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ABSTRACT
In the field of structural engineering the design of cost efficient structures is highly
important. The intention of designing efficient structures led the way to develop steel structures
made of cold-formed steel (CFS) elements. In recent years CFS elements are used more and
more as primary load bearing structures. During the construction of CFS structures, however,
one of the disadvantageous features is that the several requirements arising during design can
only be satisfied by several different materials (heat insulation, insulation against moist,
finishing of surface). This drawback can be avoided if a single material with optimised material
properties is used. Such building material may be the polystyrene aggregate concrete (PAC),
which contains polystyrene granules and admixtures to improve material properties. Using PAC
as infill of walls in light-gauge buildings the beneficial properties of the material may be
utilised. Since the PAC would fully surround the CFS elements, bracing of CFS elements can
also be counted on, which results in even more cost efficient structures.
The topic of this dissertation is the behaviour and design of PAC-braced CFS elements.
The research is based on experimental investigation which is then followed by analytical design
provisions derived on the basis of the current Eurocode standards.
Tests were carried out on flexural elements both PAC-encased and PAC-free. Different
types of cross-sections were applied and different loading types were used in these tests.
Description of the-behaviour and evaluation of test results were provided, as well as discussion
of the load bearing capacity. Large scale panel tests were also done using uniformly distributed
load. Compression elements were investigated, too, in order to gain information of the load
bearing capacity, and behaviour of stub-columns. Results of different cross-sections and PACmixtures were compared; the effect of actual material properties of PAC was discussed.
Compression panel tests were also carried out along with shear tests to determine the stiffness
and possible failure modes of wall panels. On the basis of the experiments additional tests were
undertaken to propose novel type of column-end connections which can be either a cost efficient
competitor of the traditional arrangement, or which can provide sufficient resistance to the
column-base to be able to utilise the full cross-section resistance.
For designing PAC-encased CFS elements, Eurocode-based design procedure was
developed. The effect of continuous bracing was included in the critical load level
determination of cross-sectional parts using techniques of sandwich theory. The derived
procedure was then compared to experimental results. It was found that the proposed design
method can provide conservative results, and therefore can be safely applied in construction.
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NOTATION
Latin letters
Acs
Acs,eff

gross cross-sectional area
effective cross-sectional area

As

cross-sectional area of edge stiffener (lip)

Aw

cross-sectional area of wall panel

A0

amplitude of deflection function

b

width of flange of C-sections

c

width of edge stiffener (lip) of C-sections

D
dc

E t3

s
plate stiffness 12(1-υ
2)
s

distance between C-sections in panels, and width of concrete block of member
tests

df

distance of support and load application point in beam member tests

Ec

actual value of elastic modulus of polystyrene aggregate concrete

Ec,mean,
Ec,0,05, Ec,0,95

mean, 5 % and 95 % fractile values of Ec

Es

elastic modulus of steel, 210 GPa

eH

horizontal displacement of wall panels

FH

horizontal force of shear panel tests

FV

vertical load of flexural and compression tests

fyb, fyb,obs

nominal and observed value of yield strength of steel base material

H

height of wall panels

h

height of cross-section

hw

width of C-profile web

Is

second moment of area of the edge stiffener (lip) around y axis

Iy,cs

second moment of area of steel cross-section around strong axis

Iy,w

second moment of inertia of wall for out-of-plane buckling

Iz,cs

second moment of area of steel cross-section around weak axis

Iz,w

second moment of area of wall panel in the plane of the wall

K

combined elastic foundation stiffness for distortional buckling

Kcs

elastic foundation stiffness of encasing material for in-plane buckling of columns

Ks

elastic foundation stiffness based on the cross-sectional rigidity for distortional
buckling

Kw

elastic foundation stiffness of encasing material for distortional buckling

k

statistical coefficient for test based design

kf

coefficient for cross-sectional rigidity for distortional buckling
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kw

elastic foundation stiffness of encasing material for plate buckling

kw*

elastic foundation stiffness of encasing material for face wrinkling

kσ
l x, l y
lcr, lx,cr

buckling coefficient of plate buckling
actual value of half-wavelength of buckling (either local, distortional or global)
critical buckling length

lx0

initial half-wavelength value for iteration input

Nu

ultimate load value

MR,calc

calculated moment resistance

MR,test

moment resistance obtained by tests

Robs,i, Radj,i
R*adj,i
Rm, Rk, Rd
S

observed and adjusted resistance value
modified adjusted resistance considering the variation of PAC bulk density
mean, characteristic and design value of resistance, respectively
resultive lateral stiffness of wall panels

SG

shear stiffness due to lateral load

SE

flexural stiffness due to lateral load

s

standard deviation of set of results

t, tnom, tcor,

actual plate thickness, nominal value, core thickness, and observed value of core

and tobs,cor

thickness of plates, respectively

tw
Weff
w(x,y), w(x)
ys

thickness of concrete infill
effective cross-section modulus of steel elements
deflection function of plates and beams
offset of centre of gravity of the edge stiffener (lip) from the web-to-flange
junction of C-section

Greek letters
α, β

exponents considering the differences of observed and nominal properties for test
based design

γ
γM1
ζ

shear deformation of wall panels
partial factor for stability phenomena
interpolation factor considering interaction of plate-like and column-like
behaviour

ηsys

coefficient describing the differences of actual and test setup

λd

distortional buckling slenderness

μR

adjusting coefficient for test based design

νc

Poisson’s ratio of polystyrene aggregate concrete

νs

Poisson’s ratio of steel, 0.3
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ρ
ρc, ρc,calc

reduction factor for effective width of plate elements
reduction factor for effective width of plate elements considering column-like
buckling based on the proposed calculation method

ρc,FEM
σcr,an
σcr,p, σcr,c

reduction factor for effective width of plate elements using FEM
critical buckling stress based on analytical calculations
critical buckling stress of plates, regarding plate-like behaviour and column-like
behaviour, respectively

σcr,FEM,

critical buckling stress using FEM and FSM, respectively

σcr,FSM
σx, σy, τxy

membrane stresses in plates

χc

column-like buckling reduction factor

χd

distortional buckling reduction factor

Notation of test specimens
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1.

INTRODUCTION

1.1.

Basic characteristics of cold-formed steel elements
In the field of structural engineering the design of cost efficient structures is highly

important. The intention of designing efficient structures for moderate load intensities led the
way to develop steel structures made of cold-formed steel (CFS) elements. Several textbooks
and design guidelines have been published and developed (e.g. [1], [2], [3] and [4]) in the last
years which deals with the application of CFS structures. A short overview is given herein based
on [1].
All the main characteristics of cold-formed steel structures originate from the large
width-to-thickness ratio of the cross-sections applied. Cold-formed elements efficiently
designed have small material usage subsequently resulting in reduced self-weight. This feature
provides easy construction, avoiding the need of heavy machinery during erection. Most CFS
structural elements are light enough to manhandle them. The build-up of joints and the applied
fasteners are different than those used in conventional steel structures in order to maintain the
easy constructional process. The most typical civil engineering applications of CFS appear in
secondary and tertiary load bearing elements (such as purlins and sheathing), low span
industrial structures, residential buildings, storage racks, composite floor systems. CFS
elements can even be used as shear diaphragms.
The material used for CFS elements usually have higher grade than the common
structural steel material and have different classes as well. The cold-forming procedure applies
significant plastic deformations on the original flat plate to achieve the desired shape. This
plastic forming also results in significant strain hardening at the plastic zones of the steel,
modifying the yield strength at corner zones. There are two main manufacturing processes to
get the desired cross-section from the original flat plate: (i) press braking and (ii) cold-rolling.
The main difference between the two processes is that press braking can result in maximum 6
/ 12 m long profiled elements with relatively simpler cross-section, while cold rolling has a
wider variety of cross-sectional shapes and virtually infinite length. Both processes allow mass
production which makes the production cost efficient. Based on the easy forming process the
cross-sections can be optimised to the actual demands (e.g. purlins, slabs, racks, sheathing, etc.),
which results in a wide variety of available profiles far more diverse than the field of hot-rolled
products. As even small corrosion can significantly decrease the load bearing capacity of thinwalled members, an effective coating made of zinc layer is usually applied on the surfaces of
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the material prior cold-forming. The application of zinc coating and the limitations of the
forming process also determines the maximum plate thickness, which can reach 4.0 mm, [5].
The behaviour of thin-walled cold-formed steel is governed by the large width-tothickness ratio. Because of the slender plate elements, plate buckling can occur in the elastic
range. The significant post-buckling strength of plates is utilised in design, but the stress
distribution is modified due to plate buckling, which strongly affects the behaviour and load
bearing capacity of CFS members. To restrain local buckling CFS elements excessively use
stiffeners, either edge-type or internal ones folded into the cross-section. These elements,
however, can also produce buckling behaviour which is a unique failure mode of CFS, called
distortional buckling. Based on the small plate thickness and open cross-sections, CFS members
have small torsional rigidity. The cross-sections are monosymmetric in most cases, which
results in that the centre of gravity and shear are not at the same place. These two properties
result in the increased importance of flexural-torsional buckling, a behaviour which is quite rare
in conventional hot-rolled steel elements. The global buckling behaviour in general is affected
by the local and distortional behaviour as well, thus resulting in complex stability phenomena.
Imperfections play another important role in the overall behaviour of CFS members. As the
plate thickness is small, even small imperfection amplitudes result in relatively large effect.
Moreover, these imperfections interact with the stability phenomena, thus decreasing the load
bearing capacity. Imperfections arise from two main sources. The first is the imperfection
produced by the cold-forming process, i.e. geometrical imperfections and residual stresses. The
other source is the eccentric joint arrangement, which is usually applied in a structure made up
of CFS elements.
As the cold-formed steel elements were developing, the standards describing the design
regulations were improved constantly. Three major specifications are available: AISI S100 [4]
made in the USA, AS/NZS 4600 [6] in Australia and New Zealand and Eurocode 3-1-3 [7] in
Europe. Each standard utilises the effective width method for considering local plate buckling
phenomenon. This method is based on the theoretical work of Kármán [8], who intuitively
introduced the calculation method. His work was later extended by Winter [9], considering the
effect of imperfections as well. Further development of these methods are included in standards
mentioned before, which made the hand calculation of local buckling effect possible. Another
applicable method with increasing importance is provided in the AISI specifications, called
Direct Strength Method (Appendix 2 of [4]), which provides buckling curves to predict the
resistance of an element directly, without calculating effective width. The method is based on
8

the pure failure modes and critical bifurcation load intensities of the structure. The method is
also extended to distortional and global buckling assessment and interactions as well, and is
considered as a viable counterpart of the classical effective width method [10]. As the field of
cold-formed steel is diverse, not all cases can be covered in design standards. Thus these
documents also allow design aided by testing, to be able to fully utilise the beneficial potentials
of cold-formed steel members.

1.2.

Advanced structural types
The field of thin-walled CFS elements is continuously developing, the main aim of

research is either to provide more accurate design procedures or to investigate advanced
structural types and connections.
The main characteristics of thin-walled elements is buckling either local, distortional or
global. This also means that improvement of the load bearing capacity should focus on the
bracing of the structural elements. Therefore, large amount of tests can be found in the literature
describing such experiments.
A possible strengthening technique is based on the building system applied in CFS
residential buildings. In this case, usually a layer of plasterboard, OSB or gypsum board is
attached to the steel element at discrete points using self-drilling screws to provide solid surface
for the finishing layers. The boards are acting as a rigid diaphragm as they are connected to the
steel elements, significantly modifying their behaviour. As the behaviour is complex, several
simplifying and thus conservative assumptions are made during ordinary design. This also
means that improving these assumptions can cause significant increment in load bearing
capacity. Benjamin W. Schafer from Johns Hopkins University conducted a wide experimental
and theoretical programme in order to derive design models which can consider the different
behaviour of CFS due to sheathing. The final aim of his research programme was to improve
the AISI Specifications on design of thin-walled CFS elements with sheathing. The
experimental programme consisted of analysing ultimate load and stiffness of sheathed
compression elements [11], [12], shear walls [13] and studs under combined compression and
bending [14]. Their proposed design procedure [15] was based upon the AISI regulation. Other
researchers also conducted experiments in accordance with the Australian standards [16], [17],
to analyse shear behaviour, ductility and energy absorption [18], [19] or to gain information on
the cyclic behaviour for seismic loading [20], and give practical design rules [21]. Additionally,
European researchers also contributed to determining the compression behaviour of thin-walled
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elements with sheathing [22]. These results show that even covering only the flanges of channel
sections can result in significant load increment and improved ductility.
Another type of possible improvement in performance, when the whole surface of the
steel members is braced by an appropriate material. Papers [23] and [24] deal with an innovative
structural system, where two faces of corrugated steel plate is infilled with lightweight foamed
concrete. Apart from these building systems, sandwich panels produce similar behaviour.
Researches in this field are focusing on local and distortional buckling formulation and
experimental analysis of sandwich panels [25]–[28], and analysis of C-sections infilled with
polyurethane foam [29].

1.3.

