  

 

 

Figure 5: Different forms of sandwich panels (adminstration, 1971) 

3.1 Buckling of flat profile sandwich panels 
The local buckling of sandwich panel is categorized in different groups. Overall buckling 

occurs when the panel is very slender. However, a stiff panel results in localized buckling of 

the panel. Crippling is localized buckling which is occurs at the point of load introductions. 

Another form of buckling is called wrinkling which can occur at the same time as the local 

buckling of the panel, see Figure 5. The calculations in this thesis solely focuses on the 

wrinkling mode. Wrinkling mode is occasionally associated with the natural wavelength of 

buckling since the buckling form resembles a wave, see Figure 6. The wavelength depends 

on the material properties, core- and face thickness of the panel (Fagerberg, 2003). 

Wrinkling is more probable in thin panels and therefore is the dominating designing criteria 

resistance calculations. Figure 7, is an experiment conducted by EASIE, (EASIE, 2011) 

illustrating a common wrinkling failure of panel. The weakness of the design equations is 
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that they are outdated and do not consider the improvements made to material properties 

over the years e.g. Hot-dip galvanization and high-performance steel. (Fagerberg, 2003) 

 

Figure 6: Wrinkling theory of sandwich panel (Mahendran N. P.) 

 

Figure 7: Wrinkling in mid-span (EASIE, 2011) 

Most of design rules are derived from “European Recommendations for Sandwich Panels”  

(Davies, J.M, 2000) for the design of sandwich panels. However, these design criteria are 

derived from a previous research and different methods of approach of deriving the 

wrinkling theory equation. Although the methods of approach are different they yield the 

same result, their differences mainly lie in what assumptions are taken. (Fagerberg, 2003)  

The focus of this study is based on sandwich panels with galvanized steel plates and 

rockwool core it’s behavior with respect to wrinkling and other forms of buckling. However, 

since it is still a sandwich panel it still obeys local buckling and wrinkling theory. When 

subjected to different forms of loading such as gravity, wind, or snow loads the profiled faces 

of sandwich panels are susceptible to elastic local buckling as shown in Figure 9 due to 

compression and/or bending. Figure 9, shows 3D model that is undergoes a linear buckling 

analysis.  
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Figure 8: Local buckling of Sandwich panels & critical b/t ratios of profiled sandwich panels for local buckling (Pokharel, 
2003) 

The conventional design rules for the local buckling phenomenon of sandwich panels utilizes 

the concept of effective width. However, this study focuses on thinner and slender plates 

with non-existent effective width. Three forms of buckling modes can be observed which are 

local buckling of panels, flexural wrinkling of flat profiled faces. Among these buckling forms 

exists a likelihood that mixed mode buckling might occur due to the interaction of local and 

flexural buckling, see Figure 10. Figure 10 is a simulation of mixed mode buckling that 

incorporates two types of buckling forms. Analytical solution exists for the design of flat 

faced sandwich panels, however, design solutions for local buckling of profiled and mixed 

mode buckling sandwich panels are not adequate (Pokharel, 2003).  

 

Figure 9: Local buckling of sandwich panels (Mahendran N. P.) 

Flexural wrinkling failure as seen in Figure 11, is the governing criteria for flat and lightly 

profiled panels and can be addressed successfully by the elastic half-space theoretical 

model. Currently, lightly profiled sandwich panels are also designed by using elastic half-
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space method with simple modification considering pure wrinkling failure (Pokharel, 2003). 

 

Figure 10: Mixed mode buckling of sandwich panels. (Pokharel, 2003) 

 

 

Figure 11: Flexural wrinkling of sandwich panels (Pokharel, 2003) 

To design safe and reliable design equation all these buckling forms will be taken into 

consideration. 

3.2 Derivation of buckling stress through plate theory. 
In the 40’s sandwich panels were originally used mainly aircrafts and researchers Legget and 

Hopkins (Pokharel, 2003) presented the following deflection equation in 1940’s. 

𝑤 = 𝐶 sin
𝜋𝑥

𝑙
sin

𝑛𝜋𝑦

𝑏
 

      

The equation was too conservative and there were many improvements to be made. Years 

later researchers Davies and Hakmi (Pokharel, 2003) presented a more general and stronger 

deflection equation i.e. a double sine series. They manage to mathematically, represent the 

buckling shape of a panel, see Figure 12. 
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Figure 12: Steel plate in compression with core support (Fagerberg, 2003) 

Mathematically, the buckling shape can be represented by a double sine series (Pokharel, 

2003). 

𝑤 = ∑ ∑ 𝑎𝑚𝑛 sin
𝑚𝜋𝑥

𝑎
sin

𝑛𝜋𝑦

𝑏

∞

𝑛=1

∞

𝑚=1

 

Taking into consideration a single term in the x-direction the equation is simplified too 

∑ 𝑎𝑛 sin
𝜋𝑥

𝑎
sin

𝑛𝜋𝑦

𝑏

∞

𝑛=1

 

The evaluation of strain energy in the core can be achieved mainly using 3 different ways. 

 In the first approach Winkler assumption is used. In this assumption, the foundation 

coefficient Cf is considered to have a simple constant value. However, one disadvantage 

from this method is that the shear core is neglected. The 2nd method is utilizing the principle 

of elastic half-space within which all 3 displacements of the panel in 3 different directions 

are included. The 3rd method utilizes the principle of elastic half-space but only the most 

important stress components are included in the analysis and a single displacement function 

is used for the deformation of the core (Pokharel, 2003). 

The 3rd method is termed as “simplified” method (Pokharel, 2003), it is the most 

straightforward derivation and will be chosen approach for the buckling of the sandwich 

panel. How the elastic half-space is through plate theory will not discussed. However, the 

strain energy that is based on the 3rd method will be discussed. 

3.2.1 Simplified method 

Due to the thinness of the plates we are not able to use the conventional calculations 

derived from Eurocode 3. Therefore, we derive the buckling stress by assuming we are 

dealing with a simply supported rectangular thin plate without a buckled shape in the form 

of a double sine curve. We will not go into much detail in how the derivation is calculated 

and will only observe an overview. Simply put, the derivation is the calculation of the total 

potential energy and minimizing this to get the buckling stress. The total potential energy is 

calculated using the following equation where it is expanded by putting in the values of the 

variables.  For a more detailed derivation of the wrinkling stress, see Appendix B. 
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This method utilizes the total potential energy to derive the elastic buckling load. The total 

potential energy of a uniaxial compressed rectangular plate (a x b) which is supported by an 

elastic foundation and being subjected to uniaxial compression, see Figure 12 

Where a is the unknown half wavelength of the buckling mode. To derive the buckling stress 

of a long, uniformly compressed plate, the first term represents the desired buckling mode. 

𝑈𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝑈𝐵 + 𝑈𝐶 − 𝑉 

How each variable is derived will not be explained but focus will be placed on the defining 

equation and its derivation. Details are explained in (Pokharel, 2003).  

Strain energy of the bending in the plate is 

𝑈𝐵 =
𝜋4 + 𝑎𝑏𝐷

8
∑ 𝑎𝑛

2 ∗ (
1

𝑎2
+

𝑛2

𝑏2
) 

The strain energy in the core material can be found as 

𝑈𝐶 =
𝜋𝑎𝑏(1 − 𝑣𝑐) ∗ 𝐸𝑐

4(1 + 𝑣𝑐)(3 − 4 ∗ 𝑣𝑐)
∑ (𝑎𝑛

2√(
1

𝑎2
+

𝑛2

𝑏2
)) 

The work done applied compressive force during buckling is 

𝑉 =
𝜋2𝑝𝑡

8
[
𝑏

𝑎
] ∑ 𝑎𝑛

2 

Substituting the values, we get the following total energy 

𝑈 =
𝜋4 + 𝑎𝑏𝐷

8
∑ 𝑎𝑛

2 ∗ (
1

𝑎2
+

𝑛2

𝑏2
) +

𝜋𝑎𝑏(1 − 𝑣𝑐) ∗ 𝐸𝑐

4(1 + 𝑣𝑐)(3 − 4 ∗ 𝑣𝑐)
∑ (𝑎𝑛

2√(
1

𝑎2
+

𝑛2

𝑏2
)) 

−
𝜋2𝑝𝑡𝑠𝑡𝑒𝑒𝑙

8
(

𝑏

𝑎
) ∑ 𝑎𝑛

2 

From the minimization of the total potential energy Utotal  with respect to the coefficient an  

buckling stress, 𝜎𝑐𝑟 becomes 

𝜎𝑐𝑟 =
𝜋2𝑎2𝐷

𝑡
[

1

𝑎2
+

𝑛2

𝑏2
]

2

+
2𝑎2(1 − 𝑣𝑐)𝐸𝑐

𝜋𝑡(1 + 𝑣𝑐)(3 − 4𝑣𝑐)
[

1

𝑎2
+

𝑛2

𝑏2
]

1/2

 

Introducing 𝛷 =
𝑎

𝑏
, critical buckling stress, 𝜎𝑐𝑟 in the elastic region is simplified to 

𝜎𝑐𝑟 = 𝐾 ∗
𝜋2 ∗ 𝐸𝑓

12 ∗ (1 − 𝑣𝑓)
∗ (

𝑡𝑠

𝑏𝑝
)

2

 

Thin steel faces supported by a thick core which could possibly be rockwool or foam can be 

considered a plate on elastic foundation. A simply supported rectangular plate is subject to 

an applied stress p along two transverse edges. The longitudinal edges of the plate are 



12 
 

assumed to be simply supported. The length of the plate in the x-direction is large compared 

with the width. The critical buckling stress 𝜎𝑐𝑟 of the plate is given by (Mahendran N. P.) 

𝜎𝑐𝑟 = 𝐾 ∗
𝜋2 ∗ 𝐸𝑓

12 ∗ (1 − 𝑣𝑓)
∗ (

𝑡𝑠

𝑏𝑝
)

2

 

The K parameter is the buckling coefficient on the parameter R. This value is derived from a 

theoretical K and is reduced and adjusted to realistic. This buckling coefficient can be used in 

other sandwich profiled panels by modifying the coefficient. The critical buckling stress is 

derived in the end by minimizing the buckling coefficient K with respect to the wavelength 

(EASIE, 2011). 

𝐾 = (
1

𝛷
+ 𝑛2𝛷)

2

+ 𝑅𝛷√(1 + 𝑛2 ∗ 𝛷2) , 𝐾 = √(16 + 7𝑅 + 0.02𝑅2) 

R parameter is the interaction of the core and panel and this interaction is defined by a 

dimension 

𝑅ℎ𝑎𝑙𝑓 =
24(1 − 𝑣𝑓

2) ∗ (1 − 𝑣𝑐) ∗ 𝐸𝑐

𝜋3 ∗ (1 + 𝑣𝑐)(3 − 4 ∗ 𝑣𝑐) ∗ 𝐸𝑓
(

𝑏𝑝

𝑡𝑓
)

3

 

𝑅𝑠𝑖𝑚𝑝𝑙𝑒 =
12(1 − 𝑣𝑓

2)

𝜋3
∗

√(𝐸𝑐 ∗ 𝐺𝑐)

𝐸𝑓
(

𝑏𝑝

𝑡𝑓
)

3

 

The critical buckling stress itself does not provide any satisfactory basis for design however 

we are able to utilize it as a design parameter. It is known that cold-formed steel design the 

width to thickness are large and therefore local buckling is a major design criterion during 

axial compression. As stated before that when buckling occurs it is at a lower stress level 

than the yield stress of steel. This does not necessarily represent the failure of the members. 

