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1. INTRODUCTION  

It is a common feature of construction technologies today that they seek more and more 

economical solutions regarding material usage and construction time. One possibility to achieve 

a more economical solution is to use thin-walled building systems made of cold-formed steel 

(CFS) which are optimised for moderate load levels. Economical solutions can be achieved if 

a single material is used for more than one function. This procedure is applied when encasing 

the CFS load bearing members in polystyrene aggregate concrete (PAC). The polystyrene 

aggregate concrete has beneficial material properties, thus it can be used as heat and moisture 

insulation, and fire protection. As the CFS elements are fully encased in the PAC, a continuous 

connection is present between the two material, which results in the increased stability 

resistance of load bearing elements. The investigated building system is made up of panels. The 

load bearing steel skeleton is prefabricated and the concreting also takes place prior to 

transporting the elements to the building site. The connections between panels are established 

by self-drilling screws in-situ. In order to be able to construct the connections openings are 

necessary at the edges of panels. These openings have to be filled in with the same material 

after the construction to provide a continuous surface. 

The paper of Lublóy et al. deals with the development of a suitable mixture of PAC 

which can fulfil the requirements arising in residential buildings [1]. The material properties of 

PAC is quite similar to those of foams, as its main ingredient is a foam itself. Figure 1 shows 

three measured stress-displacements diagrams taken of 70x70x250 mm prisms of PAC. It can 

be seen on the diagrams that the 

material behaves in a linear elastic 

manner against bending before 

cracking occurs in the tension side. 

For compression, however, a failure 

zone develops which allows the 

PAC to suffer great deformations 

without dropping load. Prior this 

failure the behaviour is linear in 

compression, too. The mechanical 

properties of PAC are strongly correlated to the bulk density [2]. The flexural and compression 

strength range is between 0.05-0.2 N/mm2, while the elastic modulus is around 30-200 MPa. 

 

Figure 1 – Strain-displacement diagrams of PAC 
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The aim of the current research is to develop a design procedure which considers the 

special effects of thin-walled steel elements encased in polystyrene aggregate concrete. As no 

similar building system can be found in the literature, a wide experimental investigation is 

conducted in order to gain information of the structural elements and panels. Flexural, 

compression and shear tests were carried out in order to have information on the behaviour, 

load bearing capacity and failure modes of PAC-encased CFS elements. Based on these 

experimental results additional tests were carried out on column-end joints to increase the 

utilisation of the load bearing capacity. Having investigated the behaviour, a Eurocode-based 

design procedure was proposed to be able to calculate the resistance against local, distortional 

and global stability failure modes. 

2. EXPERIMENTAL INVESTI GATION OF FLEXURAL E LEMENTS  

The flexural tests could be categorised into two groups. The first is the member tests, 

where monosymmetrical (2C-type) and symmetric (I-type) arrangements were tested. The 

applied cross-section was C200 with 1.5 mm nominal plate thickness. Both PAC-braced and 

unbraced elements were investigated in order to be able to compare the resistances. The PAC-

block was 400x200 mm. Three different element lengths were used in the tests, and two 

different web thicknesses to be able to observe different failure modes. Each configuration was 

triplicated, the applied load was four-point bending with 600 mm of lever arm (300 mm for 

short specimens). 

Based on the experimental results it could be observed that no distortional or global 

buckling had occurred, each failure was local failure at the load introduction point (Figure 2). 

After the failure of I-type beams significant lateral displacement developed which caused the 

lip on the compression side to buckle. This distortional buckling did not develop in the case of 

2C-type configurations, as the lateral motion was significantly smaller. Figure 3 a) shows the 

measured load-deflection curves of 2C-type specimens. It is clear that no significant increment 

in the flexural stiffness is present, however the difference in load bearing capacity is notable. 

The increment depends on the element length, as the failure mode and the failure load was 

independent of the element length in the practical range. The observed increment was 130 %for 

2C-type and 190 % for I-type specimens. Elastic plate buckling was observed only in one 

specimen. 
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Figure 2 – Local failure of a) I-type; b) 2C-type 

One specimen was equipped with strain gauges of each cross-section type, the resulting 

diagram can be seen on Figure 3 b) for 2C-type. The light grey line represents the theoretical 

stress considering only steel, the darker grey is the calculated stress assuming full composite 

action and 112 MPa elastic modulus. The measured stresses are close to those calculated by 

composite action, but it is also visible that the difference between the effect of composite action 

is marginal. Thus the stress distribution is almost unaffected by the composite action. Another 

important thing is that at 30 mm of deflection the measured stress starts to separate from the 

theoretical one, which shows the effect of elastic local buckling. 