Building system made of ultra-lightweight concrete encased CFS elements
A proposed novel building system comprising of CFS members encased in ultra-

lightweight concrete is also able to brace the load bearing steel elements, thus resulting in
increased resistance. During the construction of CFS residential buildings, one of the
disadvantageous features is that the several requirements arising during design can only be
satisfied by several different materials (heat insulation, insulation against moist, finishing of
surface), which can raise difficulties during construction. This drawback can be avoided if a
single material with optimised material properties is used as an infill. Since this material would
surround the CFS elements, bracing of CFS elements can also be counted on, which results in
even more cost efficient structures. A sketch of the proposed building system can be seen on
Figure 1. The structure of a building is made up of precast panel elements (wall and floor). The
steel core of panels contains the main load bearing members (columns and beams) connected
by self-drilling screws to end-tracks made of U-sections. This steel assembly is then concreted
to form the panels. Each panel is connected to one another in-situ at their edges by using selfdrilling screws and gusset plates. In order to be able to establish this connection, the edge zone
outside the panels has to remain free during concreting. After the connections are made they
are covered with block of the same material using adhesives. The inside part of panels is fully
filled by the concrete. The connection between the steel and the concrete is established solely
by the bonding effect of the materials.
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Figure 1 – Schematic of the building system

A possible lightweight concrete for the proposed building system may be the
polystyrene aggregate concrete (PAC), which contains polystyrene granules and admixtures to
improve material properties [30]. Since the mixture used for this research does not include
gravel, the mechanical behaviour of the PAC is quite similar to those produced by foams, and
is governed by the amount of cement paste [31]. For practical application the material properties
can be characterised through the bulk density of the mixture, which is also the function of the
amount of cement paste. Nowadays PAC is mostly used for non-structural elements such as
insulation, filling material and fire protection [32], but it is also a rapidly developing field as
sustainability is more and more important [33], [34]. Interesting researches can be read in [35]–
[37], where polystyrene concrete is made with rice husk ash, which is a waste material produced
in large scale in the Far East.
To illuminate the mechanical behaviour of PAC, compression and three-point-bending
material tests were carried out on 250x70x70 mm prisms. During the compression tests (see
Figure 2 a)) the end-to-end deformations and the deformations of the middle 100 mm zone
were measured separately, thus allowing to investigate the behaviour of the load introduction
zone and the pure compression zone as well. In the case of flexural tests (see Figure 2 b)) the
deflection was recorded at mid-span where the load was applied.
11

Figure 2 – PAC prisms in a) compression; b) bending

The results are shown in Figure 3. Under compression the middle zone of the specimen
remained fully in the elastic range, no damage occurred here. Regarding the overall
deformations, a plateau is present, which implies that the failure of the specimen was localised
at the load introduction zone. Based on the flexural tests, in the tensile regime the material
behaviour is elastic until the fracture. As it is shown in Figure 3, the tensile and compressive
strength of the material are quite close to one another. Altogether the stress-deformation curves
are similar to those produced by elastic-brittle foams [38]. The strength values are in the range
of 0,1-0,25 N/mm2 for compressive and 0,05-0,2 N/mm2 for flexural tensile strength, the actual
value depending on the current cement paste content and added admixtures. The value of elastic
modulus is between 30 and 200 MPa which makes this material weak and soft compared to
other construction materials (e.g. characteristic compression strength of conventional masonry
mortars is ranging from 1-10 N/mm2, structural lightweight aggregate concretes are above 12
N/mm2). Altogether the material is not applicable to be used as a primary load bearing material,
as it does not have the required strength or stiffness and it produces brittle failure in tension.
Using the material in a similar fashion as ordinary concrete in reinforced concrete structures
would require very small reinforcing bars due to the small resistance of the PAC, which makes
this technique uneconomic. However, the massive block of PAC surrounding the steel elements
(see Figure 1) can provide significant bracing effect.

Figure 3 – Measured material properties of a PAC prism
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Using PAC as infill of walls in light-gauge residential buildings the beneficial properties
of the material may be utilised. Good heat and moisture insulation capacity could be achieved,
while the fire protection could also be satisfied by new developments of admixtures.

1.4.

Aims of the research
The presented research is preceded by significant scientific work in the field of thin-

walled CFS design lead by Professor László Dunai in the Department of Structural Engineering.
Péter Fóti investigated frame corner joints of thin-walled structures [39], [40]. Gábor Jakab
conducted experimental and numerical research on built-up thin-walled CFS section members
in compression, and on truss systems as well [41]. He also investigated members and wall
panels of residential buildings in compression [42]. Attila L. Joó gave design procedures of roof
systems [43]. A wide experimental research was carried out by Mansour Kachichian which
focused on the interaction of purlins and sheathing [44]. More recently the effect of sheathing
connected to purlins is analysed using experimental and numerical tools by Anita Lendvai [45].
This presented work leans on the knowledge accumulated through the aforementioned research
activities, and expands it discussing a novel and sustainable building system.
The primary aim of the current dissertation is to understand the behaviour of PAC
encased CFS elements in bending, compression and shear as well. Although several researchers
work exists on the field of braced CFS elements, yet few paper deals with braced flexural
elements, and no similar structural system was investigated as continuously braced PAC
encased steel structures. The complexity of stability phenomena, which govern the failure
modes of elements and connections require experimental tests to evaluate the behaviour. The
aim of these tests was to study the behaviour, the failure mode and the increment of load bearing
capacity for different cross-sections and different PAC-mixtures. Tests were carried out for
structural members and panels, too, to investigate arrangements similar to real structures in
built-up and loading conditions.
It is also the aim of the dissertation to provide Eurocode-based design procedures for
the basic structural elements. As the building system is close to the sandwich panels, in term of
continuous bracing, the design procedure should originate from them. However, new design
equations and further modifications are needed to prepare the existing procedures to deal with
details important for conventional CFS systems.
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1.5.

Contents of the dissertation
The experimental research work is the basis of the current dissertation, thus in Chapters

2, 3 and 4 the test programmes and results are presented.
In Chapter 2 the flexural tests are introduced. Test arrangement for member tests is
described, measured material properties are summarised, then experimental results are
presented with load bearing capacities registered during tests. After the member tests, floor
panel tests are also shown in the same manner. The discussion on the flexural tests closes this
chapter.
In Chapter 3 compression and shear tests are displayed arranged into four test series.
The chapter starts with the investigation of the effect of different PAC-mixtures on the
behaviour, describing the experimental build-up, and results of stub-column elements. The
second test series focuses on the effect of different steel cores. The third part of this chapter
deals with the behaviour of wall panels subjected to compression. These tests also include
lateral stiffness determination under combined compression loading. In the fourth sub-chapter
ultimate shear tests are introduced. The last part discussion on the four test series is given.
Chapter 4 deals with the column-end experiments. These results are also compared to
the results of stub column tests.
In Chapter 5 the development of a Eurocode-based design method is presented for Cprofiles encased in elastic material. The derivation of closed form approximating formulae
predicting the critical stresses of internal and outstand plate elements in compression and
bending is shown. The proposed method is then compared to finite element results.
In Chapter 6 a Eurocode-based procedure is developed to treat the distortional buckling.
The second part of the chapter deals with global buckling. As it follows from the behaviour of
the structural system, different models are applied for the in-plane and out-of-plane behaviour.
The last chapter summarises the scientific results of the dissertation and contains the
relevant publications of the author.
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2.

EXPERIMENTAL INVESTIGATION OF FLEXURAL
STRUCTURAL ELEMENTS

2.1.

Introduction
Structural elements of a building system can be categorised based on the dominant

internal force acting in them, one of these categories being the flexural elements. In order to
derive a design procedure for thin-walled cold-formed steel elements encased in ultralightweight concrete, detailed overview of the behaviour is needed. As it was detailed in
Sections 1.2 and 1.4, several experimental and numerical results are available in the literature
for braced flexural elements, but most of them deals with discrete bracing.
The field of cold-formed thin-walled braced steel elements remains an active research
topic, although no such results can be found in the literature for elements subjected to bending.
Peterman investigated beam-columns made up of lipped channel sections with various
sheathing plates [14]. OSB and gypsum boards were used in the experiments, where
symmetrical and asymmetrical build-ups were investigated to derive design formulae. Results
showed that for the case of interacting bending moment and axial compression the effect of
sheathing is significant, the failure was governed by local mechanisms instead of global which
was observed in the unbraced experiments. For continuously braced members subjected to
bending a quite innovative example can be found in [24], where a new type of sandwich plates
is introduced made up of foamed concrete and corrugated CFS sheathing. Since the foamed
concrete shows rigid material behaviour it cannot be used as a primary load bearing structure
without reinforcement. However, it can serve as a secondary, bracing material. Utilising the
bracing capacity of concrete, a very ductile structure was produced. The dominant parameters
influencing the load bearing capacity were identified by detailed experimental and numerical
investigations.
As it was outlined before, no similar structural system was investigated as continuously
braced PAC encased steel structures. The aim of the flexural member tests was to study the
behaviour, the local, distortional or global failure mode and the increment of load bearing
capacity for single (asymmetric) and double (symmetric) C-shaped cross-sections. For this
different loading conditions should be considered, as well as different specimen lengths. Panel
tests were also performed to investigate specimens similar to real structures to confirm the
advantageous behaviour of PAC encased CFS beam elements in full scale.
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2.2.

Member tests

2.2.1. Test program
In the member tests the behaviour of beam elements were investigated through fourpoint bending tests. A loading frame was designed as shown in Figure 4, where the position of
supports and load introduction (both made of hinges) could be varied. The load was applied on
the steel core; the concrete block was never loaded. Lateral displacements were restricted only
at the end supports of the beam. The weight of the loading beam was measured and added to
the total load at post-processing of experimental results. Lifting of the loading beam and loading
of the specimen was done with two hydraulic jacks.

Figure 4 – Loading frame of the member tests

Two different cross-sections were tested, both types made up of the same
monosymmetric lipped C-channel sections with 200 mm of total height, 41 mm total width and
13 mm of lip length. Nominal plate thickness of 1.5 mm was used and the actual thicknesses
were measured. The steel grade was DX51D+Z (EN 10327). The first type of cross-section was
a built-up I-section (Figure 5 a)) where the C-sections were fixed together with self-drilling
screws. The second type was also made up by two lipped channels, but with 120 mm distance
between them (remoted type arrangement, henceforth referred to as 2C-type, see Figure 5 b)).
The connection between the two constituting C-profiles was provided by channel sections
between the support and load transmitting point, while the middle zone between the load
transmitting points was left free, thus allowing the C-profiles to act separately.
To gain information on different failure modes (local, distortional, global) three element
lengths were used, namely 1000 mm, 2300 mm and 4000 mm. Two 1000 mm long specimen
types were investigated, one with simple web, and one with stiffened web by means of an
overlaid plate with the same thickness connected to the base section (denoted as 1000M). The
distance of supports and load transferring points was 300 mm for the 1000 mm long specimens,
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while 600 mm in all other cases (for the latter see Figure 4). The span of a member was 100
mm less than the total length of the element. To prevent crippling of the web timber-filling was
applied at the supports.

Figure 5 – The applied cross-sections: a) I-section; b) 2C-section

Experiments were carried out with steel sections encased in PAC, with a given mixing
ratio (WM type) [30]. The applied PAC-block dimensions were the same for each specimen,
200x400 mm, the steel core was placed centrically into the PAC-block. To be able to evaluate
the results, additional experiments were done on unbraced beams, which properties were the
same as the PAC encased ones, except the ultra-lightweight concrete encasement. Each
experiment was triplicated, thus results of 48 experiments are reported here (for a complete list
of specimen types see Table 1). The nomenclature of specimens can be found in the Notation.
Table 1 – Experimental matrix and instrumentation

specimen
length
1000
1000M
2300
4000

specimen type
I
2C
3/3
3/3
3/3
3/3

3/3
3/3
3/3
3/3

instrumentation
inductive transducers
inductive transducers
inductive transducers
inductive transducers + gauges at two braced specimens

The instrumentation of specimens consisted of inductive transducers and strain gauges.
Both the deflections and lateral displacements of compressed flange were measured at the
middle of the element. Where the steel core was unreachable for measurement, the edge of PAC
was used instead. To investigate the behaviour of bond between steel and PAC, one 4000 mm
long specimen of each cross-sectional type was equipped with strain gauges, thus altogether
two experiments were carried out using gauges. The arrangement of measuring instruments can
be seen in Figure 6. Data acquisition frequency was set to 5 Hz. The PAC-braced specimens
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were disassembled after the experiments were completed to investigate the inner part of the
steel core.

Figure 6 - Arrangement of measuring tools (strain gauges in circles) a) I-section; b) 2C section

Material tests were performed prior to the structural tests, to determine the material
properties of steel and PAC. Five coupon tests were carried out on the steel base material, the
average yield strength was fyb = 351 N/mm2, while the average tensile strength was fu = 413
N/mm2. For each PAC-mixture five compressive tests were done on 150 mm cube specimens,
while both flexural tensile strength and modulus of elasticity were measured on three prisms
70x70x250 mm in dimension (see Table 2). All experiments were done at age of 28 days. It is
clear that the mechanical properties of PAC are different between mixtures, but within one
mixture small scatter was observed.
Table 2 – Results of material tests for PAC

notation of
mixture

bulk
density
[kg/m3]

compression
strength
[N/mm2]

flexural
strength
[N/mm2]

elastic
modulus
[N/mm2]

corresponding
structural specimens

WM1
WM2
WM3
WM4
WM5
WM6
WM7
WM8

199.70
209.34
234.03
217.73
249.01
249.74
234.72
249.38

0.211
0.216
0.244
0.144
0.250
0.243
0.210
0.195

0.109
0.157
0.144
0.065
0.174
0.210
0.199
0.179

113.19
126.97
88.33
101.81
151.47
155.45
161.26
143.72

I200-15-4000
I200-15-4000
I200-15-2300
I200-15-1000
2C200-15-4000
2C200-15-4000
2C200-15-2300
2C200-15-1000

2.2.2. Test results – I-sections
The behaviour of I-sections was largely depended on the length of specimens. The
1000 mm elements showed a failure mode, which could not be classified as one of the typical
stability modes. During loading deformations occurred in the compressed flange and in the web,
showing the effect of transverse force and shear. A highly distorted unbraced element can be
seen in Figure 7 a). After the ultimate load the decrement was very ductile, the element had
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significant plastic reserve (see Figure 7 b)). The PAC-braced elements showed similar failure
mode as their unbraced pair. The excessive deformations resulted in cracks in PAC at the midspan region, and separation from the steel core. The increment in the ultimate load compared
to PAC-free elements was 47 % (see Table 3). The failure mode of specimens with stiffened
web was similar to those without stiffening. In these elements the effect of shear buckling was
reduced, which resulted in a buckling shape in the web perpendicular to the beam axis. PACencased specimens had the same failure shape, and ultimate load increment of 36 %.

Figure 7 – a) Failure mode of elements I200-15-1000-0-001, and b) Measured load-deflection curve

The 2300 mm unbraced elements failed by buckling of the compressed lip, i.e.
distortional buckling occurred (Figure 8). The PAC-encased specimens showed complex
failure mode. The region of the web under transverse load crippled, which resulted in lateral
displacement of the beam. This movement caused the PAC to separate from the steel core, and
the compressed lip to buckle. This means that the failure mode of braced 2300 mm elements
was governed by local phenomenon (web crippling), combining with global and distortional
phenomena. Inclined cracks of PAC also occurred near to the load transmitting due to the effect
of shear and bending moment interaction (Figure 9 c)). The ultimate load increment reached
70 %.