(J.Zaras, 2001). Buckling of elements occurs at a lower stress than the yield strength of the 

steel used. However, the elastic buckling of plates with low width-thickness ratio, does not 

represent the failure of the members. Failure will occur at a load higher than the elastic 

buckling load due to plastic buckling. Once elastic buckling load has been reached, members 

can carry additional loads due to the redistribution of internal stresses. This stage is called 

the post-buckling stage of the panel. Post-buckling behavior is important for the optimum 

design of cold-formed steel members and determining how the stresses are redistributed. 

However, in this thesis we will assume that once elastic buckling load has been reached it, 

will represent failure of the panel. 

3.2.2 Flexural wrinkling of flat profiled sandwich panels 

Before the derivation of flexural wrinkling, studies pointed out some of the important issues 

connected with wrinkling stress such as the properties of face and core material. Sandwich 

panels with flat faces were first used by the aerospace industry due its light weight and later 

on the flexural wrinkling was investigated (adminstration, 1971). As shown before, wrinkling 

stress can be developed by treating the core as an elastic half-space. If the width b of the 

thin plate in Figure 13 increases infinitely the sandwich panel with a wide flat face is 

obtained. The buckling stresses of such wide flat-faced sandwich panel can be determined 
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by using the same elastic half-space principle as before in the profiled sandwich panels. 

Thus, flexural wrinkling for flat faces is obtained by deriving the mathematical derivation of 

Figure 13. The derivation is explained in detail in appendix B.2. From this derivation, we 

come to the following wrinkling stress equation. 

 

Figure 13: Wrinkling of a steel plate. (Fagerberg, 2003) 

 

 

 

𝜎𝑤𝑟 = 𝐾(𝐸𝑓𝐸𝑐𝐺𝑐) 

Where K is a numerical constant less than 0.823 and may be determined experimentally for 

a particular product. For practical design, the constant K is a given by a value of 0.65 (EASIE, 

2011). 

Another literature study includes the work of European convention for constructional 

steelwork, ECCS (EASIE, 2011).  Recommendations for design of sandwich panels. It is built 

upon a detailed section of Eurocode 3. The calculations seen in Appendix B are inspired from 

the series of literature of ECCS. As mentioned earlier the derivations of the wrinkling 

resistance of the steel plates are purely theoretical and the ECCS are a simplification of the 

equations with the help of Finite element analysis (FEM) and laboratory experiments. ECCS 

offers conditions and the allowed deflection of the sandwich panel with consideration to 

guidelines from Eurocode. These derivations will later be compared to the laboratory 

experiments conducted and controlled with FEM simulations conducted by ABAQUS CAE 

6.13.  The literature study also involves creep deformations which are a result of long term 

loads such as snow and self-weight loads. Long term loads are considered loads that are 

constantly applying load e.g. snow, self-weight.  The creep deformations are important to 

consider due to the fragility of the sandwich panels. After a considerable time deformations 
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will slowly arise. Creep deformations will only be predicted and will not experimented nor 

simulated with FEM. 

4 Method 
To deduct if the panel can bear loads from 3 –storey apartment our method of approach 

starts from the top of the container apartment. It begins with calculating the qd i.e. the 

designing load following the guidelines from Eurocode 0, (EN1990). Afterwards calculating 

the distributed load that is transferred to the wall panels in the form of a line load. 

Afterwards, stresses and moments are calculated and compared to resistance values. The 

wrinkling resistance is more difficult to calculate and therefore involves different approaches 

to calculating it.  

The results are strengthened in primarily three forms. 

▪ Hand calculations 

▪ FEM analysis 

▪ Laboratory experiment 

In each approach, our goal is to examine the buckling resistance of the panels by loading the 

panels until failure. To achieve this, a laboratory experiment will be conducted as well where 

a simply supported panel will be loaded until failure. In addition to this, a theoretical value 

for the wrinkling of the steel sheet will be derived based upon earlier literature studies. This 

resistance value will be calculated as well through FEM simulations. These 3 methods of 

approach will ultimately produce three wrinkling resistance values. 

Once the wrinkling resistances have been calculated, we attempt to solve the problem 

statement and come to conclusion. Discussions and results will be analyzed so in what way 

improvements could be made and what should be done in future works.  

4.1 Experiment 
In the experiment, a panel of the dimensions like the hand calculations is set up in the 

laboratory. This laboratory was in Isolamin AB, the company which supplied the panel. The 

panel acts as a column and is simply supported on both ends. The experiment simulates a 

real-life scenario where a panel is subjected to a large load. The panel at the ultimate limit 

state will show where and what form of failure form will occur. The purpose of the 

experiment is to investigate the ultimate limit state and compare it to the theoretical 

resistant values. We will also able to see how results will differ from theoretical values 

where assumptions where considered.  

4.1.1 Setup 

The setup of the is described with the help of a series of pictures taken from the experiment. 

The devices attached are called LVDT’s and measure the deflections, see figures below. 
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Figure 14: The bottom of the sandwich panel as well as setup of LVDTs. (Isolamin AB, 2015) 

 

Figure 15: Zoomed-in picture of the roller supports (Isolamin AB, 2015) 

Load cell 
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Figure 16: LVDT 2 that measures the deflection at the surface, bottom part of panel (Isolamin AB, 2015) 

 

Figure 17:LVDT 4  in the middle of panel measuring out of plane deflection (Isolamin AB, 2015) 
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The wall panel was designed with the dimensions equal to the calculations. As discussed in 

the literature study the 1mm steel plates where glued to the panel. The panels were 

screwed on a steel plate which were fastened to a piece of wood. The wood helped to 

transfer the axial load from load cell to the panel in form of a distributed load. This was done 

in both the bottom and top of the panel, see Figure 14. On top of the wooden board sat a 

steel roller. This implies that the panel is simply supported.  In other words, an axial load was 

transferred equally to the panel, see Figure 15. 

A load cell was introduced from the bottom which functioned mechanically with a lever. The 

load cell sat below the panel and on top of another beam. This is crucial when knowing 

where to measure deflection points and place the LVDTs devices. When the load cell applies 

a load the beam underneath is deflected as well as the panel, see Figure 14, Figure 16 and 

Figure 17. The LVDT numbers correspond to graphs in appendix D. 

Once the panel was put into place and the LVDT devices were attached and connected to the 

computer, experiment is initiated. In the short-term test load was applied until the panel 

buckled and eventually failed. 

4.2 Finite element method (FEM) analysis  
The simulation was preformed using the program, ABAQUS CAE 6.13. The simulations will 

attempt to resemble the laboratory experiment as close as possible with minor calibrations. 

A buckling analysis is conducted on the panel through which we obtain our results. The 

advantages of using FEM analysis is that the eigenvalues i.e. the buckling loads will be 

compared to other methods of calculations. This would allow us to conduct parametric 

studies in the future such as calibrating the geometry of the panel and/or material 

properties and still obtain accurate results with ABAQUS. This would mean that it wouldn’t 

be necessary to conduct various real-life experiments. 

4.2.1 Introduction 

To develop an accurate and reliable finite element model that simulates the true behavior of 

sandwich panels, various types of numerical models can be used and analyzed in a finite 

element investigation. A full-scale model is used in the simulation since no parametric study 

is needed to scale the results to real life model.  
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Figure 18: Full-scale model of the sandwich panel discussed in thesis (ABAQUS) 

4.2.2 Elements 

To simulate the actual structural behavior of a flat sandwich panel it is necessary to give 

attention to several considerations. Three parts were created for the model. A thin shell 

element is used for the steel plates, which is capable of modelling local buckling 

deformations and other associated behavior. Local buckling is what measures the ultimate 

limit state of the plate element. In addition to this the thin element must be capable of 

modelling structurally the behavior in linear regions that consists of large displacements, 

elastoplastic deformations and associated plasticity effects. (Pokharel, 2003) 

Shell elements used in ABAQUS generally satisfy these criteria and can be used to model the 

steel plate elements of profiled sandwich panels. The criteria for a thin shell element to be 
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used is that the thickness of the shell is less than 1/15 of a characteristic length on the 

surface of the shell (Pokharel, 2003). A characteristic length is the distance between the 

supports or the wave length of a significant eigenmode (Pokharel, 2003).  

The rockwool core was modelled using 3D solid elements. The element chosen for the 

rockwool has no rotational degrees of freedom and is a hexahedral and isoperimetric in form 

(Metod Čuk, 2013). Hexahedral was the recommended type for the core since there was no 

relative movement between the steel faces and the rockwool core and thus they were 

modelled as a single unit. 

 

Figure 19:Illustration of the elements used along with their respective properties assigned (ABAQUS) 

4.2.3 Material Properties 

Various materials were used for the sandwich panel however the specific materials couldn’t 

be found in the ABAQUS library. Therefore, we put in the material’s mechanical properties 

that exists in ABAQUS such as linear, non-linear, isotropic and anisotropic material models. 

(Pokharel, 2003). For the analysis of this simulation an isotropic material was used for both 

steel plates and rockwool as the core of the panel. (Pokharel, 2003) 
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For the buckling analysis, a linear elastic property was selected and used. Non-linear analysis 

was not simulated since post-buckling is not covered in this thesis. To simulate the real life, 

experiment the actual mechanical properties of the rockwool and steel plates were used.  

The mentioned properties for the rockwool and steel plate are in appendix A and the 

poisson ratio v of steel was assumed to be 0.3.  

4.2.4 Loads and Boundary conditions 

The load was represented as a concentrated point force. The point load was located at the 

top surface of the panel and in the center. The top surface of the sandwich panel was 

constrained to the point of applied load. The model was setup in this way to mimic how the 

experiment was conducted. The point load was the cylindrical load cell that transfers load to 

a wooden plate that uniformly distributes load on the top surface of the panel. 

Much like applying load in the FEM model, the boundary conditions were selected in a 

similar fashion, see table 1. In table 1 we see a detailed description of how the boundary 

conditions were selected.  

Table 1: Boundary conditions for finite element model 

 Top end Bottom bottom 

Axis Translation  Rotation  Translation  Rotation  

X constrained free constrained free 

Y free constrained constrained constrained 

Z constrained constrained constrained constrained 

 

Clearly, the choice of boundary conditions and load is dependent on the experiment and 

what kind of results is expected. This model was a simulation of the experiment conducted 

therefore the boundary conditions and loads were chosen to fit the given scenario, see 

Figure 20 
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Figure 20: Boundary conditions of the panel (ABAQUS) 

4.2.5 Analysis 

The method of analysis used for the simulation of the finite element model and the behavior 

of the local buckling was an elastic buckling analysis. Elastic buckling analysis is a linear 

perturbation analysis used to obtain eigenvalue-buckling estimates. The critical buckling 

stress and buckling were obtained from calculation of eigenvalues. Eigen modes in the 

analysis represent the geometric imperfection shape which is essential for future studies of 

the post-buckling. The ultimate strength of the core and supported steel plate element can 

be determined from this analysis however this thesis does not cover it. To summarize, we 

are only concerned of the elastic linear analysis and the eigen value of eigen mode of one 

which corresponds to the critical buckling load. Eigen mode one is only of interest since it is 

the only probably and realistic outcome. Higher modes are equivalent to more complete 

waves in the panel as it is proven in energy derivation of the buckling load of the panel. This 

is not realistic and not probably therefore these modes are neglected. 

4.2.6 Geometric imperfections  

As it is a simulation we must consider what differences there are between a real-life 

scenario. Assumptions and imperfections which exist make the values of the simulation 

inaccurate. Members always deviate from their original shape and unlikely to have a perfect 

shape. 