  

Figure 3 – a) Load-deflection diagrams; b) Stress-deflection diagram 

The second group of flexural tests was the panel tests. During these experiments the 

applied load was uniformly distributed load, and the statical system was a simply supported 

beam. The applied cross-section was C200 and C140 with 1.0 mm of nominal plate thickness. 

These experiments confirmed the results of the element tests, i.e. pure local failures occurred 

(Figure 4 a)) without distortional or global effects. The failure initiated in plastic state. Elastic 

plate buckling effect was not observed, save the C140 element. The increment of flexural 

stiffness was vanishingly small again (Figure 4 b)). 

In both groups of tests cracks opened in the PAC prior failure, which, however, did not 

modified the behaviour significantly due to the low stiffness of the material. It could be 
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concluded that the load increment is based on the bracing effect of PAC and not on the 

composite action. This also means that the load increment depends on the stiffness of the steel 

cross-section and on the elastic modulus of PAC. This is confirmed by the load increments of 

specimens with stiffened webs as well. 

  

Figure 4 – a) Pure bending failure; b) measured load-deflection diagrams 

3. EXPERIMENTAL INVESTI GATION OF COMPRESSION AND 

SHEAR ELEMENTS  

The experiments on compression and shear elements can be separated into four series. 

The first series concentrated on the effect of different mixtures of PAC using the same stell 

cross-section. In the second series the different steel cores were investigated using the same 

PAC mixture. Three different lengths were investigated, both raced and unbraced elements were 

used. Every braced configuration was triplicated. The third test series was focused on the 

compression behaviour of wall-panels while the fourth series was about the lateral behaviour 

of panels with different build-ups. 

  

Figure 5 – a) Local failure of compression members; b) Load-displacement diagrams of compression members; 

c) Connection failure of wall-panels 

The experiments showed that the failure mode of column elements under compression 

is always local in the investigated range, regardless the actual cross-section, PAC mixture or 

element length (Figure 5 a)). Significant increment of the axial stiffness was not present (Figure 

5 b)), however the increment of load bearing capacity was between 10-100 %. The failures of 

the compression wall-panels were local as well, but it concentrated at the column-end 

connection (Figure 5 c)). One panel failed due to compression – out-of-plane bending moment 
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interaction. The comparison of 

measured bulk density of specimens 

and their resistance showed that the 

material properties of PAC have more 

significant effect when the steel plate 

is thicker (Figure 6). 

When investigating the lateral 

stiffness of panels, one of the main 

findings was that the stiffness of 

panels is quite unreliable. The total stiffness is characterised by the actual condition of PAC: 

actual elastic modulus, quality of concreting and most of all, the amount of initial cracks. Thus 

the recommended calculation method assumes that the PAC infill material is fully cracked at 

every steel element. It was also showed that the 

ordinary X-bracing is inefficient when applied 

in PAC-infilled panels (Figure 7). 

The resistance against lateral loads is 

governed by the connection, similarly as for 

compression load. This means that these 

connections should be designed for the sum of 

the vertical and horizontal effects. The PAC 

itself can provide shear resistance (Figure 8 

b)), but similarly to the stiffness, it is not reliable. 

  

Figure 8 – a) Shear failure of PAC; b) Lateral load-displacement diagram 

Figure 7 – Lateral stiffness of PAC-free panel with X-

bracing and PAC-encased panel 

Figure 6 – Bulk density vs. normalised resistance diagram 
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4. EXPERIMENTAL INVESTI GATION OF COLUMN -END 

ELEMENTS  

Based on the experiments with compression elements, the investigation od column-end 

connections was necessary in order to utilise the load bearing capability of the structural system. 

Therefore the aims of the experiment was i) to provide more efficient connections, ii) to provide 

a full-strength connection and iii) to investigate the effect of different PAC-covers. 

Altogether six types of connection were investigated. The first was the most simple type, 

where only one self-drilling screw connected the flange of the C-shaped column to the U-

channel at each side. A double screwed type was also proposed, and the modification of the 

original arrangement using spot-welds. Another arrangement was when the web of the C-

column was stiffened by a small angle section. The effect of reduced PAC-thickness was 

investigated in two cases. 