Figure 8 – Failure mode of specimen I200-15-2300-0-001
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The longest unbraced specimens failed due to lateral-torsional buckling in elastic state
(Figure 9 a)). This is supported by the fact that hardly any residual deformations were observed
after unloading the specimen. The PAC-encased beams showed similar failure mode as the
2300 mm long ones. Lateral displacements and separation of PAC occurred as well as cracking
of PAC (Figure 9 b)). The separation effect was the result of the great deformations at the load
transmitting zone. The increment of load bearing capacity was 191 %.

Figure 9 – a) Lateral-torsional buckling of I200-15-4000-0-002; b) Web crippling of I200-15-4000-WM-002;
c) Inclined cracks near to the load transmitting zone in specimen I200-15-400-WM-003

As mentioned in the previous section, one of the longest specimens was equipped with
strain gauges to investigate the composite action and the potential effects of local buckling
behaviour of the elements. This specimen failed due to inadequate lateral restraints at the
supports, resulting in the overall rotation of the whole specimen at a lower peak load level. Thus
the ultimate load of this specimen cannot be taken into account. Since the behaviour of the
element before failure was the same as the other specimens, hence the results obtained from the
strain gauges can be evaluated, but only in the pre-buckling phase. Figure 10 a) shows that the
measured stresses are close to the theoretical values calculated by assuming full composite
action and gross cross-section:
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σcalc =

FV ⁄2 ∙ df
h
∙
E
t3w dc 2
2Iy,cs + c,mean
Es 12

(1)

where Fv is the acting vertical load;
df is the distance of the support and the load application point (600 mm);
h is the height of the steel cross-section;
Iy,cs is the second moment of area of the steel cross-section;
Ec,mean is the average elastic modulus of PAC;
Es is the elastic modulus of steel, 210 GPa;
tw is the thickness of the PAC-block (200 mm);
dc id the width of the PAC-block (400 mm).
It is also evident that the difference between the stress values of braced and unbraced
elements is quite small (8 %), due to the very low modulus of elasticity of PAC. This is also
proved by the negligible change in the flexural stiffness, which was observed at all cases
(Figure 10 b)). No effect of local buckling occurred even in the case of unbraced elements
which is due to the relatively thick web (b/t ratio assuming full back-to-back contact of the
sections is around 70).

Figure 10 - a) Measured stress-deflection relationship in mid-span of I200-15-4000-WM-001;
b) Measured load-deflection curves of specimens

2.2.3. Test results – 2C-sections
In the 2C-section unbraced specimens with 1000 mm length the compressed flanges
distorted and the load bearing capacity ended due to the buckling of the web between the two
loading points in the shape of an arc. The PAC-braced elements failed due to the crippling of
the web under transverse force, similar to the unbraced specimens, with a smaller failure zone.
Both loading points suffered deformations before failure (Figure 11). Beyond the ultimate load,
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where the plastic deformations were more significant, the cracking of PAC occurred in the
tensile side, while separation also appeared between the steel and PAC. Specimens with
stiffened web showed similar behaviour. The ultimate load increment due to PAC bracing was
114 % and 74 % for unstiffened and stiffened web elements, respectively.

Figure 11 – Deformations due to transverse load

Both braced and unbraced 2300 mm long specimens suffered web crippling with local
buckling of compressed flanges (Figure 12). Unlike the 1000 mm specimens, the failure
occurred under only one loaded section at the braced elements, and all plastic deformation
concentrated there. This resulted in a tensile crack in PAC and the appearance of a separation
zone, which could reach 1 metre in length. The separation occurred at the flat surface of Csection, where only adhesion provided the connection between PAC and steel. In the case of Isection additional mechanical connection also took place (lips and self-drilling screws, the latter
having insignificant effect), which localised the separation to the failure zone. In the case of 2C
sections it was not clear when the separation initiated: prior to failure or because of it. Further
research is needed to investigate the bond behaviour of PAC and CFS. It is important to note
the similarities between the failure shape of unbraced and braced elements. As the failure mode
was the same in these cases, the differences in the shape directly shows how the PAC-bracing
can increase the ultimate load level: the buckled zone becomes smaller, the contours of the
buckling shape sharper. The plastic mechanism of the PAC-braced elements needs more energy
to develop which results in increased ultimate load level. The increment of load bearing
capacity reached 100 %.

Figure 12 – Web crippling of specimens: a) without PAC-bracing; b) with PAC-bracing
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The longest unbraced elements showed global failure mode. As the two C-sections were
connected to each other their movements were interconnected. During loading both constituents
showed lateral displacements in the same direction. This lateral movement resulted in the
buckling of the more compressed lip, which caused overall lateral-torsional buckling of the
element (Figure 13). The 4000 mm long braced members produced the same behaviour as the
2300 mm braced long specimens. The load bearing capacity increased by 133 %.

Figure 13 – Lateral-torsional buckling in element 2C200-15-4000-0-003

One of the long specimens was equipped with strain gauges. Comparing the results of
different cross-sections, it was found that the bonding has no significant effect on the stresses.
The mid-span stresses can be seen in Figure 14 a), calculated by Eq. (1). Similarly to Figure
10 a), the measured stresses are close to the theoretical values calculated by assuming full
composite action and gross cross-section. This tendency is valid until around 30 mm of
deflection, after that the measured stresses exceeded the theoretical values. Data obtained from
inductive transducers (Figure 14 b)) showed that the increment of flexural stiffness is
negligible, as found in the case of I-sections (see Figure 10 b)).

Figure 14 – a) Stress-defection relationship of beam 2C200-15-4000-WM-003;
b) Measured load-deflection curves of specimens
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2.2.4. Ultimate loads
In the previous sections the failure modes were introduced both in unbraced and braced
cases. It was observed that in the braced elements the failure mode was the same for the
2300 and 4000 mm element lengths. It can be seen from Table 3 that the same failure modes
occurred on the same load levels (comparing the results of both I and 2C). This shows that the
failure mode is independent of the element length in the given parameter range, which means
that the bracing provided “full support” for the steel core against global and distortional
movements. This is the reason for the significantly varying ultimate load increments as well.
Since the load bearing capacity of unbraced elements depends on the element length, the
increment caused by the PAC-block is increasing as the element length increases. The
maximum increment is near to 200 %. More detailed discussion on these results can be found
in Section 2.4.
Table 3 – Ultimate load increments due to PAC-bracing

specimen type
I200-15-1000
I200-15-1000M
I200-15-2300
I200-15-4000
2C200-15-1000
2C200-15-1000M
2C200-15-2300
2C200-15-4000

2.3.

number of ultimate load [kN]
specimens1 unbraced braced
3/3
3/3

45.50
54.40

67.01
74.08

failure mode
unbraced
braced

excessive deformations
excessive deformations
distortional
local (web
2/3
25.26
43.24
crippling)
global (lateral- local (web
3/2
14.78
43.01
torsional)
crippling)
local (web
local (web
2/3
33.41
71.34
crippling)
crippling)
local (web
local (web
3/3
38.81
67.38
crippling)
crippling)
local (web
local (web
2/3
26.10
53.15
crippling)
crippling)
global (lateral- local (web
3/3
22.68
52.79
torsional)
crippling)
1
: numbers correspond to unbraced and braced elements, respectively

incr.
[%]
47
36
71
191
114
74
104
133

Panel tests

2.3.1. Test program
In the further tests the behaviour of full-scale floor panels subjected to uniformly
distributed load were studied. A testing frame was built to maintain the required load, as shown
in Figure 15. Specimens were placed on hinges and loaded with airbags. The airbag was being
blown with high-pressure air continuously during experiments. To provide a continuous surface
of the specimens a layer of boards was placed on the top of them without any mechanical
fasteners.
24

Figure 15 – Loading frame of the panel tests

Each panel was 5 meters in length, 1.5 meter in width and consisted of three equally
placed girders. Simple C- and built-up I-girders were used in this series of tests. Two types of
lipped channel sections were used, one with the same geometrical parameters and material
grade as reported in Section 2.2, with 1.0 mm thickness, while the other had 140 mm of web
height and 1.0 mm of plate thickness. The distance between the girders was 500 mm, the girders
were connected to a U-section at both ends with self-drilling screws. To prevent crippling of
web, wood-filling was applied at the supports. The total span of a panel was 100 mm less than
the length of the element. The same mixing ratio was used as in the beam tests (WM type).
Experiments were done 31-34 days after casting the concrete. Both coupon and compressive
tests were done on the materials in use, as detailed in Table 4 and Table 6.
Table 4 – Results of coupon tests for flexural elements

#

1
2

nominal
thickness
[mm]
1.0
1.0

yield
strength
[N/mm2]
311
329

tensile
corresponding
strength structural specimens
[N/mm2]
375
C140-10-5000 panel
391
C/I200-10-5000 panel

In the experimental program five specimens were studied. The first one was a simple
C200-section without PAC-bracing, to be able to compare the results of PAC-braced elements
to a PAC-free one. To provide sufficient load bearing capacity, cross-bracing was applied in
mid- and quarter-spans, as it is done in practical design situations. Four specimens were
investigated with PAC-bracing. One was the same as the PAC-free panel, and another was
similar to these only without cross-bracing. The third braced specimen was similar to the
previous one but built with C140 cross-section. The last specimen was a built-up I200-section
without additional bracing. The connection of the constituting C-sections was done with selfdrilling screws placed 200 mm from each other alternately in the upper and lower parts of the
web. The complete list of test specimens can be seen in Table 5. The nomenclature of specimens
can be found in the Notation.
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Table 5 – Experimental matrix

number of specimen

1

2

3

4

5

cross-section
mixture
number of cross-bracings

C140
WM
0

C200
3

C200
WM
3

C200
WM
0

I200
WM
0

Table 6 – Results of material tests for PAC

notation of
mixture
WM9
WM10
WM11
WM12

bulk
density
[kg/m3]
225.17
211.76
228.85
244.45

compression
strength
[N/mm2]
0.172
0.179
0.204
0.228

flexural
strength
[N/mm2]
0.142
0.088
0.157
0.186

elastic
modulus
[N/mm2]
80.54
75.52
84.61
91.83

corresponding
structural specimens
I200-10-5000
C200-10-5000
C200-10-5000
C140-10-5000

In this phase of the experiments no strain gauges were used; only inductive transducers
were introduced to measure the deflections of the side girders in mid- and quarter-span, and
also to record the lateral displacements in the compressive zone (Figure 16 a)). The lateral
displacements of PAC-braced elements were measured at the side-surface of PAC
(Figure 16 b)). The measurement of air pressure was done by SUNX DP2-41E sensor. The air
blast was introduced very slowly to prevent the development of restricted areas in the airbag
and thus assure the actual load to be evenly distributed. Since the self-weight of specimens and
boards was not negligible, these values were added to the measured air pressure at postprocessing to obtain the real load bearing capacity. The self-weight of specimens was predicted
using the bulk density of PAC cut out of the specimens, while the self-weight of the boards was
measured on a weighing-machine. The PAC-braced specimens were opened up after
experiment to investigate the inner part of steel core surface.

Figure 16 – Instrumentation of floor panels: a) PAC-free specimen; b) PAC-braced elements

2.3.2. Test results
The failure mode of the PAC-free floor panel (C200-10-5000-0-001) showed complex
behaviour. The movements of girders were influenced by the cross-bracings and the additional
torque which acted on the girders during loading. Torque appeared due to the monosymmetric
shape of sections and acted on each girder to rotate the middle cross-section in clockwise
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direction according to Figure 16. The cross-bracings acted only in tension due to the small
thickness of the element, which resulted in the fact that rotating a side-girder causes reverse
rotations in the middle girder but same rotations in the other side-girder. These resulted in that
the side-girders moved towards their compressed lip due to the acting torque, while the inner
girder showed opposite motion due to the cross-bracings. The lateral displacements increased
gradually until failure which was sudden and accompanied by large additional lateral
movements. Plastic deformations occurred in two girders, while the third remained in elastic
state. This failure mode can be seen in Figure 17.

Figure 17 – Failure of specimen C200-10-5000-0-001

During loading at around 1.5 kN/m2 level local buckling of web was observed. Note
that a control calculation using CUFSM finite strip software [46] was performed and confirmed
this value (calculated critical load level: 1.277 kN/m2). The ultimate load was 2.772 kN/m2
(Table 7).
Table 7 – Ultimate loads of floor panels

specimen type

ultimate load [kN/m2]
unbraced
braced

C200-10-50001
C200-10-5000
C140-10-5000
I200-10-5000

2.772
4.369
3.983
2.284
6.911
1
: with cross-bracing

increment
[%]
58
-

The PAC-braced panel (C200-10-5000-WM-002), which was identical to the PAC-free,
failed due to buckling which resulted in a plastic yield mechanism of compressed flange and
web near mid-span at the ultimate load level (Figure 18 a)). Continuing the air blast after the
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failure of one side-girder resulted in decreasing load with increasing deflections, and
subsequently failure in another girder. Further loading caused the last local failure to develop.
This multiple buckling failure mode is visible on the load-deflection curve of the specimen
(Figure 18 b); note that the correction in load values as described above results in nonzero load
intensity at zero deflection). As found during member tests, the increment of flexural stiffness
provided by the PAC was negligible. At around 3.4 kN/m2 load level the linearity of loaddeflection relationship ended and a nonlinear zone started. This is due to the fact that the normal
stress in the extreme fibre reached the yield strength of the base material. Using Eq. (1) and
considering the deflection difference between the side-girders the calculated stress is 329
N/mm2 at total load 3.4 kN/m2, whilst fyb = 329 N/mm2. The specimen was able to carry 1.0
kN/m2 additional load after this point (29 %). No sign of local buckling of the web was observed
in the load-deflection curves which implies that the cross-sectional class was modified by the
PAC. The increment in load bearing capacity was 58 %. Similar separation could be observed
in the outer web-side of side-girder, as developed during the member tests, its initiation was
unclear. No other separation occurred, which emphasises the importance of mechanical
connection provided by the lips of the C-profile.
The panel without cross-bracing (C200-10-5000-WM-001) produced the same multiple
buckling failure mode as mentioned above. Unlike the previous specimen, here separation
occurred in greater part of the length of the panel. Two phenomena were responsible for this.
Firstly, as no cross-bracing was applied, the acting torque was restricted only by the PAC, which
developed tension in the upper part of the interfacial zone. In addition, the effect of large plastic
deformations caused the bonded connection to fail in shear. The separation was wider and
longer at the web-side of cross-section. Nonlinearity started at the same load level as in the case
of specimen C200-10-5000-WM-002.