Imperfections that exist in the geometric properties however seriously affect the strength 

behavior of the compressed plate element. This has a significant impact on the result and 

give different results depending on the extent of imperfection. The strength of the cold 

plates is highly dependent and affected by these imperfections. This is shown in the shape of 

the eigenmode. The results from the lowest eigenmode closely approximate the most 

influential geometric imperfection i.e. mode one. According to past research no successful 

attempt has been made to characterize imperfections however, in practice magnitude of 
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imperfections are specified in terms of thickness and/or width of the plates (Mahendran N. 

P.). How big the imperfections exist for the steel plates in the experiment and simulation is 

not known and will be assumed to have negligible imperfections.  Tests can be done to figure 

out the imperfections measure the ultimate strength with respect to different thickness.  

4.3 Hand Calculations 
Hand calculations differ from the FEM analysis and the experiment since it considers a 

modular house placed in an outdoor environment. This implies that the sandwich panels in 

hand calculations are exposed to different load types than experiment and FEM analysis. An 

example of this would be sandwich panels being exposed to transverse wind loads that 

cause shear stress and deflections. 

The hand calculations involve the calculations of the load that a panel. The load on panel 

helps to derive stresses that are subjected to the panel. These stresses are later compared 

the ultimate limit state conditions and other resistance values. Moments and forces involved 

are also used to investigate deflections that occur in the panel. Deflections that occur are 

compared to the serviceability limit state and checked if conditions are fulfilled. Results from 

FEM analysis and experiment will help strengthen our hand calculations. 
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5. Result 
The method of approach and the data from the literature review we are able calculate the 

necessary variables needed to solve the problem statement. The results are obtained from 

three different forms of calculations to further strengthen our analysis. With the help and 

guidelines provided by EASIE (EASIE, 2011) and under the framework of Eurocode the 

desirable results are obtained. 

5.1 Hand calculations 

5.1.1 Axial load from distributed load 

From the calculations of appendix, A, we obtain a designing distributed load that is subjected 

to the modular houses. This distributed load is a load that is distributed across the roof of 

the modular house. From the roof of the modular house it is transferred as a line load to the 

sandwich panels. How this is transferred occurs is assumed to be equally transferred to all 

sandwich panels. Figure 21, shows an illustration of how the panels are assembled and 

absence of any external load bearing structures. 

 

Figure 21: Illustration of the assembly of sandwich panel. (EASIE, 2011) 

  

We assume that a centric load is applied in the middle of the wall panel. The forces will be 

transferred to the face sheets. The line load is approximately calculated from the transferred 

distributed load by the formula. 

We calculated our 𝑞𝑑𝑖𝑠𝑡𝑟𝑢𝑏𝑡𝑒𝑑 with the help of guidelines from Eurocode 0 (EN1990). From 

this distributed load, we need to calculate the load that is transferred along the wall panels. 

This is done approximately through the equation 

𝑞𝑑.𝑙𝑖𝑛𝑒 = 𝑞𝑑𝑖𝑠𝑡𝑟𝑢𝑏𝑡𝑒𝑑 ∗ 𝐴𝑟𝑒𝑎/𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 
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As shown in appendix A the designed distributed load was 𝑞𝑑𝑖𝑠𝑡𝑟𝑢𝑏𝑡𝑒𝑑 = 105.86 
𝑘𝑁

𝑚2 

This line load is assumed to be equal among the edges. Therefore, the line load acting on the 

column plate is 

𝑞𝑑𝑙 = 249.3
𝑘𝑁

𝑚
 

Afterwards, the axial load is calculated by assuming there is 0 eccentricity affecting the wall 

panel. As seen in Figure 21, the module house wall is set through a series of wall panels that 

are fastened together. We assume that they act individually meaning that there is no 

interaction with other panels. This assumption allows us to obtain the axial load that affects 

the panel by multiplying the panel breadth. 

𝑁𝑎𝑥𝑖𝑎𝑙 = 𝑞𝑑𝑙 ∗ 𝑏𝑝𝑎𝑛𝑒𝑙 = 49.9 𝑘𝑁 

Once the axial load is calculated the load that the face sheets are subjected to are also 

calculated. Due to the symmetry of the panel we can utilize this symmetry giving us the load 

on each steel sheet. 

 

𝑁𝐹1 = 𝑁𝑎𝑥𝑖𝑎𝑙 ∗
𝐴𝐹1

𝐴𝐹1 + 𝐴𝐹2
= 24.9 𝑘𝑁 

𝑁𝐹2 = 𝑁𝐹1 = 24.9 𝑘𝑁 

Once the axial load of each steel sheet is calculated we can proceed to calculate the stresses 

from the axial loads. 

5.1.2 Stress subjected to sandwich panel 

As discussed in the literature study it is essential to calculate the stresses acting on panel 

since the resistance is given in terms of stress. The formula is derived and presented from 

the literature study. Figure 22, shows are the stress distribution occurs in the panels. Some 

approximations are taken however the simplification allows to calculate the stresses in the 

panel. 
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Figure 22: Actual vs. Approximate stress distribution (EASIE, 2011) 

The stress distribution eventually becomes 

𝜎𝐹1 =
𝑁𝑎𝑥𝑖𝑎𝑙

𝐴𝐹1 + 𝐴𝐹2
= 41,58 𝑀𝑃𝑎 

𝜎𝐹1 = 𝜎𝐹2 

𝜎𝐹1 = 41,58 𝑀𝑃𝑎 

Due to the assumptions taken in the initial calculations the hand calculated stress is an 

approximation 

5.1.3 Buckling resistance stress 

Due to sandwich panel’s unique behavior, buckling of steel sheets in sandwich panels is 

different than normal steel design calculations. Due to the wave shape of their buckling, the 

buckling form is known as wrinkling. This wave form buckling is caused by the slimness of the 

plate. This form of buckling is the ultimate limit state of the sandwich panel and therefore is 

critical in design calculations. 

From the literature study, we realized that there exists a buckling coefficient which 

differentiates theoretical and practical wrinkling resistance. The result of the derivation from 

the literature study, see appendix B, for a buckling coefficient K=0.65 we obtain the wrinkling 

resistance. Usually the wrinkling stress determined by testing is higher than the wrinkling 

stress determined by calculation (EASIE, 2011). 

The theoretical wrinkling resistance  

𝜎𝑤𝑟.𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑒 = 𝐾 ∗ √𝐸𝑐 ∗ 𝐸𝑓 ∗ 𝐺𝑐
3

= 144.4 𝑀𝑃𝑎    𝑤ℎ𝑒𝑟𝑒  𝐾 = 0.852 
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The practical wrinkling resistance that is reduced from theoretical 

𝜎𝑤𝑟.𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑒 = 𝐾 ∗ √𝐸𝑐 ∗ 𝐸𝑓 ∗ 𝐺𝑐
3

= 110.2 𝑀𝑃𝑎    𝑤ℎ𝑒𝑟𝑒  𝐾 = 0.65 

Therefore, for practical reasons we observe and calculate the stiffness of the plates. This is 

slightly different approach and mainly obverses the interaction between steel sheet and the 

core.  Eventually we end up with the following critical load 

𝜎𝑤𝑟.𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑒 = 110.2 𝑀𝑃𝑎 

𝑁𝑤𝑟 = 𝜎𝑤𝑟.𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑒 ∗ (𝐴𝐹1 + 𝐴2) = 132.23 𝑘𝑁 

5.1.4 Slenderness 

In column calculations, the slenderness predicts the probably form of buckling. In the case of 

sandwich panels slenderness calculations determine if local or global buckling will occur. 

Considering a sandwich panel that is uniaxial loaded sandwich panel and assuming no 

imperfections present the panel will buckle according to euler theory (Pokharel, 2003). Due 

to the presence of the core material the interaction between the slenderness of steel plate 

and core needs to be considered. Therefore, the rigidity of the core is also calculated. 

According to (EASIE, 2011), the euler buckling load for a simply supported uniaxial loaded 

panel is defined as 

𝑁𝑘𝑖 =
𝜋2 ∗ 𝐵𝑠

ℎ𝑠𝑖𝑛𝑔𝑙𝑒
2 = 611.98

𝑘𝑁

𝑚
 

And the shear rigidity of the core is 

 𝐺𝐴 = 𝐺𝐶 ∗ 𝐴𝐶 = 273.53 𝑘𝑁 

According to (EASIE, 2011), the total critical buckling load is defined as 

𝑁𝑐𝑟 =
𝑁𝑘𝑖

1 +
𝑁𝑘𝑖

𝐺𝐴

= 189 𝑘𝑁 

Since 𝑁𝑘𝑖is dependent on the length of the beam, an increase in the length of the beam will 

eventually lead to the same rate of change of the elastic buckling load. From the critical load, 

we can calculate the slenderness with the guidelines provided by (EASIE, 2011). 

Slenderness of core 

𝑠𝑙𝑒𝑛𝑑𝑒𝑟𝑛𝑒𝑠𝑠𝐺𝐴 = √
𝑁𝑤

𝐺𝐴
= 0.695 

Slenderness of steel plate 

𝑠𝑙𝑒𝑛𝑑𝑒𝑟𝑛𝑒𝑠𝑠𝑘𝑖 = √
𝑁𝑤

𝑁𝑘𝑖
= 0.465  

Slenderness of sandwich panel is 
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𝑠𝑙𝑒𝑛𝑑𝑒𝑟𝑛𝑒𝑠𝑠𝑡𝑜𝑡𝑎𝑙 = √0.6962 + 1.0412 = 0.836 

From the value of the slenderness we observe that the panel will globally buckle at point of 

failure. 1st buckling mode for a panel with 𝜆𝑆 > 1 we have global buckling of the plate. 1st 

buckling mode for a panel with 𝜆𝑆 < 1 we have local buckling with probable wrinkling. What 

this means is that for global buckling to occur we must have relatively slender and thin 

panel. In this particular case, our slenderness is <1 therefore local buckling will occur. 

5.1.5 Deflections in the sandwich panel according to 1st order theory (creep effects ignored) 

The wrinkling resistance is important as it is considered the ultimate limit state of the 

sandwich panel. Service limit states are also calculated and this is done through calculating 

the deflections that occur in the panel. When calculating the deflections, it is important to 

realize that both 2nd order moments and creeping effects increase the deflections. Creeping 

is a phenomenon that describes the gradual increase in deflection over time of a column 

that is subjected to a constant load. As we observed before the axial load comprises of two 

loads that affect the panel at various time intervals. For creeping self-weight load and snow 

load are what causes creeping as they are long term loads. However, this will be calculated 

later on and for initial calculations forces and moments that result in deflections are 

calculated.  

Distance from the center of the steel plate to the point of axial load assuming the load is 

applied at the center. 

𝑒∗ = 0 𝑚𝑚 

The axial load is introduced from the roof and load is usually introduced onto one face sheet 

only due to assembly of the modular houses. This axial load is assumed to be applied at the 

center of the wall panel. This in turn causes end moments which eventually result in 

deflections. The line load has been calculated we categorize the axial load and calculate the 

deflection caused by each load type.  

Due geometrical imperfection that exists an initial deflection e0 is assumed. The initial 

deflection and different types of axial loads results in deflection and thus will be calculated. 

Line loads due to initial deflections is calculated for each load 

Line load for initial deflections for snow loads 

𝑞𝑒0.𝑆 = 8 ∗
𝑁𝑆 ∗ 𝑒0

ℎ𝑠𝑖𝑛𝑔𝑙𝑒
2 

Line load for initial deflections for self-weight loads 

𝑞𝑒0.𝐺 = 8 ∗
𝑁𝑆 ∗ 𝑒0

ℎ𝑠𝑖𝑛𝑔𝑙𝑒
2 

Ultimately the total deflection is calculated through the following summation 

𝑤𝐼 = 𝑤𝐼.𝑔 + 𝑤𝐼.𝑠 + 𝑤∆𝑇 
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5.1.6 Stresses and resultant stresses according to 1st order theory (creep neglected) 

The moments and that are caused by axial forces are calculated by the following summation. 