 

Figure 9 – a) Connection failure; b) Element failure; c) Connection failure with stiffened web 

Based on the results it was clear that the “classic” elements, the double screwed 

elements and specimens with reduced PAC-cover had the same resistance and failure mode 

(similar to those of compression panels, see Figure 9 a)). The spot-welded specimens had the 

same load bearing capacity and failure 

shape, thus the spot-welds and self-

drilling screws are equivalent. The 

specimens equipped with special web-

stiffeners showed element failure 

(Figure 9 b)), save the C90 elements 

with 1.5 mm nominal plate thickness 

(Figure 9 c)). This means that the 

applied web-stiffener has enough 

capacity to strengthen the connection zone and thus full-strength connection can be reached. 

However, for C90-15 cross-sections a stiffer element is needed to provide the same effect. The 

main zones of load-displacement curves were defined based on the test results (Figure 10), as 

Figure 10 – Load-displacement diagrams of column-end 

specimens 
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well, as the main parameters influencing the load bearing capacity. Comparing the resistances 

with the measured bulk density the same effect was found as for compression members (Figure 

6). Test based design resistance values were determined for connection failure for each cross-

section (Table 1). 

Table 1 – Test-based design values of column-end specimens 

cross-section C90-10 C90-15 C140-10 C140-15 

Ntest,Rd [kN]  22.43 50.09 24.79 52.53 

5. LOCAL BUCKLING RESIS TANCE OF PLATE ELEME NTS 

RESTING ON ELASTIC H ALF -SPACE 

The failure modes described before were the same for different element lengths. 

Therefore the proposed calculation should provide the same behaviour. The PAC has a 

continuous elastic support effect on both sides of the steel core, and it was also proven that it 

can separate from the steel where great deformations take place. Therefore, it is assumed that 

the steel plates are connected to an elastic half-space on one of their sides only. To determine 

the critical buckling stress of such steel elements an analogous phenomenon was used. This 

phenomenon is the face wrinkling of sandwich plates [3]. 

To describe the face wrinkling behaviour of sandwich plates an equivalent Winkler-type 

foundation is calculated which contains the effect of the elastic half-space, which itself 

represents the core material of the sandwich structure. The original relationship should be 

modified, as the buckling pattern of a plate (Figure 11) is different than the face wrinkling of a 

sandwich beam. 

 

Figure 11 – Elastic foundation 

Assuming lx and ly as buckling lengths in x and y direction, the equivalent Winkler-type 

spring stiffness for a half-space having elastic properties Ec and ɡc can be calculated as: 

 

kw=
2 Éc

3-ɡc 1+ɡc

1

lx
2

+
1

ly
2
 (1) 
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To establish a Eurocode-based [4] procedure the behaviour of internal compression 

elements subjected to compression and bending and outstand elements subjected to 

compression should be investigated. Therefore, the equation of the spring stiffness should be 

substituted into the equation describing the buckling of plates on elastic foundation: 

 D

t

∂
4
w

∂x4
+2

∂
4
w

∂x2∂y2
+

∂
4
w

∂y4
-ůx

∂
2
w

∂x2
=
kw

t
w (2) 

The resulting equation directly contains the interaction effect of the foundation stiffness 

and the buckling length. Solving the differential equation with respect to the boundary 

conditions will provide the critical buckling stress, which was solved for the above mentioned 

cases assuming ɜc =  0.2. The investigated geometrical range was the same as the range of 

Eurocode 3 1-3, only the upper limit of b/t is 250. The ly value was set equal to the plate width 

b for compression of internal plate elements, 2xb for outstand plate elements in compression 

and 0.6xb for internal plate elements in bending. To simplify the hand calculation approximate 

closed form solutions are given for calculating the critical stress for the important cases. For 

this the software Eureqa was used [5]. 

Apart from the analytical solution, finite strip solution was also utilised using CUFSM 

[6]. It is clear based on Figure 12 a) and b) that the critical stress may be increased significantly, 

while the buckling length decreases. This means that the effect of column-like behaviour should 

be included in the procedure [7], and a buckling curve should also be used when determining 

the effective width of a plate element.  