Figure 18 – a) Failure mode of C200-10-5000-WM-001 panel;
b) Load-deflection diagrams of panels made up of C200 section
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Specimen number C140-10-5000-WM-001 produced exactly the same behaviour as the
previous panel. During loading at 1.8 kN/m2 level the stiffness of the specimen decreased, but
the load-deflection curve remained linear (Figure 19). The obvious reason of the behaviour can
be the elastic local buckling of the web. The critical load for unbraced section based on CUFSM
calculations is 1.2 kN/m2, which means that the PAC had significant stiffening effect on local
buckling of the web. However, it should be noted that the calculated stress in the outer fibre
exceeded the yield strength in this specimen as well, which is not evident based on the loaddeflection diagram (calculated stress 366 N/mm2 at load 2.2 kN/m2 whilst fyb = 311 N/mm2).

Figure 19 – Multiple buckling failures and stiffness decrement of specimen C140-10-5000-WM-001

The last panel (I200-10-5000-WM-001) was made up of I-sections. The constituting Csections tended to separate because of the torque acting on the half-sections. This was restricted
by the connecting self-drilling screws. The failure was initiated by the additional stresses from
the screws in tension, which was the same as in the case of all other PAC-braced specimens,
i.e. buckling of the compressed cross-sectional elements. Separation did not develop between
PAC and steel, since each constituting C-sections moved towards the PAC-block.

2.4.

Discussion of test results
Based on the test results and observed behaviour modes it can be stated that the

continuous PAC-bracing is capable of restraining the flexural elements from global and
distortional failure in the studied parameter range. In all PAC-braced experiments local
phenomena played the major role in the failure. This is most evident in the case of the panel
tests, where the failure mode belongs to the ultimate moment resistance of the section and no
global or distortional phenomena occurred. This behaviour is in good agreement with the
experimental observations of [14].
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As it is reported in Table 2, material properties of PAC show high scatter, significant
differences may occur between different mixtures of the same type. On the other hand, the
elastic modulus and strength is so low, that even if the values would show less scatter, no
considerable increment of ultimate load could be utilised based on full composite action. This
means that the main beneficial effect caused by PAC is due to the bracing behaviour, and not
to the composite action based increment in load bearing capacity. Furthermore, during loading
tensile crack may occur, which is almost impossible to detect due to the special texture of PAC.
The cracks decrease the ultimate load calculated assuming composite action, but have no
significant effect on the bracing effect. Based on these a design procedure should count only on
the bracing behaviour of PAC.
The increment of ultimate load depends on the effect of plate slenderness of core
elements. Comparing the results of specimens with and without stiffened web in Table 3, for
the same failure mode greater increment was observed when the steel core was more slender.
This can be illustrated when comparing the 1000 mm long I-sections (web thickness of 3 / 6
mm) to 2C-sections (web thickness of 1.5 / 3 mm). Thus the PAC has a beneficial effect on
local buckling of the web. This can increase the effective cross-section of elements that also
results in greater resistance. The increment of local buckling load is correlated to the plate
slenderness of the section. In the member tests local buckling occurred only in the PAC-encased
2C-elements, where the web was more prone to buckling (Figure 14 a)). In the panel tests local
buckling occurred in the C140 PAC-braced element according to the load-deflection diagrams
(Figure 19). This phenomenon is further investigated in Chapter 5 to gain information on the
behaviour of compressed and bended plates.
The panel test produced smaller increase in load bearing capacity (see Table 7) than the
member tests. This is partially due to the special build-up of the loading frame of the member
tests. The position of load was above the specimen, which reduces the resistance of beams
because of second order effects. Since the PAC-braced specimens showed hardly any lateral
displacement, this secondary effect could not take place, which resulted in greater load
increment. On the other hand, the PAC-free floor panel was already equipped with crossbracings, which increased its resistance.
As it was observed, the PAC has beneficial effect on the post-ultimate behaviour of
specimens, since it does not let the steel core to produce great deformations. In the case of floor
panels, PAC held together the steel girders until pure local failure was able to develop in each
of them (Figure 18). This effect is similar to that reported in [24], where foamed concrete was
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used to brace corrugated CFS sheathing. Separation during failure occurred more frequently on
the flat side of lipped channel sections. It is because this surface provides connection only
through adhesion, which has a limited bonding capacity. When lateral movements appear (i.e.
in the case of panel elements), this connection fails, if only mechanical connection is not
present, provided by the lips of C-sections. The initiation of separation was not clear in the
tests; separation can be present prior the failure. Additional research is needed to investigate
this effect. The mechanical connection has greater resistance, which fails if the concentrated
deformations developing in steel are significant (local failure). These effects have sufficient
bracing capacity to restrain lateral-torsional failure.
The main properties which govern the behaviour of the investigated elements is mainly
the elastic modulus, while deformation capacity and bond strength of the infill material has also
its role. Other materials showing similar behaviour (e.g. lightweight concrete using waste wood,
recycled polystyrene or recycled PAC) can be substituted instead of PAC to achieve the same
performance.

2.5.

Summary
A novel structural system, consisting of cold-formed steel elements and polystyrene

aggregate concrete was investigated by flexural tests. Two types of build-up and two crosssections were investigated with two loading procedures: four-point bending and uniformly
distributed load by means of air pressure. Altogether 53 tests were carried out.
Advantageous behaviour of braced elements was observed due to the fact that no
distortional or global buckling occurred. Significant increments of load bearing capacity were
discovered, with pure local failure modes. Load increment results from the increased effective
width of cross-sections as well.
It was found that cracks can initiate on the tension side of the specimen. Also separation
can occur between the steel core and the infill material due to the failure of adhesion at large
plastic deformations of the steel. These effects are pointing to the fact that a design procedure
should only count on the bracing effect of PAC, and not on the composite behaviour.
In the next Chapter the experimental investigations will be extended to compression and
shear tests in order to gain information on the behaviour of the structural elements under
different load conditions and to compare the results to those found previously.
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3.

EXPERIMENTAL INVESTIGATION OF COMPRESSION
AND SHEAR STRUCTURAL ELEMENTS

3.1.

Introduction
After investigating flexural elements, this Chapter discusses the behaviour of vertical

load bearing elements. These elements – applied in wall panel – can also have lateral loading
(from earthquake, wind, etc.), providing the overall stability of the structure.
As outlined in Section 1.2 several research activities were reported in literature. One of
the first tests, investigating the effect of sheathing on U-shaped compression members [16],
[17] was completed according to the Australian Standards. The main finding of the research
was that global buckling is effectively restrained, but local buckling is unaffected by the
sheathing. Research carried out in Europe [22] showed that the sheath thickness is of less
importance regarding the ultimate load level. As the authors found, elastic modulus of the
sheathing only influences the results when it is relatively low. A research team of Schafer
investigated the effect of sheathing on the compression and shear behaviour of thin-walled wall
stud systems [11], [12], [13] and [15]. Their detailed experimental study contained the
investigation of different sheathing materials (gypsum and OSB) on both panels and simple
column elements. The main findings of the experiments were that local buckling is dominant
when the effect of the sheathing is utilised, and significant load increment can be achieved
(max. 91 %), without increased axial stiffness. Other buckling modes were also identified
during tests. It was found that the applied sheathing cannot increase the load bearing capacity
of local failure significantly, as bracing elements are attached to the steel columns only at the
flanges. A novel arrangement can be found in [23], where steel face layers are infilled with
foamed concrete. In this case the steel elements are continuously braced by the core material,
resulting in a sandwich panel-like behaviour.
More results are available for shear tests of sheathed CFS panels. Different sheathing
materials, even CFS plates are considered in these researches. The reason for the more detailed
investigation is that the sheathing essentially modifies the stiffness of the structure, thus
modifying the transferring of horizontal loads (e.g. wind), and resulting in different earthquake
loads. Monotonic [18] and cyclic [19] tests assessing ductility ratio and energy absorption
showed the difference between sheathing materials, pointing out that material providing greater
strength may have worse behaviour under cyclic loading. The research team of Schafer also
made investigations of shear walls [13], concentrating on stiffness measurements, resulting in
a comprehensive model for considering the local and diaphragm types of the bracing effect.
32

Cyclic full-scale experiments [20] were also carried out in order to compare the different
sheathing behaviours.
The aim of the current study was to investigate the effect of continuous bracing. The
global, distortional and local buckling behaviour of thin-walled cold-formed steel elements
were of interest for the case of compression members. For this end a similar experimental
research was carried out as described in Chapter 2. The effect of different cross-sections, PACmixtures were investigated, along with the effect of element length. Additional shear panel tests
were done as well, focusing on the behaviour and failure modes of specimens as well as the
ultimate load values.

3.2.

First test series – effect of PAC-mixtures

3.2.1. Test program
In the member tests single C-section column elements were investigated in a loading
frame shown in Figure 20. Load transferring elements of 140 mm length were placed at both
ends of specimens, to enable loading. These elements were fixed to the C-sections by means of
self-drilling screws in both flanges and the web as well. The load was transferred to the
specimens through hinges preventing bending moment to develop. The load was introduced by
a hydraulic jack.

Figure 20 – Loading frame of the member tests

In this first series of tests a lipped channel section was used with total height of 90 mm,
width of 41 mm and 13 mm of edge stiffeners. The nominal plate thickness of steel was 0.9
mm; the steel grade was DX51D+Z. To be able to investigate different failure modes (local,
distortional and global), three different element lengths were defined; namely 580/880/2280
mm, including the load transferring elements, which resulted in 300/600/2000 mm long
investigated zones, respectively. The CFS core was surrounded by 400 x 200 mm PAC-block
33

between the load transferring elements with length equal to the investigated zone, therefore the
end connections were left free. To gain information on the behaviour of stub-columns braced
with different PAC-mixtures, two mixtures were used: type A and X [30]. Type A had a nominal
bulk density of 380 kg/m3, with greater amount of cement paste, which provided greater
strength to the mixture and also worse heat insulating capacity. On the other hand, type X had
a nominal bulk density of 290 kg/m3, resulting in a softer material better fitting for building
physics purposes. Material tests were performed prior to the structural tests, as it was described
in Section 2.2 (see Table 8). The average yield strength of steel was 372 N/mm2, the average
tensile strength was 421 N/mm2. The experiments were done at age of 42 days.
Table 8 – Results of material tests for PAC

denotation measured compression flexural Young’s corresponding structural
of mixture bulk density
strength
strength modulus
specimens
3
2
2
[kg/m ]
[N/mm ]
[N/mm ] [MPa]
A
X

403.51
285.91

0.632
0.392

0.346
0.171

115.36
270.39

first series, all
first series, all

To be able to evaluate the results, additional experiments were done on unbraced stubcolumns, which properties were the same as the PAC encased ones, except the bracing. Each
experiment was triplicated, thus results of 27 experiments are reported here. The nomenclature
of specimens can be found in the Notation.
The instrumentation of specimens consisted of inductive transducers. The axial
displacement was measured at the lower load transmitting element. The lateral movements were
measured at mid-height according to Figure 21. Data acquisition frequency was set to 5 Hz.
The PAC-braced specimens were disassembled after the experiments were completed to
investigate the steel core. The bulk density of PAC in each element was also measured.

Figure 21 - Arrangement of inductive transducers for unbraced and braced elements at mid-height
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3.2.2. Test results
The failure mode of unbraced specimens depended on the height of the element. The
behaviour of the 300 mm columns were governed by local and distortional phenomena (see
Figure 22 a)). In the case of local failure, the web, both flanges and both lips suffered plate
buckling. This failure concentrated to a relatively small zone of the specimen, unlike the
distortional one, which covered almost half of the specimen’s length. Every failure occurred at
the end of the stub columns. The behaviour of 600 mm specimens showed two main differences
comparing to the shorter ones: (i) the failure zone shifted towards the middle of the specimen,
and (ii) the displacements of the centroid of the C-section were larger, due to the secondary
effects (Figure 22 b)). The 2000 mm columns failed due to flexural-torsional buckling which
caused local buckling in the web or in the edge stiffener (lip) after sufficient displacement
(Figure 22 c)). Elastic local buckling of web was visible prior to failure in all unbraced
specimens.

Figure 22 – Failure modes of C90-10 elements: a) 300 mm; b) 600 mm; c) 2000 mm

All the PAC-encased stub-columns produced the same local failure at the very end of
the braced zone (see Figure 23 a)). No specific lateral movements were measured in either
direction. The observed local failure and its sudden development are similar to those reported
in [11], [12], [17]. Based on the load displacement curves on Figure 23 b) it can be seen that
the initial axial stiffness of specimens are close to one another in the braced and unbraced cases,
no significant stiffening could be detected due to PAC-bracing. It should be noted, however,
that all the axial stiffness values are significantly lower than the theoretical value, which means
that the applied end connection had significant effect on the axial stiffness of the members. The
length of the failure zone of the braced specimens was smaller than found previously, which
resulted in increased ultimate load, as detailed in Table 9. The maximum increment is near to
100 %.
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Figure 23 – a) Local failure at the end of the braced specimen C90-10-300-A-003; b) Measured axial loaddisplacement curves of C90-10 specimens
Table 9 – Ultimate loads and increments due to PAC-bracing

specimen
type

ultimate load [kN]
increment [%]
number of
1
2
specimens unbraced failure mode mix. A mix. X mix. A mix. X

C90-10-300
C90-10-600
C90-10-2000

3.3.