Creep effects are not calculated. 

Sum of all moments caused by each axial load 

𝑀𝐼 = 𝑀𝐼.∆𝑇 + 𝑀𝐼.𝑆 + 𝑀𝐼.𝐺 

Sum of shear force caused by each axial load 

𝑉𝐼 = 𝑉𝐼.∆𝑇 + 𝑉𝐼.𝑆 + 𝑉𝐼.𝐺 

How each shear force is calculated is explained further in detail in appendix B. 

5.1.7 Stresses and resultant stresses according to 2nd order theory (creep neglected) 

According to the 2nd order theory we moments and forces are amplified by a known factor. 

The amplification factor is calculated below; 

 

𝛼2𝑛𝑑 =
1

1 −
𝑁𝑎𝑥𝑖𝑎𝑙

𝑁𝑐𝑟

= 1.359 

This amplification factor is what converts forces and moments into 2nd order moments and 

forces. Therefore, all our moments and forces must be converted form 1st order to 2nd order. 

Axial force on the panel remains unaffected by the 2nd order theory 

𝑁𝐼𝐼 = 𝑁𝐼 

However, shear force, moment and deflection are all affected and therefore multiplied by the 

amplification factor. 

𝑉𝐼𝐼 = 𝛼2𝑛𝑑 ∗ 𝑉𝐼 

𝑀𝐼𝐼 = 𝛼2𝑛𝑑 ∗ 𝑀𝐼 

𝑤𝐼𝐼 = 𝛼2𝑛𝑑 ∗ 𝑤𝐼 

Since the forces and moments have been calculated with respect to 2nd order theory we are 

able to calculate the stresses and resultant stresses. Shear stress and normal stress in the 

face sheets are determined by the following equations 

Face sheet in tension 

𝜎𝐹1 = −
𝑁𝐼𝐼

𝐴𝐹1
+

𝑀𝐼𝐼

𝑑𝑝 ∗ 𝐴𝐹1
 

Face sheet in compression 

𝜎𝐹2 =
𝑁𝐼𝐼

𝐴𝐹2
+

𝑀𝐼𝐼

𝑑𝑝 ∗ 𝐴𝐹2
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The stresses that are of importance are calculated and cross checked with the resistance 

values and guild lines (EASIE, 2011) to see if they are acceptable. 

5.1.8 Sandwich factor for creep effects. 

As discussed previously apart from the effects of the 2nd order moments. Sandwich panels 

that are loaded by long-term loads like snow and self-weight effect the shear deformations 

of the panel, specifically the core. Due to these deformations, the moments and forces 

increase as well and therefore this must be considered.  

Creep theory involves the use of creep coefficients. These creep coefficients are used for 

long term loads such as snow and self-weight. They are time dependent and with the help of 

testing (EASIE, 2011) a creep coefficient is calculated. 

Creep coefficient snow (t=2000 hours) 

𝜑2000 = 2.4 

Creep coefficient self-weight (t=100 000 hours) 

𝜑100.000 = 7 

The increase of the deflection of the sandwich section of a panel is considered by the 

sandwich creep coefficient 𝜑𝑠𝑡 (EASIE, 2011). 

𝜑𝑠𝑡 =
𝑘

1 + 𝑘
∗ 𝜑𝑡 

Creep factor with respect to each load case 

𝜑𝑆2000 = 1.6 ,    𝜑𝑆100.000 = 4.8 

This is calculated for each load case. Afterwards a sandwich factor k is calculated for the 

ratio between shear part and the bending part of deflection. 

𝑘 =
𝑤𝑣

𝑤𝑏
=

𝐵𝑆

𝐺𝐴
∗ ∫

𝑄�̅�𝑑𝑥

𝑀�̅�𝑑𝑥
 

Ultimately, for the sandwich panel that is considered in this thesis the equation above is 

simplified into 

𝑘 =
𝐵𝑆

𝐺𝐴 ∗ ℎ𝑠𝑖𝑛𝑔𝑙𝑒
2 ∗

48 ∗ 𝑒0

6 ∗ 𝑒∗ + 5 ∗ 𝑒∗
 

For this panel in particular we have sandwich factor k = 2.176 

The sandwich factor k corresponds to the relationship factor between deflection due to 

shear and deflection due to bending. Unlike the creep coefficient the sandwich creep 

coefficient is not a material parameter. It also considers the long-term loads acting on the 

panel. Therefore, it has to be calculated for each single load case. (EASIE, 2011) 
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5.1.9 2nd order deflections in the sandwich panel (creep considered) 

Now that the sandwich factor has been calculated we are able to calculate new moments 

and forces in the 2nd order with respect to creep effects. For the deflection creep effects are 

considered by multiplying the shear parts of the deflections due to long-term loads by 

related creep coefficient 𝜑𝑡 

Deflection of the 2nd moment with respect to creep effects is given by following 

Creep effect considered 

𝒘𝒕
𝑰 = [𝑤𝑏.∆𝑇 + 𝑤𝑠.𝑏.𝑒0 + (𝑤𝑠.𝑣.𝑒0) ∗ (1 + 𝜑𝑆2000) + 𝑤𝑔.𝑏.𝑒0 + (𝑤𝑔.𝑣.𝑒0) ∗ (1 + 𝜑𝑆100.000)] 

Converting to 2nd moment 

𝒘𝒕
𝑰𝑰 = 𝒘𝒕

𝑰 ∗ 𝛼2𝑛𝑑 

It is important to note that it is the deflection caused by shear force that is multiplied by 

creep effect. 

5.1.10 Stresses and resultant stresses in steel plates and core 

For stress resultants bending moment and transverse force the creep effects are considered 

by multiplying the long-term parts of the stress resultants by the related sandwich creep 

coefficient 𝜑𝑠𝑡. Much like 2nd order theory, creep theory axial force is not affected. (EASIE, 

2011). 

𝑁𝒕
𝑰𝑰 = 𝑁𝒕

𝑰 

Bending moment is calculated in similar way as it was calculated for deflections 

𝑀𝒕
𝑰 = 𝑀𝐼.∆𝑇 + 𝑀𝐼.𝑆 ∗ (1 + 𝜑𝑆2000) + 𝑀𝐼.𝐺 ∗ (1 + 𝜑𝑆100.000) 

Converting bending moments affected by creep to 2nd order. 

𝑀𝒕
𝑰𝑰 = 𝑀𝒕

𝑰 ∗ 𝛼2𝑛𝑑 

The shear strength of the core material is time-dependent. Therefore, the shear force is 

divided into short and long-term forces. 

Short term 

𝑉𝐼.𝑠𝑡 = 𝑉𝐼.∆𝑇 

Long term 

𝑉𝐼.𝑙𝑡 = 𝑉𝐼.𝑆 ∗ (1 + 𝜑𝑆2000) + 𝑉𝐼.𝐺 ∗ (1 + 𝜑𝑆100.000) 

Ultimately the summation of the long and short-term forces gives 

𝑉𝐼.𝑑 = 𝑉𝐼.𝑠𝑡 + 𝑉𝐼.𝑙𝑡 

And after converting to 2nd order moment, we obtain the following 

𝑉𝒕
𝑰𝑰 = 𝑉𝐼.𝑑 ∗ 𝛼2𝑛𝑑 
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After calculating the shear force and moments we can calculate the resultant stresses and 

stresses in the face sheets and core. 

Normal stress in the face sheet subjected to compression is calculated 

𝜎𝐹1.𝑡 =
𝑁𝒕

𝑰𝑰

2 ∗ 𝐴𝐹1
+

𝑀𝒕
𝑰𝑰

𝑑𝑝 ∗ 𝐴𝐹1
 

Normal stress in the face sheet subjected to tension is calculated 

𝜎𝐹2.𝑡 = −
𝑁𝒕

𝑰𝑰

2 ∗ 𝐴𝐹1
+

𝑀𝒕
𝑰𝑰

𝑑𝑝 ∗ 𝐴𝐹1
 

Shear stress in the core  

𝜏𝐶.𝑡 =
𝑉𝒕

𝑰𝑰

𝐴𝑐
 

 

5.2 FEM analysis 

5.2.1 Model Geometry, Mesh sizes and Boundary Conditions 

All the sandwich panels tested in the experiments were modelled and analyzed using full-

scale models. A reasonable mesh size was picked since as mesh density increases, the 

accuracy of a FEM increases and yields a more accurate solution. The accuracy of the results 

from the simulation increase by increasing the density of the mesh. In this case the mesh 

size and density were satisfactory in terms of accuracy. The mesh of the panel is seen in 

Figure 23. 
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Figure 23: Mesh of the sandwich panel (ABAQUS) 

Figure 24 shows the model geometry, mesh size and loading pattern along the boundary 

conditions for the full-scale model. The boundary conditions were applied symmetrically 

across the entire surface i.e. the steel and plate and the rockwool core.  
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Figure 24: Assembly of the sandwich panel and constraints (ABAQUS) 

5.2.2 Linear buckling analysis 

Once all the boundary conditions and properties were assigned a linear analysis was 

conducted. The step created used the lanczos solver to calculate the critical load for the 

buckling analysis. The modes (n=1,2…5) represented each possible buckling form. Each mode 

had a corresponding eigenvalue which represented the critical load for that buckling form. 

The eigenvalue of our interest is the lowest mode number i.e. mode 1, since this is the most 

likely buckling form along with the lowest buckling load.   

It is important to note that these simulations are ideal circumstances compared to the actual 

experiment. The advantage of this simulation allows us to calculate the effects imperfections 

and uncertainties that exists from experimentation. In other words, the results from 

experiment and simulation are compared and examined for differences.  Non-linear post-

buckling analysis was not conducted. 
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Figure 25: Linear perturbation of buckling analysis of a sandwich panel (ABAQUS) 

From our FEM analysis, we observe that from Figure 25 that the critical buckling load is equal 

to 434.66 kN. 

5.3 Laboratory experiment 
The laboratory experiment was conducted where the sandwich panels where they were 

produced at the factory Isolamin AB. In order to investigate experimentally the wrinkling 

behavior of lightly profiled sandwich panels, compression tests of light profiled steel plate 

elements supported by a rockwool core was conducted. Flat steel plate elements with the 

required length and width were cut longitudinally from cold-formed steel sheets of known 

and grade and thickness. Figure 26 is a picture of how a panel looks like. 
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Figure 26: Cross section of the sandwich panel produced in Isolamin AB. 

A laboratory experiment was conducted in order to simulate a real life scenario of the 

buckling of a wall panel. The results of the experiment are to serve as a backbone to the 

hand calculations and the FEM analysis. This is because the experiment is as close to realistic 

scenario as possible. A short term and long term test was conducted. The short term test 

caused the panel to undergo the buckling phenomenon where force was applied until it 

buckled. The long term test where a higher load was applied each week to observe the 

extent of creeping and deflection of the panel. Figure 27 shows how the entire panel was 

situated before the test was conducted. 
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Figure 27: Top of the sandwich panel with respect to the bottom (Isolamin AB, 2015) 

5.3.2 Result 

5.3.2.1 Short term 

In the short term test the load cell was mechanically loaded with a lever until the panel 

failed. The panel buckled at 96.1 kN and as observed in Figure 28 The form of buckling 

implies that the panel buckled locally with possible wrinkling failure.  When the panel 

reached ultimate capacity, it did not bear any additional load and gradually the load 

decreased. The local buckling that occurred was a result of failure due to the wrinkling of the 

panel. Since one specimen was tested on we can only base our analysis on this particular 

sandwich panel. 
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Figure 28: The point at which the panel buckles (Isolamin AB, 2015) 

5.3.2.2 Long term 

No long term analysis was done. Due to the complexity of the creep effects and lack of 

research and experimental results in this area it is recommended that experimentation be 

conducted.  
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6 Analysis 
The local buckling that occurred in the experiment differs from what it is predicted from the 

results of calculations. As discussed in the literature study, see appendix B.2, it is evident 

that the panel should deflect in a wave like form. Theoretically speaking the panel should 

globally buckle as it was predicted in the slender calculations. However, this was not the 

case. 