 

Figure 12 – Signature curves of different foundation stiffness: a) web-type plate; b) flange-type plate 

One proposal can be found in the literature [8], which recommends to use buckling 

curve “c” for calculating the effective width. However, the discussed range of elastic modulus 

of the foundation is much less than in our case, which means that the method should be validated 

for the given parameter range. Also, no results are presented for stress gradient or outstand 
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elements, thus the method in [8] should be extended as well. For this end a nonlinear finite 

element model was built to describe the post-critical resistance of plate elements resting on 

elastic foundation (Figure 13 a)). The model was verified based on literature data [9] for 

internal plate elements without foundation, under compression (Figure 13 b)). 

  

Figure 13 – a) Build-up of the finite element model; b) Comparison of FE and literature results 

Based on the numerical results the proposed method in [8] was modified in order to 

provide a lower limit to the numerical resistance. For internal compression elements curve “d” 

was proposed for pure compression (Figure 14 a)); for outstand elements curve “b” was 

proposed (Figure 14 b)). For bending no reduction was observed among the finite element 

results, thus curve “a” is adequate. The parametric study was done on a relatively large range 

of elastic modulus ([30; 200] MPa), thus the modification of the material properties are covered 

within the method. 

  

Figure 14 – Comparison of effective width calculated by the proposed method and FEA a) for internal  compression 

elements, and b) outstand compression elements 

The performance of the proposed method is shown for the case of pure flexural failure 

occurred in the floor panels (Table 2). It is important to see that the effective cross-section 

calculated by this method is not monotonic. Therefore several calculations should be made in 

order to determine the minimal effective cross-section. 16-31 % increment of the load bearing 
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capacity can be determined by the proposed method, which gets higher as the plate slenderness 

of steel core increases. The proposed method predicts elastic local buckling; however, the 

experimental resistances are higher than the yield strength. Further investigation is needed in 

order to explain the difference between theoretical and experimental results. 

Table 2 – Flexural resistance of C-sections against elastic local buckling 

  M u,calc [kNm] M u,test 
[kNm] Ec [MPa]  41 97 155 

C140-10-5000-WM-001 2,56 2,49 2,48 3,43 

C200-10-5000-WM-001 4,57 4,45 4,44 5,98 

6. DISTORTIONAL AND GLO BAL BUCKLING RESISTA NCE OF 

STRUCTURAL ELEMENTS  

Cold-formed steel elements might show distortional failure modes, where the stiffener 

of a cross-section buckles. To calculate this failure mode the stiffener is treated as a beam 

resting on constant Winkler-type foundation (representing the cross-sectional rigidity) [4]: 

 EsIs

As

d
4
w

dx
4

+ůx
d

2
w

dx
2

=-
Kw

As

 (3) 

For the case of distortional buckling of elements resting on elastic foundation, Misiek 

et al. proposed a similar calculation method in [10], where they modified the foundation 

stiffness according to the previously described behaviour of an elastic half-space. The 

procedure was completed for internal stiffeners only, thus it had to be extended to edge 

stiffeners in order to be able to investigate the behaviour of C-

sections. During the formulation the effect of the elastic half-

space was considered according to Eq. (1), assuming ly = 2xb. 

The calculation was done with analytically solving Eq. (3) and 

by using CUFSM as well (Figure 15). Both results showed that 

the distortional failure is not dominant, no reduction is 

necessary due to this effect. This agrees well with previous 

findings of the experiments, where no distortional buckling 

occurred. 

The experimental results showed that no flexural-

torsional or lateral-torsional buckling can occur, thus these can 

be neglected during design. The flexural buckling can be 

separated into two independent cases, i.e. in-plane buckling and 

out-of-plane buckling. This is necessary as well, since the 

Figure 15 – Finite strip analysis of 

distortional buckling  
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behaviour of the two failure modes are different. In the in-plane mode the infill material 

provides support similar to the case of plate buckling, i.e. elastic half-space effect is present. 

For out-of-plane buckling this restraining effect cannot take place as the infill material itself 

moves together with the steel core. 

For the in-plane mode the very same method can be applied as for face-wrinkling. The 

buckling length of a beam resting on elastic foundation is independent of the element size and 

governed only by the stiffness of the steel and the infill material. The calculation was done for 

the compression elements of Chapter 3 and the web-stiffened elements of Chapter 4. The effect 

of additional bending moments due to the shift of the centroidal axis of the effective cross-

section was taken into consideration as well. Using buckling curve “b” according to Eurocode 

proposal the method can safely 

predict the resistances obtained by 

tests (Figure 16). 