3/3/2
27.34
LB, DB
38.93 40.26
42
47
3/2/3
27.34
DB
37.80 37.44
38
37
3/3/3
17.76
FTB
34.44 33.57
94
89
1
: numbers correspond to specimens without PAC-mixture, with mixture
A, and mixture X, respectively
2
: LB – local buckling; DB – distortional buckling; FTB – flexuraltorsional buckling

Second test series – effect of CFS-stiffness

3.3.1. Test program
In the second series of tests similar experiments were carried out as detailed in Section
3.2. The loading frame and the mode of load transmitting was the same as mentioned above.
The three applied lengths and the geometry of PAC-block remained the same, too. The lipped
channel sections, however, were replaced by a bigger one: 140 mm total height, with two
thicknesses of 0.9 and 1.5 mm (steel grade DX51D+Z). In this way, measurements could be
carried out for different relative core-stiffness. Based on the results of the first test series a new
PAC-mixture was used for the experiments (type WM) with 200 kg/m3 nominal bulk density.
This mixture has not only optimised heat insulation capacity and bulk density, but it is also
more reliable during the constructional phase. Structural tests were duplicated for the unbraced
specimens, triplicated for the braced specimens, and were carried out at the age of 28 days.
Altogether 30 specimens were investigated. The results of the performed material tests can be
found in Table 10 and Table 11 for steel and PAC, respectively. Note that small scatter was
observed in the mechanical properties of PAC within one mixture. The nomenclature of
specimens can be found in the Notation.
36

Table 10 – Results of coupon tests

# nominal
yield
tensile
corresponding
thickness strength strength structural specimens
[mm]
[N/mm2] [N/mm2]
1
0.9
314
391
all second series
2
1.5
305
380
all second series

The instrumentation of specimens consisted of inductive transducers and strain gauges.
Displacements were measured similarly as defined in Section 3.2, except that in the PACbraced case only one component was measured in horizontal direction (between 1B and 1J, see
Figure 21). This simplification could be done based on the observation of the first series of
tests. In this test series the effect of bonding was also investigated. In the case of two 2000 mm
specimens with different plate thickness strain gauges were applied in three different crosssections in 100 / 400 / 1000 mm distance from one end of the specimen called “A”, “B” and
“D”, respectively. It was assumed that the stress near to the lip-flange and flange-web joint is
constant throughout the thickness of the plate, while in the middle of the web where the effect
of local buckling was expected, two gauges were placed to the two sides of the web
(Figure 24). The PAC-braced specimens were disassembled after experiments were completed
to investigate the steel core. The bulk density of PAC in each element was also measured.
Table 11 – Results of material tests for PAC

denotation
of mixture
WM13
WM14
WM15
WM16
WM17

bulk
compression flexural Young’s corresponding structural
density
strength
strength modulus
specimens
3
2
2
[kg/m ]
[N/mm ]
[N/mm ] [MPa]
231.14
0.155
0.130
100.51
C140-10-600
213.51
0.149
0.174
105.43
C140-15-600
203.43
0.132
0.086
43.30 C140-10-300, C140-15-300
247.63
0.172
0.087
83.17
C140-20001
181.01
0.095
0.044
90.14
C140-20002
1
: specimens equipped with gauges
2
: rest of specimens

Figure 24 – Instrumentation of gauge-equipped elements (strain gauges in circles)
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3.3.2. Test results
In the second series of tests the behaviour of specimens showed several similarities to
the results found previously. The 300 and 600 mm unbraced specimens failed due to local and
distortional phenomena regardless of the thickness of the plate. The 2000 mm length element
showed different behaviour as the plate thickness changed. The 0.9 mm elements failed due to
the buckling of lips, i.e. distortional buckling, while the 1.5 mm elements buckled in a flexuraltorsional way. These failure modes are summarised in Figure 25 a).

Figure 25 – a) Observed failure modes (C140-10-300-0-001; C140-15-600-0-002; C140-10-2000-0-001;
C140-15-2000-0-001); b) Local failure mode of braced specimens; c) Measured axial load-displacement curves of
C140-15 specimens

All the braced specimens produced local failure in the PAC-encased zone similarly to
the first series (Figure 25 b)). The PAC had moderate effect on the axial stiffness as it is
confirmed by Figure 25 c), where the axial load-displacement curves are shown for several
braced and unbraced specimens with plate thickness of 1.5 mm. It can be clearly seen, that the
stiffness changed marginally, except for the longest specimen where significant stiffening can
be observed. The same was observed for 0.9 mm plates, which is due to the reduced importance
of second order effects. The measured axial stiffnesses are smaller than the theoretical value,
as found previously. After the failure, which occurred suddenly, the carried load decreased
significantly to a similar level as in the case of the unbraced elements. The failure region shifted
towards the inside of the specimen, and the surface of some specimens with 1.5 mm steel plate
cracked at failure (Figure 26 a)). The failure loads are summarised in Table 12; the maximum
increment is over 100 %.
Figure 26 b) shows the theoretical and measured axial stresses in the middle crosssections of specimen C140-10-2000-WM-001. The calculated stress with bracing is obtained
using gross cross-section and full composite action according to Eq. (2) (assumed modulus of
elasticity of PAC 112 MPa) while that without bracing is based on gross cross-section alone.

38

Table 12 – Ultimate loads and increments due to PAC-bracing

specimen type number of
specimens1
C140-10-300
C140-10-600
C140-10-2000
C140-15-300
C140-15-600
C140-15-2000

ultimate load [kN]
unbraced failure mode2 mix. WM

2/3
2/3
2/3
2/3
2/3
2/2

30.89
31.88
21.38
65.10
64.08
42.46

LB, DB
LB, DB
DB
LB, DB
LB, DB
FTB

40.54
40.08
43.52
71.65
79.56
83.24

increment
[%]
31
26
104
10
24
96

1

: numbers correspond to unbraced and braced specimens, respectively
: LB – local buckling; DB – distortional buckling; FTB – flexuraltorsional buckling
2

FV

σcalc =
Acs +

Ec,mean
Es tw dc

(2)

where FV is the acting vertical load;
Acs is the gross cross-sectional area;
Ec,mean is the average elastic modulus of PAC;
Es is the elastic modulus of steel, 210 GPa;
tw is the thickness of the PAC-block (200 mm);
dc id the width of the PAC-block (400 mm).
Comparing these stresses, a moderate decrement of 17 % can be found (11 % for 1.5
mm plate thickness) due to composite action. This small effect of composite action is due to the
small elastic modulus of PAC. The stress corresponding to the web is interpreted as the average
of gauge 3 and 4. It is clear that the measured stresses in the mid-section are close to the
theoretical values with full composite action. It was observed that the distribution of stresses
gets more uniform towards the middle of the element which suggests a rather beneficial
behaviour and is due to the bracing effect of PAC. Same behaviour was observed for 1.5 mm
plate thickness, too.
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Figure 26 – a) Cracking of PAC (C140-15-600-WM-002);
b) Stress-deflection relationship of specimen C140-10-2000-WM-001

3.4.

Third test series – compression panel tests

3.4.1. Test program
In the full-scale tests the behaviour of wall panels subjected to uniformly distributed
vertical and/or lateral load were studied. It was not the aim to identify the shear resistance of
panels, only to determine the lateral stiffness (the panels subjected to shear remain undamaged).
In this section only the results of compression will be discussed, the effect of shear will be
detailed in Section 3.5 along with the other shear tests. A testing frame was built to maintain
the required load as shown in Figure 27. The specimens were placed onto a bearing structure,
and to the top of them a hot rolled I-beam was attached, as load distributing element. The load
was introduced by two identical hydraulic jacks connected to the same hydraulic circuit, thus
producing equal load.
Table 13 – Test arrangement of panel tests

#

ID of specimen

crosssection

PAC
mixture

crossbracing

bracing
ribbon

lateral
stiffness

1
2
3
4
5
6
7

C90-10-2700-WM-001
C90-15-2700-WM-001
C140-10-2700-0-001
C140-10-2700-WM-001
C140-10-2700-WM-002
C140-10-2700-WM-003
I140-10-2700-WM-001

C90-10
C90-15
C140-10
C140-10
C140-10
C140-10
2xC140-10

WM
WM
WM
WM
WM
WM

+
+
-

+
-

+
+
+
-

The build-up of specimens can be seen in Figure 27. All panels were 2000 mm wide
and 2700 mm high, contained four columns placed 500 mm from each other. All the columns
were connected to a U-section both at top and bottom of specimens with two self-drilling screws
through the flanges. The PAC-bracing was made from the same mixture as was introduced in
Chapter 2 (type WM), the panels had 55 mm concrete cover on both sides. Although the building
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system introduced in Section 1.3 would imply that the edges of the panels remain free, these
wall panels were covered fully by the PAC. Altogether seven panels were tested (Table 13).
One of them was PAC-free, and made of C140-10 section. Two bracing systems were applied
in this panel. First was a cross-bracing in the plane of the panel, on both sides with cross-section
of braces of 50x1 mm. The second was three bracing ribbons inside the panel placed in the
quarter heights (same cross-section). This panel was subjected to shear investigation. Three
other panels were made of the same cross-section columns, each with PAC-bracing. One of
them was identical to the PAC-free specimen, with the difference that it did not have bracing
ribbons. The other panels did not have the cross-bracing either. The firstly mentioned and one
of the two identical panels were subjected to shear, too. The fifth and sixth panels were made
of C90-10, and C90-15 sections, respectively, without any bracing but PAC. The seventh
specimen contained built-up I140-10-sections without bracing, but PAC. Every connection was
built up by self-drilling screws.

Figure 27 – Loading frame and build-up of wall panel

To let the in-plane movements due to lateral load develop, the hydraulic jacks producing
the vertical load were put on linear bearings throughout the tests. In the cases of the C90-15 and
I140-10 specimens the load bearing capacity of panels were greater than the linear bearings, so
these two specimens were loaded by fixed upper edge. The PAC-braced specimens were
disassembled after experiments were completed to investigate the steel core. All tests were
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carried out at the age between 28 and 32 days (for mechanical properties see Table 14 and
Table 15). The nomenclature of specimens can be found in the Notation.
Table 14 – Results of coupon tests

# nominal
yield
tensile
corresponding
thickness strength strength structural specimens
[mm]
[N/mm2] [N/mm2]
1
0.9
317
379
C90-10-2700
2
1.5
363
486
C90-15-2700
3
0.9
311
375
C/I140-10-2700

The instrumentation of specimens consisted of inductive transducers. Vertical
displacements were measured at the two sides of panels considering uneven movements. The
in-plane displacement of the upper edge was also measured to determine the lateral stiffness.
Other in-plane displacements were also measured at 1 metre distance from the top: three
components for the PAC-free element on three different columns, and one for PAC-braced (at
the edge of the specimen).
Table 15 – Results of material tests for PAC

denotation bulk compression flexural Young’s
corresponding
of mixture density
strength
strength modulus structural specimens
[kg/m3]
[N/mm2]
[N/mm2] [MPa]
WM18
236.07
0.151
0.057
36.64
C90-10-2700
WM19
232.80
0.190
0.088
48.90
C90-15-2700
WM20
253.34
0.213
0.101
79.96
C140-10-2700
WM21
242.96
0.187
0.115
85.68
I140-10-2700
WM22
265.58
0.248
0.152
113.00
C140-10-2700
WM23
265.66
0.236
0.175
81.95
C140-10-2700

3.4.2. Test results
The compressive tests were done without any horizontal force or restraints. The failure
of the C140-10 PAC-free wall panel showed complex behaviour. At lower load levels the initial
gap, which existed between the webs of C- and U-sections, closed. As the load increased the
local buckling of web was initiated around the connection, which was followed by the
deformation of the flanges. After further increment in the load intensity, buckling of the lips
occurred in the middle columns of the panel. This buckling resulted in the redistribution of
inner force between the columns. After further loading one of the side columns failed due to
interaction of flexural-torsional and distortional buckling. This immediately resulted in the
failure of the inner columns which eventually marked the failure of the wall panel (Figure 28
a)). As flexural-torsional buckling of middle columns was restricted by the ribbon bracing, they
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failed due to distortional buckling between ribbons. Although several local and distortional
buckling deformations were observed prior to failure, the load-displacement curve showed
linear behaviour, the failure occurred abruptly, and no significant post-ultimate load bearing
capacity was present (Figure 28 b)). Unlike the member tests, the first observed buckling did
not result in ultimate failure, because of the significant redundancy in the structure.

Figure 28 – a) Failure of PAC-free wall panel; b) Load-displacement curves of wall panels

Most of the PAC-braced specimens failed due to failure at the connection of C- and Usections, which is quite similar behaviour as found during the member tests, as the failure
occurred near to the application of load. Two main types of failure modes could be separated.
One is fully symmetrical, while the other has some asymmetry in the buckling shape
(Figure 29 a) and b)). This is due to bending moment acting on the specimens, which could not
be eliminated because of the imperfections. In one case, buckling of the web was revealed
during disassembling the specimen, approx. 50 cm distance from the end of column. The
specimen with cross-bracing showed smaller ultimate load value, which is due to the fact that
the cross-bracing buckled at failure, which helped casting off the concrete cover. Specimen
made of C90-15 cross-section showed different failure as the above mentioned elements. In this
specimen the load was applied directly at the columns, unlike the uniformly distributed loading
used so far. During testing the specimen moved perpendicular to its plane, and finally produced
a failure of interaction between bending and buckling. The more compressed flange of columns
inside PAC buckled similarly as found in the case of beam elements (Figure 29 c)). Besides
this, smaller local deformations in the connection of C- and U-sections were also present in this
specimen, which means that the connection zone of this compact cross-section was stiff enough
to have higher resistance than the element itself. Table 16 summarises the ultimate loads of wall
panels.
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Figure 29 – a) Symmetric failure mode; b) Asymmetric failure mode; c) Failure of C90-15 wall panel
Table 16 – Ultimate loads of wall panels

specimen type

ultimate
load [kN]

failure mode

C140-10-2700*
84.01
multiple buckling
C140-10-2700**
145.44
symmetric
C140-10-2700
178.3
symmetric
C140-10-2700
131.98
asymmetric
C90-10-2700
148.81
symmetric
C90-15-2700
266.31
M-N interaction
I140-10-2700
254.84
asymmetric
*: PAC-free with cross-bracing and ribbons
**: with cross-bracing

3.5.