Buckling occurred at the top of the panel far away from the point of load introduction. Local 

buckling occurring implies that there are imperfections in the experiment and eccentricities 

that lower the buckling resistance of the panel. Existing eccentricities implies that the 

normal force is not loaded in the center. Due to this, moment arise that amplify the 

subjected load thus reaching the point of failure quickly. Another problem existed was the 

that the steel plates were reduced since we screwed on 4 pieces of steel to keep the panel 

constrained. These screws reduced the area of the steel plate evidently reduced its buckling 

load capacity. Theoretically, the buckling resistance would be higher however due to 

imperfections this is not the case.  

Graphs in appendix D show the stiffness of the components and how well they synergize 

together. Due to the panels stiffness, it is able to undergo higher load and this is shown from 

the graph in appendix D. There is a steep increase in load to displacement implying that the 

panel is relatively stiff. This is beneficial in modular housing since low deflections makes the 

walls functional and does not exceed the serviceability state. 

6.1 Serviceability limit state 
From the results of each experiment we come to following results. The deflections caused by 

this phenomenon is important to consider since these panels are used as modular houses 

the serviceability limit state needs to be taken into account.  

Table 2: Designing load from hand calculations 

Hand Calculations 

Stress on face sheets Mid panel deflection 

1st order theory (creep effects neglected) 

41.6 𝑀𝑃𝑎 0,7069 𝑚𝑚 
2nd order theory (creep effects neglected) 

41.6 𝑀𝑃𝑎 0.96 𝑚𝑚 
  

1st order theory (creep effects considered) 

85.915 𝑀𝑃𝑎 3.951  𝑚𝑚 
2nd order theory (creep effects considered) 

85.915𝑀𝑃𝑎 5.37 𝑚𝑚 

As it is shown in the table 4 the creep effects affect the stress on the face sheets 

significantly. There is a larger change seen in creep effects for stresses on face sheets and in 

deflection of panel due to creep effects.  
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The creep factor is affected by 3 variables, shear rigidity, flexural rigidity and length of the 

panel. Due to the fact we have a high sandwich factor is due to low shear rigidity and high 

flexural rigidity thus giving a high sandwich creep factor. It’s important to note that creeping 

only occurs due to sustained load over long period of term mostly snow loads, and self-

weight loads. The increase in forces and moments must be taken into factor when 

constructing panels that are meant to function for a long period. However, due to lack of 

research on the creeping phenomena still remain unknown and tests need to be conducted 

to further strengthen the calculations for the serviceability limit state. 

6.2 Ultimate limit state 
In the ultimate limit state, the wrinkling resistance and buckling load are compared. Local 

buckling of steel plate is the point at which the panel fails and this failure for thin steel plates 

is known as “wrinkling”. 

The buckling load from the experiment can be considered the wrinkling resistance. The 

experiment is stopped once the panel fails. The panel does not take any load beyond this 

point and at that moment is called the wrinkling resistance, which is specifically the failure of 

the steel plate. 

Table 3: Real life experimentation on panel 

Experiment – Short term testing 

Buckling load / Wrinkling resistance Mid panel deflection 

96.1 kN ~ 80.0 MPa 1.1 mm 
 

Table 3: Real life experimentation , shows the results from the experiment and Figure 34 

illustrates the force-deflection of the panel. A FE model was also done to simulate the 

buckling of the sandwich panel. The purpose of this FE simulation was to simulate buckling 

similar to the experiment but under ideal conditions. These conditions do not exist in 

practical experiments there the results deviate.  

Table 4: Results from finite element method 

Finite element model – Short term testing 

Buckling load / Wrinkling resistance Mid panel deflection 

434 kN ~ 361.667 MPa - 

 

Table 5: Hand calculated buckling resistance and designing load 

Hand calculations – buckling load Designing load 

Wrinkling resistance 
(simplified) 

Wrinkling resistance 
(practice) 

Buckling load 

173.2 kN ~ 144.4 MPa 132 kN ~ 110.2 MPa 49.9 kN 

 

From the hand calculations it is shown that the panel has a high resistance towards buckling. 

The FE model shows a different theoretical value due to having a different parametric value 

i.e. young modulus of the rockwool.  However, in our experiment the panel buckled at 96.1 
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kN which is significantly lower than the ideal buckling resistances. This does not imply that 

our calculations our wrong but rather there is a large margin between theoretical resistance 

values and real life values. According to research conducted by Mahendran.M (Mahendran 

M. , 2000) , his research claimed that the design equations of the sandwich panels are too 

conservative i.e. they give a higher value than reality. Design equations are too generalized 

and often perceived to have much higher resistance than in reality. One reason is that the 

derivation of wrinkling resistance does not incorporate the effect of local bending stiffness 

of in-plane stiffness of the sandwich panel. (Mahendran N. P.) 
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7 Discussion 

7.1 Wrinkling resistance 
From the analysis, we realized that there were some significant differences in the results. 

This does not mean that our results are inaccurate but rather that there are uncertainties 

that need to be considered. 

Focusing on the wrinkling resistances we realize that the main difference lies in our 

experiment. The results from the experiment were not as expected, since neither did the 

panel buckle in mid plane but failed at a load lower than expected.  This load occurred far 

from the point of load introduction. In our experiment, the steel plates had their area 

reduced due to screwing bolts to secure the sandwich panel. This would mean that the plate 

would not have the complete surface area compared to other calculations. The buckling at 

the end of the panel makes it evident that buckling occurred due to instabilities. These 

instabilities caused a form of buckling known as crippling to occur. Crippling phenomenon is 

based on the wrinkling stress of the mid plane and an imperfection factor. In the end, the 

wrinkling stress is significantly lowered depending on the quality production of the panel. 

Simulations and hand calculations did not calculate this form of buckling nor did it consider 

the bonding between core and steel plate. However, from Figure 28, there appears to be a 

small form of wrinkling i.e. the core has detached from the steel plate. The wrinkling 

resistances from the FEM and hand calculations are too high compared to the buckling load 

of the experiment and there we cannot state that the panel failed solely due to wrinkling.  

7.2 Problem statement 
The panel did not fail in wrinkling. However, the question whether the sandwich panel is 

applicable in housing remains unanswered. We examine the limit states provided by (EASIE, 

2011) to see if they are fulfilled with respect to resistance values that are calculated. 

The deflections at the serviceability limit state have to be decided after bearing in mind the 

technical and functional requirements of the sandwich panels. Large deflections cause 

potential damage in the joints at the end supports of sandwich panels and in roof panels 

may also cause large permanent, non-recoverable deflections with increased water and ice 

load phenomenon (EASIE, 2011).  Furthermore, deflections may cause stresses in other parts 

of the structure which are in contact with the sandwich panels. The limitations in published 

guidelines and recommendations regarding highest allowable deflections vary in general 

from span/100 to span/200. In the ECCS recommendations (Davies, J.M, 2000), the 

deflection limit of span/100 is recommend, in general for both wall and roof panels (Davies, 

J.M, 2000). The deflections of sandwich wall panels; especially single-span panels are 

increased significantly by the thermal deformations however this is not discussed in this 

thesis. 

The well-known general equations for limit state design can be applied to sandwich panels 

to in order to compare the effects of loads and the corresponding resistances at both the 

serviceability and the ultimate limit states. The partial load factors can be chosen on the 

basis of the general guidelines given for thin-walled metal structures but the choice of 

material factors has to be based on the failure modes which are typical for lightweight 
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sandwich panels and the associated variability of the failure loads. It is important that the 

material and load safety factors given in different guidelines should not be mixed because 

these will have been chosen to give an appropriate global level of safety. 

The serviceability limit state looks at the deflections of the panel. 

Table 6: Serviceability limit state for flat profiled faces sandwich panels. 

Serviceability limit state Design criteria 

Deflection 𝑤𝑚𝑎𝑥 ≥ 𝑤𝑑𝑒𝑠𝑖𝑔𝑛𝑖𝑛𝑔 𝐺𝑐 defined 

 25.5 𝑚𝑚 ≥ 0.7069 𝑚𝑚  
 

According to EASIE the maximum deflection allowed is 

𝑤𝑚𝑎𝑥 =
𝐿

100
= 25.5 𝑚𝑚 

Taken from Eurocode EN 14509 (EASIE, 2011). The serviceability limit state is fulfilled here 

however, the deflections compared to the experiment differ. The experiment was short term 

thus neglecting creeping. The calculations to have a lower deflection calculated than the 

experiment. Even with the calculation of 2nd order moment the deflection did not match the 

value from the experiment. This was because of uncertainties and errors of the experiment. 

i.e. eccentric axial loads that cause high deflections 

For ultimate limit states stresses are observed and compared to their resistance value. 

Table 7: Ultimate limit state for flat profiled faces sandwich panels. 

Ultimate limit state 
elastic analysis (𝑁𝑑, 𝜏𝑐𝑘, 𝑁𝑐𝑘) are maximum values of the stresses and forces caused by the 
characteristic loads based on elastic analysis of single span panels. 

Yielding of face sheet 𝜎𝑑𝑒𝑠𝑖𝑔𝑛 < 𝑓𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 

 103.4 𝑀𝑃𝑎 < 180.442 𝑀𝑃𝑎 

Wrinkling of face sheet 𝜎𝑑𝑒𝑠𝑖𝑔𝑛 < 𝜎𝑤𝑟𝑖𝑛𝑘𝑙𝑖𝑛𝑔 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

Shear failure of core 𝜏𝑑𝑒𝑠𝑖𝑔𝑛 < 𝜏 𝑟𝑒𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

33.171 𝑘𝑃𝑎 < 2 𝑀𝑃𝑎 
 

Relaying back to the problem statement in the thesis a designing load was calculated. The 

designing load of 49.57 kN which is lower than all 3 buckling resistance values. 

𝑁𝑑𝑒𝑠𝑖𝑔𝑛

𝑁𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡
≔

49.57𝑘𝑁

96.1𝑘𝑁
≈ 51.6% 

A utilization rate of 51.6% is acceptable. The serviceability and ultimate limit states are 

fulfilled as well. This would imply that the sandwich panel will not fail due to wrinkling. 

Also from the lambda value calculated we are able to predict the form of buckling that will 

occur based on the panels slenderness. From the hand calculations, it was proven that the 

panel had a lambda value λ𝑠𝑙𝑒𝑛𝑑𝑒𝑟 = 1.2 > 1a. This implies that the panel would buckle 
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globally however, it buckled locally. This would entail that another form of buckling occurred 

due to uncertainties that exist. In practical situations, this is more ideal to have as a 

designing criteria since deflections tell us if the panel is about to fail. In the experiment, the 

failure occurred suddenly without any visual signs of fail which is unfavorable. 

8 Conclusion 
To conclude, from the design guidelines for sandwich panels (EASIE, 2011), it’s evident that 

finite element analysis is in good agreement with Eurocode 3, there is high accuracy 

between these two methods of calculations. The result of FE value is higher due to using a 

higher young modulus for rockwool. In order words, the wrinkling resistance can be 

predicted using properties Ef, Gc and Ec and reduction factor K is acceptable as it closely 

matches the results from FEM. However, the results did not coincide with our 

experimentation where we achieved local buckling with simultaneous wrinkling. 