The buckling in the out-of-

plane direction is proposed to be 

calculated based on the provisions 

provided for composite columns 

[11]. It was shown that the 

calculation gives conservative 

results, however, it should be 

noted that additional research work is needed to understand more deeply this phenomenon. 

7. NEW SCIENTIFIC RESUL TS OF THE THESIS 

7.1. Theses of the dissertation 

Thesis 1 

I have designed and carried out an experimental program consisting of 53 flexural 

elements made up of thin-walled cold-formed steel C-sections encased in ultra-lightweight 

concrete. The tests were focusing on the effect of different cross-section dimensions and build-

ups, element lengths and types of loading. 

a) Based on experimental results, I have defined the dominant failure modes, 

ultimate load bearing capacity and flexural stiffness of specimens subjected to 

four-point-bending and uniformly distributed load. 

Figure 16 – Calculated resistances against compression 
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b) I have analysed the connection of load bearing capacity and test parameters. I 

have showed that the failure of beam elements does not depend on the element 

length for spans in the practical range. 

c) I have showed the possible increment of load bearing capacity and identified the 

source of it. 

Publications corresponding to the thesis: [HP2], [HP4], [HP5], [HP7] 

 

Thesis 2 

I have designed and carried out an experimental program consisting of 57 compression 

elements made up of thin-walled cold-formed steel C-sections encased in ultra-lightweight 

concrete. The tests were focusing on the effect of different concrete mixtures, element lengths, 

cross-section dimensions and build-ups. 

a) Based on experimental results, I have defined the dominant failure modes and 

ultimate load bearing capacity of specimens subjected compression. 

b) I have analysed the effect of cross-section and concrete mixture on load bearing 

capacity. I have showed that the failure of the investigated column elements does 

not depend on the element length. 

c) I have showed the possible increment of load bearing capacity and identified the 

source of it. 

Publications corresponding to the thesis: [HP1], [HP2], [HP4], [HP5], [HP8] 

 

Thesis 3 

I have designed and carried out an experimental program consisting of 15 wall panels 

made up of thin-walled cold-formed steel C-sections encased in ultra-lightweight concrete to 

analyse their characteristic behaviour under compression and shear. Experiments were focusing 

on the effect of different cross-sections, thickness of infill material, distance of members in the 

panel, additional bracing elements. 

a) I have found that the failure of wall panels under compression and shear load is 

governed by the connection. I have showed the possible increment of load 

bearing capacity of braced wall panels compared to unbraced ones under 

compression load. 
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b) I have determined the lateral stiffness of panels and the governing parameters of 

failure as well. 

c) Based on the failure mechanism of panels under lateral load, I have proposed a 

method for calculating the lateral stiffness and resistance of panels. 

Publications corresponding to the thesis: [HP8], [HP9] 

 

Thesis 4 

I have designed and carried out an experimental program consisting of 66 column-end 

joints made up of thin-walled cold-formed steel sections encased in ultra-lightweight concrete. 

Altogether six types of arrangements were investigated. 

a) I have evaluated the behaviour of column-end joints: 

− I have defined the main parameters determining their behaviour; 

− I have defined four zones of the load-displacement curves; and 

− I have categorised the failure modes of column-end specimens. 

b) I have made a proposal to achieve full strength column-end connection in order 

to utilise the full strength of encased compression members. 

c) I have defined test based design values for connection-type failures which are 

directly applicable in design. 

Publications corresponding to the thesis: [HP9], [HP12] 

 

Thesis 5 

I have established analytical and numerical calculation methods for local, distortional 

and global failure modes of encased thin-walled elements. Based on the experimental and 

calculation results I have proposed a Eurocode-based design procedure to determine 

compression and bending resistance of CFS C-section elements encased in elastic material. 

a) I have derived closed form approximating formulae for determining the critical 

buckling stress of internal and outstand plate elements under compression and 

internal plate elements subjected to pure bending using analytical and numerical 

tools. 

b) I have defined the effective width of the given plate elements using geometrical 

and material nonlinear finite element models with imperfections (GMNIA), 
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considering their post-critical reserve. I have modified the procedure given in 

Eurocode for calculating effective width in order to produce conservative 

approximation of the finite element results. 

c) I have incorporated the effect of elastic foundation in the distortional and global 

(flexural buckling) resistance calculation of Eurocode for CFS elements. I have 

showed that the proposed calculation method can be used as a conservative 

procedure for determining the resistance of C-sections under bending and 

compression. 

Publications corresponding to the thesis: [HP10], [HP13] 
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