Fourth test series – shear panel tests

3.5.1. Test program
First type
Lateral load distribution and resistance of a whole structure is quite important aspect of
design. Furthermore, the intensity of earthquake load is dependent on the stiffness of the
structure. Therefore, two types of experiments were carried out in order to determine the shear
behaviour and failure modes of wall panels. In the first type of experiments only the lateral
stiffness of the panels was of interest. The arrangement of compression panel tests introduced
in Section 3.4.1 was applied. A separate hydraulic jack was placed to the end of the load
distributing element to apply horizontal force. This jack was capable to produce not only
compression force but also tension, thus allowing re-adjusting of the panel after lateral loading.
Three panels of the compressive tests were selected to investigate their shear behaviour.
The PAC-free element, and two PAC-braced elements with the same steel core. To avoid any
damage in the connections, the lateral load was maximised in 2 kN, based on the resistance of
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the screws. Shear tests were performed at various vertical load levels: 20 kN, 50 kN and 75 kN
(the latter only for PAC-braced elements). At each load level three loops were carried out to
consider the effect of residual deformations.
Second type
In the second type of tests both lateral stiffness and ultimate state investigations were of
interest. The build-up of specimens was modified according to the proposed building system
developed meanwhile. No steel bracing elements were used, only the PAC provided the shear
resistance. The used concrete mixture and steel grade were the same as previously mentioned.
Both wall panels (with symmetric concrete cover) and floor panels (with asymmetric concrete
cover) were tested with 1.8 m width and 2.7 m height. Load bearing wall panels (type B) were
made up of five C140-10 cross-sections with 400 mm total thickness of PAC. Separating-walls
(type K) had the same steel core and 250 mm of PAC thickness. Floor panels were made up of
C200-10 cross-sections with 250 mm of thickness (50 mm concrete cover on one side, 0 mm
on the other). Two types were used, where the number of columns was different, 4 (type R) and
6 (type S), respectively. Altogether four panel types were investigated. All specimens had a 50
mm gap in the concrete cover at both ends in order to establish the connection to the loading
frame. Thus the connection between the testing equipment and the specimens was established
by self-drilling screws (Figure 30). The nomenclature of specimens can be found in the
Notation, the experimental matrix in Table 17.
Table 17 – Experimental matrix of lateral tests

#

ID of specimen

crosssection

1
2
3
4
5
6
7
8

C140-10-B-WM-001
C140-10-B-WM-002
C140-10-K-WM-001
C140-10-K-WM-002
C200-10-R-WM-001
C200-10-R-WM-002
C200-10-S-WM-001
C200-10-S-WM-002

C140-10
C140-10
C140-10
C140-10
C200-10
C200-10
C200-10
C200-10

number
of
members
5
5
5
5
4
4
6
6

concrete
cover per side
[mm]
130 / 130
130 / 130
55 / 55
55 / 55
0 / 50
0 / 50
0 / 50
0 / 50

wall
thickness
[mm]
400
400
250
250
250
250
250
250

type of
load
pulsing
oscillating
pulsing
oscillating
pulsing
oscillating
pulsing
oscillating
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Figure 30 – Shear panel arrangement

As the ultimate shear resistance was of interest, no compression load was introduced to
the specimens. Three load intensities were used (8.5 kN, 15 kN and 20 kN, respectively) where
the cyclic behaviour of the panels were tested, using three cycles in each load intensity. In the
final load step the specimens were loaded until failure. Two loading types were used (pulsing
and oscillating), altogether eight specimens were tested. During tests the relative displacement
of the top and bottom edge of the specimens were measured by inductive transducers as well as
the internal displacements in two heights (Figure 30). All tests were carried out at the age of 28
days of the concrete.
3.5.2. Test results
First type
Figure 31 a) depicts the measured sideway displacements versus the lateral load for the
PAC-free and a PAC-braced panel at 50 kN vertical load level. It can be seen that the two panels
had notable differences in behaviour. The lateral stiffness of PAC-free element was provided
by the cross-bracings. As these elements were not prestressed during manufacture, they were
slackened, thus resulting in vanishingly small lateral stiffness at the beginning of the test. After
7 mm of horizontal displacement the bracing was activated, showing considerable stiffness.
This dual behaviour did not change during the three applied loops. The lateral stiffness S was
defined by Eq. (3):
S=

FH
2700
=FH
γ
eH [mm]

(3)

where FH is the horizontal load;
γ= eH ⁄H is the shear deformation of the wall panel at load level FH;
eH is the horizontal displacement in mm;
h is the height of the panel (2700 mm).
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In Figure 31 b) the calculated lateral stiffnesses are plot versus the applied vertical load.
It can be seen, that the lateral stiffness increased in proportion to the PAC-free element. This
increment is even more significant as the vertical load is increasing. Furthermore, the difference
between specimens with and without cross-bracing is negligible, which means that the
additional stiffening elements are unnecessary. This is due to the fact that the cross-bracing
elements were slackened when casting the PAC infill, thus they could not participate in the
stiffness.

Figure 31 – a) Lateral load-horizontal displacement diagrams; b) Lateral stiffness as a function of vertical load

Second type
As can be seen on Figure 32 all the specimens showed elastic behaviour in pulsing and
oscillating load as well. The small residual deformations were basically due to the deformation
of the self-drilling screws at the supports.

Figure 32 – Typical load-displacement curves for a) oscillating and b) pulsing load

The failure of panels can be categorized into three different types: (i) failure of the steel
core; (ii) combined failure of the steel and PAC; and (iii) failure of the PAC.
The first failure type occurred only in the case of the load bearing wall elements, because
the resistance of the 400 mm thick PAC-block was higher than the resistance of steel core. The
first damage was visible in the most compressed column-end joint, which showed local
47

buckling at around 22 kN load level. This mechanism had sufficient post-critical reserve to be
able to further increase the load. At the peak load level the screws on the tensile side of the
specimen started to fail, while the deformations of the local buckling of the compressed columnend increased significantly (see Figure 33 a) and b), respectively). Figure 33 c) confirms that
the failure developed gradually without any well-defined peak.

Figure 33 – Failure of steel core in specimen C140-10-K-WM-001: a) on the tensoin side; b) on the compression side;
c) load-displacement curve

After disassembling the specimen distortional buckling of the side column and smaller
local buckling shapes near to the column-end were found as Figure 34 shows. These failure
modes are showing the effect of minor axis bending moment arising after the initial failure of
the connection zone. Local buckling of the connection was discovered in the second column,
too, but no other columns showed distortional or local buckling. This means that the bracing
effect of the PAC on the side column is weaker than in the inside, which makes the side column
prone to buckling near the end-zone.

Figure 34 – Hidden buckling shapes of side column of specimen C140-1-K-WM-001

The second failure type was the most common among the specimens. The first damage
what occurred was the local buckling of the compressed column-end as before, but after further
loading the PAC-block cracked at the web of the C-profiles. These cracks developed one-byone at each column through the whole thickness of the panels, thus the panels separated into
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several quasi-independent panels (Figure 35 a)). Because of the cracks the decrement of the
load was more significant than in the previous mode. Small local buckling shapes were find in
the side-columns after disassembling.

Figure 35 – Combined failure: a) failure shape; b) load-displacement curve

In the third type of failure modes only the PAC-block damaged, while the steel core
remained unchanged. Before experiments were carried out, each specimen was investigated for
any visible damage due to casting mistakes and transportation. In most cases small cracks were
found on the surface of the PAC at the steel profiles. Although the small cracks did not modify
the failure significantly in the first and second type of failure modes, they have degraded the
shear resistance of the material below the resistance of the steel core (Figure 36). This is
confirmed by the fact that the failure load level was smaller in these cases than before. Table
18 shows the ultimate loads of each specimen. The presence of cracks emphasises the
importance of shrinkage behaviour and curing, transportation and erection techniques
throughout the construction stage.

Figure 36 – Initial cracks of specimen C200-10-S-WM-001
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Table 18 – Summary of shear test results
crossplate
# section thicknes
s
[mm]
1
2
3
4
5
6
7
8

height

mixture

[mm]

C140

1.0

2700

WM

C200

1.0

2700

WM

3.6.

column
wall
serial stiffness ultimate load [kN]
bulk
distance thicknes number
density
s
[mm]
[mm]
[kN]
steel
PAC
[kg/m3]
001
2503
32.04
195.83
400
400
002
2134
28.26
176.06
001
3966
27.84
30.75
227.24
400
250
002
1923
23.31
235.49
001
2308
26.52
29.47
246.31
550
250
002
1800
23.27
260.85
001
2657
28.57
34.23
272.44
310
250
002
1689
28.83
29.92
196.37

notes

pulsating
oscillating
pulsating
oscillating
pulsating
oscillating
pulsating
oscillating

Discussion of test results

3.6.1. Compression
As is clear from the results the PAC-bracing was able to restrain the global and
distortional buckling of the studied compression elements. All specimens failed due to local
phenomena regardless to the height of element.
In the case of member tests the failure mode was the same for all specimens. This
resulted in that the ultimate load showed less sensitivity to the element length (see Table 9 and
Table 12). This behaviour is responsible for the greater increment of ultimate load in the case
of more slender elements. Specimens with thicker steel plates showed slightly less increment,
which agrees well with the finding in the case of beam elements. During tests no significant
side movements were registered and the secondary effects were significantly reduced, thus
restraining global and distortional buckling. The failure of CFS core came without any visible
premonition and did not cause any visible damage to the PAC-block, thus the PAC-bracing
covered the failure.
This behaviour is confirmed by the panel test, as all failure developed without any
softening, as can be seen in the load-displacement diagrams of Figure 28 b). The observed
connection failure started at a side-column, and included mostly three or all four columns.
Based on the ultimate load values of Table 16 it can be seen that the asymmetric buckling mode
resulted in lower ultimate strength, while duplicating the C-sections resulted in double ultimate
force. The application of cross-bracing in the PAC-encased wall caused the drop of load bearing
capacity. This can be explained by the fact that it was harder to reach full consolidation during
casting because of the additional steel elements. Also, buckling of bracings at failure can help
casting off the concrete cover at the connection, which again resulted in lower ultimate load
level (Figure 29 a)). This finding combined with the results of shear tests suggests that without
cross-bracings a more advantageous structure can be made, which has considerable lateral
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stiffness and adequate load bearing capacity. Test results also showed that for stiff end
connections, element failure due to interaction of axial force and bending moment can be
possible, as in the case of C90-15 panel.
As the actual material properties are correlated to the bulk density of PAC [31], it is
important to compare the ultimate load values of the specimens with their bulk density values.
Figure 37 shows the normalised ultimate loads of all member specimens versus their measured
bulk density. It can be seen in the first series of tests (+ and × signs) that, even though
considerable scatter is present in the material density, no correlation can be found between bulk
density and ultimate load, thus the density and mechanical properties of PAC-bracing did not
change the load bearing capacity significantly. The very same behaviour is observed in the case
of C140-10 specimens (■ sign), regardless to the smaller bulk density and concrete cover, which
suggests that “full bracing” is achieved. Thus in the studied range the variation of mechanical
properties of PAC has no important role in the stability behaviour of stub-columns. In the case
of C140-15 elements (▲ sign), where relative stiffness of the CFS core was bigger, correlation
was found: less bulk density results in smaller ultimate load. Moreover, cracking of PAC
occurred also among these specimens (Figure 26 a)) because of the relatively stiffer CFS core.
This means that the actual material properties of PAC have more significant influence on the
load bearing capacity only in the case of relatively stiffer steel cores, which is in good
correlation with the finding of [22]. For slender steel elements the bracing effect of PAC does
not depend on the actual material properties in the investigated parameter range. This fact
allows for optimising the material properties in a wide range of density, to have adequate
building physical and workability (homogeneity, transportability, reliability, consistency)
properties, without making the bracing effect less beneficial.

Figure 37 – Normalised ultimate load bearing capacity of all member tests in the function of bulk density
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3.6.2. Shear
The theoretical lateral stiffness of PAC-free element was calculated based on a simple
truss-model with rigid connections. The measured value was significantly less than the
theoretical 4330 kN. This can be explained by the fact that the connections at the ends of crossbracings were softer. Bigger vertical load closes the initial gap between the columns and the Uprofile, which results in an increment of flexural rigidity of the column-end connection. Thus
increasing the vertical load, the panel stiffness increased, too.
To calculate the theoretical lateral stiffness of the PAC-braced panels a summation using
Föppl’s theorem can be applied [47], as an analytical approximation. The deformations
regarding the shear (Gc) and normal (Ec) stiffness of PAC can be separated and the resulting
lateral stiffness can be calculated based on the two constituents as:
SG =Gc Aw
SE =
S=

12Ec Iz,w
H2
1
1 1
SG + SE

(4)
(5)

(6)

Here Aw and Iz,w are the area and second moment of area of the PAC panel. Considering
Ec,mean = 97 MPa modulus of elasticity and νc = 0.2 for PAC, a theoretical value of 11480 kN
can be calculated for lateral stiffness of a PAC disc with 2700x2000x250 mm dimensions. The
flexural stiffness provided by the steel elements is not included in the above equations. As the
measured results are far from the theoretical values, the theoretical stiffness was calculated
again assuming that each panel is divided into detached pieces by cracks at the CFS elements
(see Figure 36). Figure 38 shows these values along with those calculated for the full panel
without cracks. It can be seen that the results are nearer to the full-cracked configuration, but
are scattered as well. This makes the shear behaviour of structures uncertain, thus a design
method should consider the scatter in the lateral stiffness values. The compression load also has
a significant effect on the stiffness, but the theoretical maximum stiffness cannot be reached.
During the nine cycles of loading no residual deformations were detected due to the damage of
PAC, linear behaviour was found. No difference was identified due to the eccentric build-up of
floor-panels, either.
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Figure 38 – Lateral stiffness values of panels (results marked with grey are referring to the oscillating load type)

Three separated failure modes were defined by tests, each governed by the resistance of
the PAC or the steel core. As the resistance and stiffness of the concrete mixture is highly
dependent on the actual state of the material (cracks, adhesion, material properties), this can
lead to significant uncertainties in the load bearing capacity as well. Thus for a reliable design
method, the load bearing capacity of the steel core should be used. As found in most of the
ultimate shear tests, this failure mode is the same as was found in the case of compression panel
tests. This also means that the shear and compression resistances of a wall panel are interacting,
they cannot be separated in a design procedure. Similar to the element tests, no distortional or
global buckling was present in the shear tests. The exceptions are the side columns, which are
encased in PAC only in one side, which results in smaller bracing effect and, subsequently, new
buckling shapes near to the column-end zone. These failure modes are developing after
significant deformations at the connection failure.
Similarly, as was found in the case of flexural elements, the behaviour under shear or
vertical load is mainly governed by the elastic modulus of the infill material, while deformation
capacity and bond strength are also important. Thus other materials producing similar properties
can be considered to substitute the PAC in the investigated structural system with the same
effect.