The instabilities in the sandwich panel caused the panel to fail promptly close to point of 

load introduction. This type of behavior is due to the panel’s instabilities. These instabilities 

were not taken into consideration and since the failure load did not surpass the resistance 

values, we deduct that instabilities in the panel caused the failure. The form of failure of the 

sandwich panel can come in different forms however, we can only draw a conclusion on the 

resistance towards wrinkling resistance. The experiment showed that in practical situations 

the panel would fail at a lower load than calculated to due to imperfections that exists within 

the plate.  

From this conclusion, we revert back to the problem statement of the thesis. The sandwich 

panel of 1 mm can withstand the designing loads from a three storey modular apartment. 

Our analysis proves that conditions from both serviceability and ultimate limit state with 

respect to resistance values calculated are fulfilled. This also raises questions in regards to 

the behavior of the sandwich panels when exposed to other forms of loads.  Transverse 

loads and the presence of load eccentricities would entail different forms of sandwich panel 

failures e.g. shear failure of core. Despite this, and under circumstances of the sandwich 

panel during experimentation we are able state that the panel will not fail due to wrinkling 

but there is risk for local buckling close to the point of load introduction.  

9 Future work  
Due to sandwich panels are becoming more abundant they will most likely be the standard 

for the construction of modular housing due to their cost effectiveness. This would imply 

that more research and improvements could be done on the composite material. Some 

suggestions for improvement in future work would be: 

• Under realistic conditions the sandwich panels are introduced to different kinds of 

loads and seldom uniaxial loads. Investigations need to be done on what design 

criteria are of importance with respect to each form of installation. A 2 span panel 

that is loaded by the steel plate will fail differently compared to a transversely loaded 

panel.  
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• Due to simplicity purposes, we calculated the transfer of distributed load to the wall 

panels using the factor 
𝑃

𝐴
. This calculation could be examined further to see how 

exactly a distributed load is transferred to other wall panels. As seen before the 

modular houses are not one entity but is comprised of many panels that are attached 

together.  

• The sandwich panels are joined and attached at the sides. These joints are also weak 

with respect to transverse loads and therefore prone to displacement. We assumed 

there would be no transverse loads thus no calculation on displacement of sandwich 

panels were done. However, transverse loads cause deflections, shear force and 

displacement between the panels. This would also invite the idea of conducting an 

experiment solely on applying transverse loads to the panel. 

The goal these improvements should allow safer structures to be constructed and make 

these form of sandwich panels the standard panel in the building industry. 
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Appendix A.1 

Raw data 
Raw that data that is gathered from the problem statement given. Additional information 

about the sandwich panels was obtained from (Isolamin AB, 2015). 

Sandwich panel properties 

Panel width  600 mm 

Panel thickness  80 mm 

Density of the panel 26.1 kg/m2 
 

Steel plate properties 

Yield point of steel 225MPa 

Young’s modulus 210 GPa 

Safety factor 1.0 

Steel plate thickness 1 mm 

2nd moment of inertia 91197562500 mm4 

Surface area of steel plate 660 mm2 
 

Rockwool properties 

Ecore 4 MPa 

dcore 78 mm 

Area of core 0.047 m2 

Gcore 5.8 MPa 

Density 180 kgm-3 (0.141 kNm-1) 
 

Module (singular) 

Width (B) 2355 mm 

Length (L) 4720 mm 

Height (H) 2550 mm 
 

Module (storey) 

Width (B) 2355 mm 

Length (L) 4720 mm 

Height (H) 8130 mm 
 

We have the necessary parameters to begin calculating the designing load. The design load 

includes the load from snow, dead and wind. We use eurocode 0 (EN1990) to find the 

maximum design load. We begin with calculating the axial wind load. 
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Snow load 

According to BFS 2010:3, since we have a flat roof we get the following values. 

The calculation of the snow load is given by the following formula 

𝑆𝑑 = 𝑆𝑘 ∗ 𝐶𝑒 ∗ 𝐶𝑡 ∗ 𝜇𝑖 

The characteristic value of snow is taken from (Isaksson, 2010). The building built in Luleå 

gives a characteristic snow load of 

𝑆𝑘 = 3 
𝑘𝑁

𝑚2
 

Where the exposure factor and thermal coefficient give a value of 

𝐶𝑒 = 1  ,  𝐶𝑡 = 1 

Being a flat roof the geometric factor is a value of  

𝜇𝑖 = 0.8 

The real snow value that the modular building is subjected to is equal to 

𝑆𝑑 = 3 
𝑘𝑁

𝑚2
 ∗ 1 ∗ 1 ∗ 0.8 = 2.40 

𝑘𝑁

𝑚2
 

Dead load 

The modular house is assumed to be built by sandwich panels of the same dimensions at all 

6 sides. The dead load of one panel is calculated through 

𝜌𝑤𝑜𝑜𝑙 + 𝜌𝑠𝑡𝑒𝑒𝑙 = 6.257 
𝑘𝑁

𝑚2
 

𝑔𝑘.𝑤𝑎𝑙𝑙 = 𝜌𝑤𝑜𝑜𝑙 + 𝜌𝑠𝑡𝑒𝑒𝑙 = 6.257 𝑘𝑃𝑎 

Roof and floor panels are assumed to be made out of the same panel and thus gives us the 

following 

𝑔𝑘.𝑟𝑜𝑜𝑓 = 𝑔𝑘.𝑤𝑎𝑙𝑙  

Therefore, for 1 modular house the dead load will be calculated by calculating the deadload 

of all 6 sides 

𝑔𝑘.𝑚𝑜𝑑𝑢𝑙𝑒 = 𝑔𝑘.𝑤𝑎𝑙𝑙 ∗ 4 + 𝑔𝑘.𝑟𝑜𝑜𝑓 ∗ 2 = 37.8 𝑘𝑁/𝑚2 

We also add a concentrated load for practical reasons. Upon assemmbly there is a chance 

that a worker will go on top of the roof. However since the roof is made up of panels that are 

fastened together, concentrated load will only be distributed across one panel. 

𝑔𝑤𝑜𝑟𝑘𝑒𝑟 =
120𝑘𝑔 ∗ 𝑔

𝑏𝑝𝑎𝑛𝑒𝑙 ∗ ℎ𝑠𝑖𝑛𝑔𝑙𝑒
= 0.713 

𝑘𝑁

𝑚2
 

We calculate the total dead load with regards to the worker we obtain the followng deadload 

𝑔𝑘.𝑡𝑜𝑡𝑎𝑙 = 𝑔𝑘.𝑚𝑜𝑑𝑢𝑙𝑒 ∗ 2 + 𝑔𝑘.𝑤𝑜𝑟𝑘𝑒𝑟 = 75.802 𝑘𝑁/𝑚2 
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Designing load 
Once all loads have been calculated we can begin to calculating the designing loads. The 

designing loads are calculated through SS-EN 1990 (Isaksson, 2010) for strucutral buildings. 

Since the deadload is significantly higher the designing load is STR-A as shown below. 

𝑞𝑑.𝑠𝑡𝑟.𝐴 = 𝛾𝑑(1.35 ∗ 𝑔𝑘.𝑡𝑜𝑡𝑎𝑙 + 1.5 ∗ 0.7 ∗ 𝑠𝑑 + 1.5 ∗ 0.3 ∗ 𝑤𝑑.𝑤𝑖𝑛𝑑) = 105.855 
𝑘𝑁

𝑚2
 

𝑞𝑑.𝑠𝑡𝑟.𝐵 = 𝛾𝑑(1.2 ∗ 𝑔𝑘.𝑡𝑜𝑡𝑎𝑙 + 1.5 ∗ 𝑠𝑑 + 1.5 ∗ 0.3 ∗ 𝑤𝑑.𝑤𝑖𝑛𝑑) = 95.489 
𝑘𝑁

𝑚2
 

𝑞𝑑.𝑠𝑡𝑟.𝐵 = 𝛾𝑑(1.2 ∗ 𝑔𝑘.𝑡𝑜𝑡𝑎𝑙 + 1.5 ∗ 𝑤𝑑.𝑤𝑖𝑛𝑑 + 1.5 ∗ 0.7 ∗ 𝑠𝑑) = 95.146 
𝑘𝑁

𝑚2
 

𝑞𝑑 = max(𝑞𝑑.𝑠𝑡𝑟.𝐴 , 𝑞𝑑.𝑠𝑡𝑟.𝐵, 𝑞𝑑.𝑠𝑡𝑟.𝐵) = 105.855 
𝑘𝑁

𝑚2
 

From the calculations above we come to realization that the designing load is 105.169 
𝑘𝑁

𝑚2. 

This is the distrbuted load that will eventually be transferred to the wall panels. 

Appendix A.2 

Transfer of distributed load to wall panels (line loads) 
Calculating the forces acting on the column plate 

𝑞𝑑𝑙 = 𝑞𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 ∗
𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟

𝐴𝑟𝑒𝑎
= 83.155

𝑘𝑁

𝑚
 

Now that the distributed load has been transferred to the edges of the modular house we 

are able to calculate the axial force that is subjected to the center of sandwich panel. How 

we go about this, and how the face sheets are subjected to load is visually explained in 

Figure 29. 

 

Figure 29: Distribution of centrally applied axial load. 

𝑁𝑎𝑥𝑖𝑎𝑙 = 𝑞𝑑𝑙 ∗ 𝑏𝑝𝑎𝑛𝑒𝑙 = 49.89 𝑘𝑁 

This axial load that is applied to the the surface area of the steel plate 
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𝑁𝐹1 = 𝑁𝑎𝑥𝑖𝑎𝑙 ∗
𝐴𝐹1

𝐴𝐹1 + 𝐴𝐹2
= 24.95 𝑘𝑁 

This axial force that is applied as a stress is equal to 

𝜎𝐹1 =
𝑁𝑎𝑥𝑖𝑎𝑙

𝐴𝐹1 + 𝐴𝐹2
= 41.58 𝑀𝑃𝑎 
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Appendix B 

Bending stiffness & Shear stiffness 
In addition to the axial loads that are subjected to the panel it is also important to calculate 

resistance values. A property that is essential for these calculations is the flexural rigidity and 

the shear rigidity which allows them to calculate the stiffness of the entire sandwich panel. 

Bending stiffness from steel plate 

𝐵𝑠 = 𝐸𝑓 ∗
(𝐴𝐹1 ∗ 𝐴𝐹2)

(𝐴𝐹1 + 𝐴𝐹2)
∗ 𝑑𝑝𝑎𝑛𝑒𝑙

2 = 403.2 𝑘𝑁 ∗ 𝑚2 

Shear stiffness from rockwool core 

𝐺𝐴 = 𝐺𝑐𝑜𝑟𝑒 ∗ 𝐴𝑐𝑜𝑟𝑒 = 273.53 𝑘𝑁 

Calculating these properties allows us to continue calculating more essential resistance 

values. 

Deriving wrinkling stress 
In order to calculate the wrinkling stress, we must regard the core as an elastic half space. 