3.7.

Summary
A novel structural system, consisting of cold-formed steel elements and polystyrene

aggregate concrete was investigated by compression and shear tests. Altogether three crosssections were investigated in different setups of compression member tests, compression panel
tests and shear panel tests arranged in four test series.
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It was shown that local failure governs the ultimate load bearing capacity, thus the PAC
adequately restrain the distortional and global failures. This also resulted in significant load
increment mainly for the longer elements, similarly as for flexural members. The load bearing
capacity of compression members was found to be unaffected by the actual material properties
of the bracing material for smaller plate thickness. This allows the optimisation of properties of
PAC regarding other parameters (e.g. workability, etc.). For thicker plate elements, however, a
correlation was found between these parameters. This is also supported by the fact that cracks
in PAC were observed only for larger plate thickness. The investigated wall-panels failed at the
column-end joints which directs us to modify connections in order to utilize the possible loadincrement. Thus the next Chapter will focus on this topic.
Shear panel tests were also carried out to determine the stiffness of a wall panel and also
for determining the ultimate behaviour. Test results showed that no additional cross-bracing is
needed as the PAC can provide significant stiffness. It was found that the failure mode of panels
in shear is similar to those in compression, i.e. the column-end in compression failed. Although
failure of PAC also occurred, the corresponding load levels were scattered and affected by
initiated cracks. Thus, similarly to results obtained by flexural elements, the effect of PAC can
only be accounted for as a bracing material. For determining the lateral stiffness of a wall panel,
the scatter due to the uncertainties should be considered in a design method to be developed.
To minimise these uncertainties special care should be taken to the shrinkage behaviour, curing
and transportation techniques.
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4.

EXPERIMENTAL INVESTIGATION OF COLUMN-END
JOINTS

4.1.

Aims
Based on the results of member tests it is evident that local failures govern the ultimate

behaviour of PAC-encased CFS elements. As found during the compression tests, failure can
occur at the column-end connection of wall elements, which makes it a crucial point of the
structure. The panel test results are indicating that the load bearing capacity of the column-end
connection characterises the compression resistance. Therefore, a detailed experimental study
was conducted on the end connections of columns focusing on their behaviour and load bearing
capacity.
In order to have an efficient building system, the increment due to PAC-bracing in
column-end connections should be at least the same as was found for compression elements in
Chapter 3. For this end, different types of build-ups were investigated to be able to have an
adequate connection. The experiments covered the characteristics of a future structure as well,
allowing the construction of joints between elements. As the spot-welding becomes more
effective, this innovative connection type may also be favourable establishing the connection
of the column-end. Thus spot-welded joints were also investigated during these experiments.

4.2.

Test program
Altogether six different joint types were investigated in these experiments with four

different steel cross-sections. Each specimen was a 300 mm high stub-column with two 300
mm long U-section at both ends forming the column-end joint. The loading was introduced
with a simple 140x50 mm plate element which concentrated the loads at the C-profiles. A
sample of specimens can be seen on Figure 39.

Figure 39 – Column-end joint element build-up

55

The first built-up was the traditionally used simplest one, where the C- and U-sections
were connected with one self-drilling screw at each side of each end. The type, where the Usections had 0.9 mm thickness, is called as A1 henceforth. As the anticipated failure mode of
the elements was local buckling at the connection zone, where the bracing effect due to PAC is
the less effective, all subsequent modifications were concentrated to this zone. The first
modification used 1.5 mm thick U-profiles (A1T type) to strengthen it and thus increase the
failure load if the failure includes both profiles. Another type was similar to the A1 with double
amount of screws, establishing stronger connection between the constituting parts (A2 type).
As the spot-welding becomes more effective, this innovative connection type may also
be favourable establishing the connection of the column-end. So the A1 type was modified to
analyse the behaviour of spot-welded specimens (type AW). The arrangement was the same as
in the case of the A1 type elements, but spot-welds provided the connection between the C- and
U-sections, instead of the screws. To establish the welded joint a Pei Point PX1500P welding
machine was used (Figure 40 a)). The produced welds were full-strength connections, and had
no sign of defect of welding (Figure 40 c)).

Figure 40 - a) Spot-welding machine; b) Welding; c) Welded joint

Based on the previously described results of panel test, a new type of connection was
also tested. As the failure of those elements was indicated by the buckling of the web, a webstiffened type of connection was also designed (W type). The stiffening was done with an angle
section connected to the web of the C- and U-sections. The connection between the C-profile
and the angle section was done by self-drilling screws, while the U-section was connected to
the angle by spot-welding (see Figure 39). Apart from this stiffening, the original connection
was also made between the flanges of the C- and U-sections.
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Both unbraced and braced elements were tested. The PAC-block was 400 mm in
thickness as in the case of load bearing wall panels introduced in the previous chapter, resulting
in 155 mm and 130 mm concrete cover on both sides for C90 and C140 cross-sections,
respectively. The last arrangement type representing the separation walls (called AT) had only
30 mm of concrete cover on both sides resulting in smaller PAC-thickness (150 mm and 200
mm, respectively). The PAC-block was 300 mm in height in all cases.
The same steel cross-sections were used in this test series as for compression and
flexural members, namely C90 and C140, with thicknesses 0.9 mm and 1.5 mm. The roundingoff of the sections resulted in a small initial gap between the webs of the track and column
sections. The applied steel grade was DX51D+Z. Coupon tests were completed to determine
the actual yield stress of each material, the results are summarised in Table 19.
Table 19 – Material properties of steel sections

# nominal
yield
tensile
corresponding specimens
thickness strength strength
[mm]
[N/mm2] [N/mm2]
1
0.9
372
391
C90-10 all
2
0.9
364
391
U90-10 all
3
0.9
314
391
C140-10 and U140-10 without PAC
4
0.9
343
371
C140-10 with PAC
5
0.9
367
382
U140-10 with PAC
6
1.5
355
382
C90-15 all
7
1.5
305
380
C140-15 and U140-15 without PAC
8
1.5
282
352
C140-15 with PAC

The PAC-mixture was the same as used in previous tests (WM type) with nominal bulk
density of 200 kg/m3. Each concrete block had a 50 mm empty space at the top and bottom end
(see Figure 39) which are representing the openings necessary for accessing the joint zone
during real construction. The tests were carried out by a Zwick Z400 loading machine, in the
age of 28 days of PAC. The axial force and crosshead displacement of the loading machine
were measured during the tests along with the bulk density of the specimens. The final
combinations of tests can be seen in Table 20. Each type was triplicated, thus altogether 18
unbraced and 48 braced experiments were done.
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Table 20 – Experimental matrix

#

type

mixture

description

C90-10

C90-15

C140-10

C140-15

1
2

A1

0
WM

+

+

+
+

+
+

3

AT

WM

+

+

+

+

4
5
6
7
8

AW
W
A1T

WM
WM
0
0
WM

basic without PAC
basic with PAC
basic with PAC, separating
wall
spot-welded with PAC
stiffened web with PAC
basic with thicker U-profile
double screw without PAC
double screw with PAC

+
-

+
-

+
+
+
+
+

+
+
+
+
+

4.3.

A2

Test results
Each of the unbraced specimens showed a failure mode which concentrated at the

connection zone. These failure modes could be categorised into three types: (i) crinkling of
column-end; (ii) distortional-like failure, involving both C- and U-sections; and (iii) mixed
failure mode. The first deformations always occurred in the web, the final failure was indicated
by the failure of the flanges. These modes can be seen in Figure 41. The number of screws did
not have any effect on the behaviour. The ultimate loads of these modes were quite close to one
another.

Figure 41 – Failure modes of unbraced column-end elements: a) crinkling; b) mixed type; c) distortional-like failure

Most of the PAC-encased elements showed the same behaviour as the unbraced ones,
i.e. the failure occurred at the connection of the U- and C-profiles. The failure started at the web
of the columns, which buckled, followed by the deformations of the flanges (Figure 42). This
behaviour was found in all specimens of the A1, A2, AT and AW types regardless to the applied
steel cross-section.

Figure 42 – Connection failure of encased elements
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The specimens having stiffened web (W type) showed a different failure mode. As the
web had increased stiffness, the buckling could not occur at the end of the specimen, which
resulted in that the failure zone shifted towards inside, and had the shape of the local failure
mode of the member tests (Figure 43 a)). All of the W type elements showed the same failure
mode, except one with C90-15 cross-section (Figure 43 b)). As this profile has the smallest web
plate slenderness, it implies that the web stiffening is not as efficient in this case.

Figure 43 – Failure shapes of web-stiffened elements: a) local buckling; b) connection failure

Figure 44 shows four types of load-displacement curves registered during experiments.
The curves can be divided into four different zones. The first zone corresponding to small load
intensities is governed by the initial stiffness of the connection. The second zone is where the
initial gap dominates the behaviour. The third zone is where contact is reached between the
column and the track, while the fourth zone describes the post-ultimate behaviour.

Figure 44 – Typical load-displacement curve of specimens

Most of the specimens had the same initial stiffness, regardless whether the connection
was made up by screws or spot-welds. This behaviour is due to the fact that these connections
did not produce any slipping behaviour for small load intensities. In some cases, the initial
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stiffness of the connection was found to be lower (e.g. specimen C140-1-W-WM-002). In these
cases, a hardening was observed after a few millimetres of displacement, and no further effect
was present due to the differences in the connection.
As the load increased the load bearing capacity of the connection was reached, and if
the initial gap was wide enough, a plateau-like behaviour started, which is the second zone of
load-displacement curves. The self-drilling screws started to rotate, bending the flanges of the
constituent steel elements as well. The spot-welds showed a similar behaviour, plastic
deformations occurred in the flanges, too. Not all the specimens showed this slipping behaviour,
and the length of the slip was not uniform either. The spot-welded specimens behaved very
much alike, all of them had a long plateau. Other specimens (e.g. C140-1-W-WM-002) stepped
over this behaviour.
In the third zone significant hardening could be observed due to the fact that the initial
gap closed. This resulted in that the web of the columns began to take part in the load
transmitting, thus increasing the stiffness. The final stiffness of the specimens was found to be
close to one another, which means that the load transferring is identical in the different cases,
no additional relative displacement developed between the track-sections and columns.
The last zone of the load-displacement curves starts after the ultimate load, when the
final failure is reached. As it can be seen in Figure 44 the post-ultimate behaviour and residual
strength of the different specimens are similar, which is in good correlation with the similarity
of the failure modes. The load-displacement curves of the W type specimens can be categorised
into these zones too, although the failure mode of these elements are different from the others.

4.4.

Discussion of test results
Table 21 shows the measured load values for each investigated arrangement. One of the

important findings is that stiffening the U-section (A1T type) did not result in increased load
bearing capacity, moreover a decrement could be observed for columns made of thicker plate.
This shows the effect of eccentricity of the screw connection, which cannot be avoided in this
type of joints.
The increments in Table 21 were calculated based on the ultimate load of the
corresponding PAC-braced A1 type values. The number of screws, or the PAC-block thickness
did not have significant effect on the ultimate load level. Specimens with 1.5 mm plate thickness
showed scattered results. For the C90 specimens the application of smaller PAC-block was
highly beneficial (19 % increment), while the same for C140 specimens was highly
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unfavourable (14 % decrement). The spot-welded specimens showed significant decrement,
too.
Table 21 – Ultimate loads of column-end types

#
1
2
3
4
5
6
7
8

type

A1
AT
AW
W
A1T
A2

PAC
mixture
0
WM
WM
WM
WM
0
0
WM

C90-10
ult. load incr.

C90-15
ult. load incr.

C140-10
ult. load incr.

C140-15
ult. load incr.

[kN]

[%]

[kN]

[%]

[kN]

[%]

[kN]

[%]

30.36
31.93
35.73
-

5
18
-

63.51
75.65
66.52
-

19
5
-

21.93
38.54
40.70
39.28
46.18
22.59
23.80
35.33

6
2
20
-8

58.36
78.12
67.43
62.68
72.31
53.61
57.89
69.16

-14
-20
-7
-11

For resolving these findings, the resistance to yield strength ratio of each specimen was
plotted versus the bulk density of PAC (see Figure 45). The same build-up is represented by
the same marker style, while the colour densities represent the plate thickness of steel. As it
was described before, the A1, A2, AT and AW type specimens showed the same failure mode,
thus they can be treated together. The trend lines on the diagrams were calculated based on this
assumption for connection failure (i.e. without the W arrangement). Based on these diagrams it
is clear that the resistance of specimens made up of thinner plate is less affected by the bulk
density of PAC. The smaller resistance of the 0.9 mm thick profiles is significantly increased
by the bracing effect of PAC, thus the variance of the material properties of PAC does not have
strong effect on the ultimate load bearing capacity. For 1.5 mm thick plates, however, this effect
is more significant between the two properties. As the stiffness of the steel core is greater in
this case, the increment due to PAC-bracing is lower and affected by the variance of the
properties of PAC. As the bulk density and elastic modulus of PAC are correlated [31], this
connection also appears between the ultimate load and the bulk density. For thinner plates the
PAC can provide almost the same bracing effect, regardless of its actual material properties.
This behaviour agrees well with previous findings for compression elements (see Figure 37).
Thus the scatter found in the ultimate loads (see Table 21) can be explained by the different
bulk densities. As fewer data are available for the web-stiffened elements (black markers), a
similar correlation cannot be found with similar certainty. The diagrams also indicate that the
four types of end connections (A1, A2, AT and AW) are equally efficient for each investigated
cross-section.
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Figure 45 – Ultimate loads vs. bulk density of PAC: a) C90 elements; b) C140 elements

It is clear, that the results of thinner plates show that significant modification in the
resistance could be achieved by the web-stiffening (achieved increment around 20 %). For 1.5
mm plate thickness no considerable increment is present. This confirms the failure mode of
Figure 43 b). As the failure mode is the same as in the compression member tests, a comparison
was made between the ultimate loads, taking into account the different yield stresses and
measured plate thicknesses of the cross-sections. The results are in good correlation – as shown
in Figure 46 – which means that using this web-stiffened column-end connection the load
bearing capacity can be increased to reach the value corresponding to the element failure.