Using the energy method of the plate theory and assuming the flat face is continuous elastic 

medium we get the following equation. Assuming the following poisson values for our 

sandwich panel 

𝑣𝑐 = 0 

𝑣𝑓 = 0.3 

𝐷 =
𝐸𝑓 ∗ 𝑡𝑓

3

12 ∗ (1 − 𝑣𝑓
2)

 

The R values are calculated for known method 

𝑅ℎ𝑎𝑙𝑓 =
2 ∗ (1 − 𝑣𝑐) ∗ 𝐸𝑐

(1 + 𝑣𝑐)(3 − 4 ∗ 𝑣𝑐)
= 2.67𝑀𝑃𝑎 

𝑅𝑠𝑖𝑚𝑝𝑙𝑒 = √(𝐸𝑐 ∗ 𝐺𝑐) = 4.817 𝑀𝑃𝑎 

The largest theoretical value is 𝑅𝑠𝑖𝑚𝑝𝑙𝑒 therefore the wave length a becomes 

𝑎 = 𝜋 ∗ √
2 ∗ 𝐷

𝑅𝑠𝑖𝑚𝑝𝑙𝑒

3

 

Our wrinkling stress is simplified too 

𝑑

𝑑𝑎
𝜎𝑤𝑟 =

𝑅𝑠𝑖𝑚𝑝𝑙𝑒

𝜋 ∗ 𝑡𝑓
−

2 ∗ 𝜋2 ∗ 𝐷

𝑡𝑓 ∗ 𝑎3
 

𝜎𝑤𝑟 =
𝜋2 ∗ 𝐷

𝑎2 ∗ 𝑡𝑓
+ 𝑅𝑠𝑖𝑚𝑝𝑙𝑒 ∗

𝑎

𝜋 ∗ 𝑡𝑓
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Even though we have a small depth for the steel profile a relatively large wavelength and 

buckling & wrinkling stress can occur. As observed the wrinkling stress is calculated by simply 

taking into account the bending stiffness of lightly profiled face and the interaction of foam 

core length. Disregarding the effect of rock wool core depth and considering the mentioned 

assumptions we obtain the following equation.  Substituting our R value for each stress 

𝜎𝑤𝑟.𝑠𝑖𝑚𝑝𝑙𝑒 =
1.89

𝑡𝑓
(𝐷 ∗ 𝑅𝑠𝑖𝑚𝑝𝑙𝑒)

1
3 

𝜎𝑤𝑟.ℎ𝑎𝑙𝑓 =
1.89

𝑡𝑓
(𝐷 ∗ 𝑅ℎ𝑎𝑙𝑓)

1
3 

Expanding our R value with respect to each value we get the following 

𝜎𝑤𝑟.ℎ𝑎𝑙𝑓 = 1.89 ∗ (
2 ∗ (1 − 𝑣𝑐)2

3 ∗ (1 − 𝑣𝑓)
2

(1 + 𝑣𝑐)(3 − 4 ∗ 𝑣𝑐)
)

1
3

∗ √𝐸𝑐 ∗ 𝐸𝑓 ∗ 𝐺𝑐
3

 

𝜎𝑤𝑟.𝑠𝑖𝑚𝑝𝑙𝑒 = 1.89 ∗ √
1

12(1 − 𝑣𝑓)
∗

3

√𝐸𝑐 ∗ 𝐸𝑓 ∗ 𝐺𝑐
3

 

Ultimately they we have the following wrinkling stress values. 

𝜎𝑤𝑟.𝑠𝑖𝑚𝑝𝑙𝑒 = 0.852 ∗ √𝐸𝑐 ∗ 𝐸𝑓 ∗ 𝐺𝑐
3

= 144 𝑀𝑃𝑎 

𝜎𝑤𝑟.ℎ𝑎𝑙𝑓 = 0.823 ∗ √𝐸𝑐 ∗ 𝐸𝑓 ∗ 𝐺𝑐
3

= 139 𝑀𝑃𝑎 

𝐾 = 0.65 ,  𝜎𝑤𝑟.𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑒 = 𝐾 ∗ √𝐸𝑐 ∗ 𝐸𝑓 ∗ 𝐺𝑐
3 = 101.192 𝑀𝑃𝑎 𝐾 < 0.823 

Practical assumptions such as lack of flatness of the face and non-linearity of the core 

material, usually imply that the theoretical wrinkling stress is not achieved and wrinkling 

takes place at a lower stress than predicted in wrinkling stress of simple and half-space 

method. In the current European recommendations for sandwich panels (EASIE, 2011) the 

following formula have been recommend for predicting the value of K. These expressions are 

applicable for 0 ≤ R ≤ 200 and b/t ≤ 250, an d we are based on the empirical 

reduction factor of 0.6R. However, in this case we use a different K value. 

K is the defining coefficient determining the wrinkle stress. Due to the derivation being 

purely theoretical and using previously experiment results a K value of 0.65 which is a more 

ideal value. In this case we obtain a value of 154.381 MPa which is the wrinkling stress 

resistance. This value will later will be used to compare with other values obtained. 
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Appendix C.1 
Due to self-weight loads being the dominant load of the designing load it is likely that 

creeping will occur. Creeping is affected by many possible forces and as such each will be 

calculated. Moments caused by transverse forces as well as amplification of 2nd moments 

are examples of forces that will be calculated.  Lateral wind loads will not be examined as 

they are short term loads and therefore will not cause creeping. Throughout the calculations 

the type of forces is calculated individually and is not possible to add them together. This is 

due to the creeping phenomenon varies for each force depending on how long the panel is 

subjected to the force. 

1st order theory – Deflections, moments and transverse forces 

Deflections 

Eccentricity of the axial load is usually half of the panel however; in our case it is 0 since we 

assumed it is applied at the center of the panel. 

𝑒∗ = 0 𝑚𝑚 

Afterwards lateral distributed loads of affecting forces are converted into concentrated loads. 

Since the walls of the modular houses are made up of panels and are fastened to together it is 

difficult to calculate how exactly loads are transferred from the roof. For simplification 

purposes, we assume that a quarter of the axial load is transferred to one side of the wall. 

Once the line load has been calculated we categorize the axial load into their specific type of 

load. This is essential when calculating the long-term tests as well as short term.  
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Figure 30: Detail description of various load types (EASIE, 2011) 

 

Figure 31: Deflection distribution from moment and transverse force (EASIE, 2011) 
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From Figure 30, Figure 31 illustrates deflections caused by moments and forces. They aid us 

in calculation of deflection caused by each load case. The distributed load of the dead load is 

converted into a point load. It is important to note that they are multiplied by a coefficient 

which is their partial safety factor. 

𝑁𝑔 = 1.35 ∗ 𝑔𝑘.𝑡𝑜𝑡𝑎𝑙 ∗ 𝑏𝑝𝑎𝑛𝑒𝑙 ∗
𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟

𝐴𝑟𝑒𝑎
= 48.56 𝑘𝑁 

The distributed load of the snow load is converted into a point load 

𝑁𝑠 = 1.5 ∗ 𝑠𝑑 ∗ 𝑏𝑝𝑎𝑛𝑒𝑙 ∗
𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟

𝐴𝑟𝑒𝑎
= 1.70 𝑘𝑁 

Point load (self-weight) that is subjected to each face sheet 

𝑁𝐺 = 𝑁𝑔 ∗
𝐴𝐹1

𝐴𝐹1 + 𝐴𝐹2
= 24.3 𝑘𝑁 

Point load (snow load) that is subjected to each face sheet 

𝑁𝑆 = 𝑁𝑠 ∗
𝐴𝐹1

𝐴𝐹1 + 𝐴𝐹2
= 0.848 𝑘𝑁 

We assumed an initial deflection that is present in any scenario. It is the deflection that is t=0 

when no creeping is present We assume an initial deflection.  

𝑒0 =
1

500
∗ ℎ𝑠𝑖𝑛𝑔𝑙𝑒 = 5.1𝑚𝑚 

This assumption is taken from EASIE report (EASIE, 2011). 

Due to the point loads affecting the wall panels a moment will arise. It is important to observe 

how each type of force is calculated individually. 

Calculating the moment of the self-weight in the form of line load 

𝑞𝑒0.𝐺 = 𝑁𝐺 ∗ 8 ∗
𝑒0

𝑙𝑠𝑖𝑛𝑔𝑙𝑒
2 = 0.152 

𝑘𝑁

𝑚
 

Calculating the moment of the snow load in the form of line load 

𝑞𝑒0.𝑆 = 𝑁𝑆 ∗ 8 ∗
𝑒0

𝑙𝑠𝑖𝑛𝑔𝑙𝑒
2 = 0.011 

𝑘𝑁

𝑚
 

Since all possible moments and line loads have been calculated we are able to calculate the 

deflection of each force. Neglecting creep effects we calculate the deflections caused by the 

designing axial loads and transverse forces. Deflections are divided into shear and bending 

due to the fact that the sandwich panel being a composite material. For steel plate the 

flexural rigidity (𝐵𝑠)  is considered and for the rockwoll shear rigidity (𝐺𝐴).  

Snow load 

Deflections due to initial deflections i.e. when t=0 



55 
 

𝑤𝑠.𝑏.𝑒0 =
5

48
∗

(𝑁𝑆 ∗ 𝑒0 ∗ ℎ𝑠𝑖𝑛𝑔𝑙𝑒
2)

𝐵𝑠
= 0.015 𝑚𝑚 

𝑤𝑠.𝑣.𝑒0 =
(𝑁𝑆 ∗ 𝑒0)

𝐺𝐴
= 0.032 𝑚𝑚 

Deflections caused by end moments due to eccentricities 

𝑤𝑠.𝑏.𝑀 =
1

16
∗

𝑁𝑆 ∗ 𝑒∗ ∗ ℎ𝑠𝑖𝑛𝑔𝑙𝑒
2

𝐵𝑆
= 0 𝑚 

𝑤𝑠.𝑣.𝑀 = 0 

Self-load 

Deflections caused by initial deflections  

𝑤𝑔.𝑏.𝑒0 =
5

48
∗

𝑁𝐺 ∗ 𝑒∗ ∗ ℎ𝑠𝑖𝑛𝑔𝑙𝑒
2

𝐵𝑠
= 0.208 𝑚𝑚 

𝑤𝑔.𝑣.𝑒0 =
(𝑁𝐺 ∗ 𝑒0)

𝐺𝐴
= 0.45 𝑚𝑚 

End Moments caused by self-load 

𝑤𝑔.𝑏.𝑀 =
1

8
∗

𝑁𝐺 ∗ 𝑒∗ ∗ ℎ𝑠𝑖𝑛𝑔𝑙𝑒
2

𝐵𝑠
= 0 𝑚𝑚 

𝑤𝑔.𝑣.𝑀 = 0 

In the end we add up the deflections from both shear and bending to obtain a total 

deflection. 

Deflection from dead load 

𝑤𝐼.𝑔 = 𝑤𝑔.𝑏.𝑒0 + 𝑤𝑔.𝑣.𝑒0 + 𝑤𝑔.𝑏.𝑀 + 𝑤𝑔.𝑣.𝑀 = 0.661 𝑚𝑚 

Deflection from snow load 

𝑤𝐼.𝑠 = 𝑤𝑠.𝑏.𝑒0 + 𝑤𝑠.𝑣.𝑒0 + 𝑤𝑠.𝑏.𝑀 + 𝑤𝑠.𝑣.𝑀 = 0.046 𝑚𝑚 

Deflection from change in temperature 

𝑤𝐼.∆𝑇 = 0 

Total deflection. 

𝑤𝐼 = 𝑤𝐼.𝑔 + 𝑤𝐼.𝑠 + 𝑤𝐼.∆𝑇 = 0.7025 𝑚𝑚 

Moments and transverse forces 

In order to calculate the stress and resultant stresses on the panel moments and shear 

forces need to be calculated. Moments and shear forces are a result from  

Temperature difference. 

Moments and shear force 
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𝑀𝐼.∆𝑇 = 0 

𝑉𝐼.∆𝑇 = 0 

Snow load 

Moments and shear force caused by axial snow load and initial deflections 

Snow load and initial deflection  

𝑀𝐼.𝑠.𝑒0 =
(𝑞𝑒0.𝑆 ∗ ℎ𝑠𝑖𝑛𝑔𝑙𝑒

2)

8
= 0.009 𝑘𝑁𝑚 

𝑉𝐼.𝑠.𝑒0 =
(𝑞𝑒0.𝑆 ∗ ℎ𝑠𝑖𝑛𝑔𝑙𝑒)

2
= 0.014 𝑘𝑁 

End moment caused by snow load 

𝑀𝐼.𝑠.𝑀 =
𝑁𝑆 ∗ 𝑒∗

2
= 0 𝑘𝑁𝑚 

𝑉𝐼.𝑠.𝑀 =
𝑁𝑆 ∗ 𝑒∗

ℎ𝑠𝑖𝑛𝑔𝑙𝑒
= 0 𝑘𝑁 

Total snow moment and shear force 

𝑀𝐼.𝑆 = 𝑀𝐼.𝑠.𝑀 + 𝑀𝐼.𝑠.𝑒0 = 0.009 𝑘𝑁𝑚 

𝑉𝐼.𝑆 = 𝑉𝐼.𝑠.𝑀 + 𝑉𝐼.𝑠.𝑒0 = 0.014 𝑘𝑁 

Self-load 

Moment and shear force caused by axial self-weight load and initial deflections. 

𝑀𝐼.𝑔.𝑒0 =
(𝑞𝑒0.𝑔 ∗ ℎ𝑠𝑖𝑛𝑔𝑙𝑒

2)

8
= 0.124 𝑘𝑁𝑚 

𝑉𝐼.𝑔.𝑒0 = 𝑞𝑒0.𝑔 ∗ ℎ𝑠𝑖𝑛𝑔𝑙𝑒 = 0.194 𝑘𝑁 

End moment caused by self-weight 

𝑀𝐼.𝑔.𝑀 =
𝑁𝐺 ∗ 𝑒∗

2
= 0 𝑘𝑁𝑚 

𝑉𝐼.𝑔.𝑀 = 0 

Total axial moment and shear force 

𝑀𝐼.𝐺 = 𝑀𝐼.𝑔.𝑀 + 𝑀𝐼.𝑔.𝑒0 = 0.124 𝑘𝑁𝑚 

𝑉𝐼.𝐺 = 𝑉𝐼.𝑔.𝑀 + 𝑉𝐼.𝑔.𝑒0 = 0.194 𝑘𝑁 

Moments and transverse forces according to 1st order theory 

𝑀𝐼 = 𝑀𝐼.∆𝑇 + 𝑀𝐼.𝑆 + 𝑀𝐼.𝐺 = 0.132 𝑘𝑁𝑚 

𝑉𝐼 = 𝑉𝐼.∆𝑇 + 𝑉𝐼.𝑆 + 𝑉𝐼.𝐺 = 0.207 𝑘𝑁 
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To summarize, for the 1st order theory neglecting creeping effects the deflection, moments 

and shear force have been calculated. 

2nd order theory – Deflections, moments and transverse forces 
Once the moments and forces of the 1st order theory have been calculated, next step is 

calculating the 2nd order theory. 2nd order theory magnifies the presence of moments of the 

1st order due to axial forces, see Figure 32. This magnification is represented by coefficient 

known as the amplification factor. This amplification factor increases the existing moments 

and forces into what is known as 2nd order moments and forces. However, designed axial 

forces remain unaffected. 

 

Figure 32: 2nd order effects with respect to initial deflection (EASIE, 2011) 

The amplification factor is calculated as such 

𝛼2𝑛𝑑 =
1

1 −
𝑁𝑎𝑥𝑖𝑎𝑙

𝑁𝑐𝑟

= 1.359 

Once the amplification factor has been calculated we are able to calculate the moments and 

forces. This in turn allows us to calculate a new deflection. 

𝑁𝐼𝐼 = 𝑁𝐼 = 49.893 𝑘𝑁 

Shear force with respect to 2nd order theory 

𝑉𝐼𝐼 = 𝛼2𝑛𝑑 ∗ 𝑉𝐼 = 0.28 𝑘𝑁 

Moment converted into 2nd order theory 
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𝑀𝐼𝐼 = 𝛼2𝑛𝑑 ∗ 𝑀𝐼 = 0.18 𝑘𝑁𝑚 

Deflection converted into 2nd order theory 

𝑤𝐼𝐼 = 𝛼2𝑛𝑑 ∗ 𝑤𝐼 = 0.96 𝑚𝑚 
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Appendix C.2 

Sandwich creep factor 
Until this point creep effect has been neglected. If sandwich panels are loaded with long-

term loads as they in this scenario. An increase in bending moment and transverse force 

occurs due to the creeping phenomenon. Creeping results in deformations and deflections. 

Creeping is firstly considered through creep coefficients depending on the type of load.  

The creep coefficient for snow is t=2000 hours 

𝜑2000 = 2.4  

The creep coefficient for self-load is t=100 000 hours 

𝜑100.000 = 7 

The coefficient describes the increase of deflection of the sandwich part of the cross section. 

The coefficient can be used to determine the increase of bending moment and transverse 

force. 

𝜑𝑆2000 =
𝑘

1+𝑘
∗ 𝜑2000  

 𝜑𝑆100.000 =
𝑘

1+𝑘
∗ 𝜑100.000 

The sandwich factor k corresponds to the relationship factor between deflection due to 

shear and deflection due to bending. Unlike the creep coefficient the sandwich creep 

coefficient is not a material parameter. It also considers the long term loads acting on the 

panel. Ultimately, it represents the ratio between the shear part and bending part of 

deflection (EASIE, 2011) 

𝑘 =
𝑤𝑣

𝑤𝑏
=

𝐵𝑆

𝐺𝐴
∗

∫ 𝑄�̅�

∫ 𝑀�̅�
 

With the guidelines of EASIE, the sandwich panel that we have in particular our k factor is 

simplified to 

𝑘 =
𝐵𝑆

𝐺𝐴 ∗ ℎ𝑠𝑖𝑛𝑔𝑙𝑒
2 ∗

48 ∗ 𝑒0

6 ∗ 𝑒∗ + 5 ∗ 𝑒0
= 2.176 

𝑒0 = 𝑖𝑛𝑖𝑡𝑎𝑙 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 

𝑒∗ = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑐𝑒𝑛𝑡𝑟𝑜𝑖𝑑 𝑎𝑥𝑖𝑠 𝑎𝑛𝑑 𝑓𝑎𝑐𝑒 𝑙𝑜𝑎𝑑𝑒𝑑 𝑏𝑦 𝑎𝑥𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 𝑁 

𝑀∆𝑇 = 0  ,  𝑉∆𝑇 = 0  ,  𝑤𝑏.∆𝑇 = 0 

Since we have calculated our sandwich factor, we calculate the sandwich creep coefficient 

for each load type. 

The creep factor for snow is t=2000 hours 

𝜑𝑆2000 =
𝑘

1+𝑘
∗ 𝜑2000 = 1.64  
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The creep factor for self-load is t=100 000 hours 

𝜑𝑆100.000 =
𝑘

1 + 𝑘
∗ 𝜑100.000 = 4.796 

The creep factors are calculated and therefore it is possible to calculate the moments and 

forces with respect to creep effect. 

1st order theory – Creep effect 

Deflections 

The creep effect on the deflection is calculated only by multiplying the shear parts of the 

deflections due to long-term loads by the related creep coefficient. 

𝑤𝐼.𝑡 = 𝑤𝐼.𝑤 + 𝑤𝑏.∆𝑇 + 𝑤𝑠.𝑏.𝑒0 + (𝑤𝑠.𝑣.𝑒0) ∗ (1 + 𝜑𝑆2000) + 𝑤𝑔.𝑏.𝑒0 + (𝑤𝑔.𝑣.𝑒0) ∗ (1 + 𝜑𝑆100.000) ≈ 3.6 𝑚𝑚 

At this point we realize the benefits of calculating individually the deflections of shear and 

bending as shown earlier in the thesis. 

Moments, shear force and axial load 

Similar to the calculation of deflection creep factor is multiplied with the shear part of 

moment, shear force. The axial load remains unaffected. 

Axial load 

𝑁𝐼 = 𝑁𝑎𝑥𝑖𝑎𝑙 = 49.9 𝑘𝑁 

Shear force with respect to short term and long term loads 

𝑉𝐼.𝑠𝑡 = 𝑉𝐼.∆𝑇 = 0 𝑘𝑁 

𝑉𝐼.𝑙𝑡 = 𝑉𝐼.𝑆 ∗ (1 + 𝜑𝑆2000) + 𝑉𝐼.𝐺 ∗ (1 + 𝜑𝑆100.000) = 1.162 𝑘𝑁 

𝑉𝐼.𝑑 = 𝑉𝐼.𝑠𝑡 + 𝑉𝐼.𝑙𝑡 = 1.16 𝑘𝑁 

Moment 

𝑀𝐼.𝑡 = 𝑀𝐼.∆𝑇 + 𝑀𝐼.𝑆 ∗ (1 + 𝜑𝑆2000) + 𝑀𝐼.𝐺 ∗ (1 + 𝜑𝑆100.000) = 0.74 𝑘𝑁𝑚 

2nd order theory – Creep effect 
Since creep effects have been calculated in the 1st order theory we are able to calculate with 

respect to 2nd order theory. As shown below 

𝑁𝐼𝐼 = 𝑁𝐼 = 49.9  𝑘𝑁 

Shear force – short term 

𝑉𝐼𝐼.𝑠𝑡 = 𝑉𝐼.𝑠𝑡 ∗ 𝛼2𝑛𝑑 = 0 𝑘𝑁 

Shear force – long term 

𝑉𝐼𝐼.𝑙𝑡 = 𝑉𝐼.𝑙𝑡 ∗ 𝛼2𝑛𝑑 = 1.58 𝑘𝑁 

Moment 

𝑀𝐼𝐼.𝑡 = 𝑀𝐼.𝑡 ∗ 𝛼2𝑛𝑑 = 1 𝑘𝑁𝑚 
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Deflection 

𝑤𝐼𝐼.𝑡 = 𝑤𝐼.𝑡 ∗ 𝛼2𝑛𝑑 = 5.368 𝑚𝑚 

Stress resultant according to 2nd order theory with consideration with creep effects. 

Stress in tension 

𝜎𝐹1 = −
𝑁𝐼𝐼

𝐴𝐹1 + 𝐴𝐹2
+

𝑀𝐼𝐼.𝑡

𝑑𝑝 ∗ 𝐴𝐹1
= −62.2 𝑀𝑃𝑎 

Stresses in compression 

𝜎𝐹2 =
𝑁𝐼𝐼

𝐴𝐹1 + 𝐴𝐹2
+

𝑀𝐼𝐼.𝑡

𝑑𝑝 ∗ 𝐴𝐹2
= 85.9 𝑀𝑃𝑎 

Shear stresses of the core 

𝜏𝐶.𝑠𝑡 =
𝑉𝐼𝐼.𝑠𝑡

𝐴𝑐
= 0 𝑘𝑃𝑎 

𝜏𝐶.𝑙𝑡 =
𝑉𝐼𝐼.𝑙𝑡

𝐴𝑐
= 33.5 𝑘𝑃𝑎 

Where Ac is the cross sectional area of the core of the sandwich panel. 
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Appendix D  

 

Figure 33: Readings on the LVDT devices 

 

Figure 34: Graph showing load vs. In-plane and out-of-plane displacement 

Table 8: Sandwich  

Length (mm) Width (mm) Panel Thickness (mm) 
2550 600 80 

 

Load Displacment 
Buckling load (kN) kN/m In-plane (mm) Out-of-plane (mm) 
96,1 158,8 4,7 1,1 
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