Figure 46 - Comparison of compression member and column-end results

The overall average increment due to PAC-bracing is 65 % for C140-10 and 8 % for
C140-15 profiles, assuming 200 kg/m3 nominal bulk density and taking into account the
different yield stresses of steel.
As can be seen in Figure 44 some of the specimens showed a small decrement in the
load level, or in the stiffness. This disturbance is the effect of the buckling of the web of the
column. As found in the case of unbraced elements, the final failure occurs when the flanges of
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the column fail, thus the effect of the failure of the web can be observed in the loaddisplacement curves as the above described disturbances. Based on the observations the
following parameters have significant effect on the behaviour and failure of encased columnend joints: (i) resistance of the flanges of the column; (ii) resistance of the web of the column;
(iii) width of initial gap; (iv) behaviour of connection between track and column; (v)
imperfections; and, (vi) material properties of infill material.

4.5.

Test based design resistances
In the further Chapters a design method is introduced for flexural and compression

failures. Apart from compression and bending resistance the third important part of a panel
failure is the connection failure of column-ends. This resistance is to be calculated based on the
experimental data. As it was described earlier, standards dealing with cold-formed steel
elements, such as [48], give rules to determine the resistance of structural elements and details
on experimental basis. In order to derive the resistance of column-end connections the
procedure given in the Eurocode was applied.
The procedure can be summarised as follows. First an adjusted value (Radj,i) of resistance
observed (Robs,i) should be calculated, which considers the ratio of the nominal and real values
of base material yield strength and thickness. These values should fulfil additional requirements
prior a single test result can be considered in the calculations.
Radj,i =

Robs,i
Robs,i
=
μR
fyb,obs α tobs,cor β
( f ) ( t
)
yb

(7)

cor

where μR is the resistance adjustment coefficient;
fyb,obs and tobs,cor are the real yield strength and core thickness of the steel plate,
respectively;
fyb and tcor are the nominal values;
α = 0 if fyb,obs ≤ fyb, othervise 1.0;
β describes the effect of varying plate thickness
if tobs,cor ≤ tcor, then β = 1.0
if tobs,cor > tcor and λp,red ≤ 0.673, then β = 1.0
if tobs,cor > tcor and λp,red > 1.01, then β = 2.0
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otherwise β should be obtained by linear interpolation;
λp,red is the reduced plate slenderness, considering the actual maximum
compression stress in the member.
After the adjusted values are calculated, characteristic resistance (Rk) of a group of tests
should be determined. The standard gives rules based on the statistical evaluation of adjusted
results:
Rk =Rm -ks

(8)

where Rm is the mean value of Radj,i;
k statistical coefficient regarding the number of tests in one group;
s is the standard deviation of Radj,i.
After having determined the characteristic value the design resistance (Rd) should be
obtained as:
Rd =ηsys

Rk
γM

(9)

where ηsys describes the differences between test conditions and real conditions;
γM is the partial factor for resistance.
During implementing the above procedure to column-end joint specimens the following
assumptions were made. Only those specimens were considered which produced connection
failure, thus no test based resistance value is presented for element type local failure. Only
PAC-braced elements were evaluated. As the results show dependence on the actual bulk
density of PAC, each resistance value was modified to represent the resistance at the nominal
bulk density value, 200 kg/m3. For this, linear trend lines showed on Figure 45 were used. Each
connection type showed the same failure mode, thus their resistances can be treated together.
Therefore, four groups of specimens were defined, according to the four cross-section type
(C90-10, C90-15, C140-10 and C140-15), the evaluation of test based design values was done
accordingly. The applied steel material DX51D+Z does not have specified fyb yield strength
class. Therefore 275 N/mm2 value was assumed during evaluation of test based design values.
Calculating λp,red plate slenderness the critical buckling stress of an unbraced plate element was
considered, having σcom,Ed = fyb. ηsys and γM values were set to 1.0.
Table 22 shows the calculation of test based design values.
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

.

Group #4

.

Group #3

.

Group #2

.

Group #1

# group

C90
C90
C90
C90
C90
C90
C90
C90
C90
C90
C90
C90
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140
C140

1
1
1
1
1
1
1.5
1.5
1.5
1.5
1.5
1.5
1
1
1
1
1
1
1
1
1
1
1
1
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

serial
number
001
002
003
001
002
003
001
002
003
001
002
003
001
002
003
001
002
003
001
002
003
001
002
003
001
002
003
001
002
003
001
002
003
001
002
003

mixture

WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM

type

A1
A1
A1
AT
AT
AT
A1
A1
A1
AT
AT
AT
A1
A1
A1
AT
AT
AT
AW
AW
AW
A2
A2
A2
A1
A1
A1
AT
AT
AT
AW
AW
AW
A2
A2
A2

ID of specimen

cross- indicator of
section thickness
[kg/m ]
194
195
191
231
239
239
192
195
195
227
268
260
221
227
224
223
247
259
217
214
221
256
252
198
257
280
258
270
294
240
198
195
207
236
255
252

[N/mm ]
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275
275

3

[mm]
0.9
0.9
0.9
0.9
0.9
0.9
1.5
1.5
1.5
1.5
1.5
1.5
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

2

bulk density

f yb

nominal values
t nom
[mm]
0.880
0.880
0.880
0.880
0.880
0.880
1.450
1.450
1.450
1.450
1.450
1.450
0.920
0.920
0.920
0.920
0.920
0.920
0.920
0.920
0.920
0.920
0.920
0.920
1.480
1.480
1.480
1.480
1.480
1.480
1.480
1.480
1.480
1.480
1.480
1.480

t obs
372
372
372
372
372
372
355
355
355
355
355
355
343
343
343
343
343
343
343
343
343
343
343
343
282
282
282
282
282
282
282
282
282
282
282
282

[N/mm ]

2

f yb,obs

measured values
[kN]
31.06
30.27
29.75
31.79
30.96
33.04
62.50
64.66
63.38
74.27
75.02
77.66
42.38
36.94
36.30
38.82
41.96
41.33
38.71
39.68
39.44
34.69
37.7
33.59
77.36
77.10
79.91
71.67
69.53
61.10
61.34
66.52
60.19
61.87
69.28
76.32

R obs,i
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

[-]

α
[-]
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00

β
[-]
1.29
1.29
1.29
1.29
1.29
1.29
1.20
1.20
1.20
1.20
1.20
1.20
1.31
1.31
1.31
1.31
1.31
1.31
1.31
1.31
1.31
1.31
1.31
1.31
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

[kN]
24.07
23.46
23.05
24.63
23.99
25.60
51.91
53.70
52.64
61.69
62.31
64.50
32.45
28.29
27.80
29.73
32.13
31.65
29.64
30.38
30.20
26.56
28.87
25.72
77.55
77.29
80.11
71.85
69.70
61.25
61.49
66.68
60.34
62.02
69.45
76.51

[kN]
24.23
23.59
23.30
23.77
22.90
24.51
53.09
54.44
53.38
57.70
52.27
55.64
31.91
27.59
27.17
29.13
30.91
30.12
29.20
30.02
29.66
25.11
27.52
25.77
69.36
65.79
71.77
61.79
56.19
55.50
61.78
67.40
59.33
56.85
61.55
69.03

Rk

Rd

[-] [kN] [kN]

k

63.03 5.56 1.89 52.53 52.53

28.68 2.06 1.89 24.79 24.79

54.42 1.99 2.18 50.09 50.09

23.72 0.59 2.18 22.43 22.43

[kN] [kN]

s

design value determination

m R R adj,i R * adj,i R m

adjusted resistances

Table 22 – Test based design values of connection failure
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4.6.

Summary
After investigating compression, flexural elements and shear wall panels it was

necessary to experimentally analyse the behaviour of column-end joints in order to have a more
efficient building system. Altogether six types of end connection were tested by 18 unbraced
and 48 braced specimens. All modifications were done in order to strengthen the connection
zone, and to examine novel connection types. Altogether four cross-sections were tested in a
build-up which contained the characteristics of the future building system.
Based on the test results the failure modes of column-end specimens could be
categorised into two main classes: connection failure and local buckling within the element.
The connection failure was further divided into three sub-categories which had similar ultimate
load levels for unbraced elements. Based on the load-displacement curves of the braced
specimens, four zones were detected which govern the behaviour. An effective way of
increasing the ultimate load bearing capacity of the connection zone to achieve full-strength
connection was shown (web stiffening), by which the failure load level can be increased with
an additional 10 %, compared to the simple PAC-encased arrangement. The novel connection
type of spot weld was showed to be as efficient as the traditional self-drilling fasteners. The
significant parameters describing the behaviour of column-end joints were identified, and test
based design values of connection failures were provided. The results can be generalised to
other materials having similar properties as PAC, as it was concluded previously.
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5.

LOCAL BUCKLING RESISTANCE OF PLATE
ELEMENTS RESTING ON ELASTIC HALF-SPACE

5.1.

Introduction
In the previous chapters the experimental investigations and corresponding results were

introduced of CFS elements encased in ultra-lightweight polystyrene aggregate concrete. In
order to be able to determine the design resistance of such structural elements theoretical
investigations are also needed. Research articles shows that local resistance of CFS elements is
not modified by the applied sheathing, however the field of sandwich elements provide design
procedures for considering increased local buckling resistance.
A well-known phenomenon in the field of sandwich elements is the face wrinkling,
when a compressed face layer produces buckling [49]. This phenomenon develops an
interaction between the face layer and the underlying core material. As no general procedure is
given in codes for this type of stability problem, Misiek and colleagues conducted theoretical
and experimental investigation of sandwich panels and trapezoidal sheathing [25], [26], [28] to
analyse the increased load bearing capacity of the face layer due to the presence of core material.
Their procedure follows the calculation steps of Eurocode 3-1-3 [7], i.e. an analytical equation
is used to determine the critical plate buckling stress of plates on elastic foundation. As the
critical wavelength of the buckling was found to be less than in the case of unbraced plates,
additional consideration of column-type buckling was introduced in the procedure according to
Eurocode 3-1-5 [50]. Although the original procedure in the standard suggests to use buckling
curve “a” for this interaction calculation, curve “c” is proposed in [25] for plates on elastic
foundation. The procedure was verified by numerical and experimental results for plate
elements having four simply supported edges, using low values of elastic modulus (~3-5 MPa)
of the foundation material.
This chapter deals with the local buckling resistance of plate elements encased in ultralightweight concrete.

5.2.

Aims and overview of the procedure
Based on the literature overview it is clear that no design procedure is presented which

can predict the ultimate load bearing capacity of plate elements with continuous bracing for
various boundary conditions. Moreover, the available method (proposed in [25]) is verified only
for significantly smaller elastic modulus of the encasing material and only for pure
compression. Therefore, the aim of the current study is to introduce a Eurocode-based design
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procedure for calculating the effective cross-section of C-profile elements encased in elastic
material.

Figure 47 – The investigated plate elements

The effective widths of constituting plate elements are to be calculated separately, based
on their slenderness, using the procedure of [50]. The calculation of critical plate buckling
stress, and subsequently the slenderness is introduced for pure bending and pure compression,
the latter using both internal and outstand plate element (see Figure 47). As it was seen in the
literature overview the buckling length of plate elements are smaller than the width of the plate
which makes it necessary to interpolate between the plate-like and column-like behaviour. For
determining the reduction factor for each behaviour, the critical buckling stress is needed.
Therefore, three different methods are applied to determine the bifurcation load level: (i)
analytical solution; (ii) finite strip solution; and (iii) approximate closed form solution. Each of
these methods uses an equivalent Winkler-type foundation stiffness to consider the effect of
elastic encasing material, similar to the one described in [25]. The results obtained by the
calculation method are compared to finite element results in order to validate them. Using these
effective widths, the effective cross-section of a CFS C-profile can be calculated. The procedure
for one plate element and for one loading condition is shown in Figure 48.

Figure 48 – Flowchart of effective width determination
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Although the proposed procedure is Eurocode-based, the geometrical range on which
the method is validated is smaller than the range of the standard. Nevertheless, it is still able to
cover the range of practical interest. The material used in the experiments has a steel grade
DX51D+Z according to EN 10327. This standard does not define the precise value of yield
strength or ultimate strength, only a minimum value of 140 and 270 N/mm2 is specified,
respectively. Therefore, the range of fyb starts from this value. The upper limit is based on
conventional steel grades in CFS manufacturing. The PAC is treated as a linear elastic material
without cracking or crushing phenomena. This simplification originates from the literature and
is supported by the experimental observations described beforehand. The elastic modulus range
is defined based on the material tests performed in accordance with the structural tests.
Altogether 69 measurement were done, the mean value was found to be Ec,mean = 97.5 MPa, the
standard deviation σc = 34.5 MPa. According to the specifications of EN 1990 the 5% fractile
value should be used for stability analysis. Assuming normal distribution this value is
Ec,0,05 = 40.9 MPa, therefore the lower limit of the range was set to 30 MPa. As no
measurements were done for determining the Poisson’s ratio of PAC, a value of υc = 0.2 is used
from here on. These parameters are summarised in Table 23. The notations follow the Eurocode
nomenclature.
Table 23 – Parameter range of theoretical investigations

5.3.

parameter

notation

range

web plate slenderness
flange plate slenderness
edge stiffener slenderness
yield strength of steel
elastic modulus of foundation material
Poisson’s ratio of foundation material

hw/t [-]
b/t [-]
c/t [-]
fyb [N/mm2]
Ec [MPa]

30 – 250
10 – 60
10 – 50
140 – 420
30 – 200
0.2

υc [-]

Effect of elastic half-space
To be able to take into account the bracing effect of PAC on the plate buckling, the

material can be treated as an elastic half-space. This idea originates in the theory of sandwich
beams, where a similar stability phenomenon, i.e. the face wrinkling may occur [49]. During
loading, as the face material of the sandwich panel gets in-plane unidirectional compression
along the x direction, the core material restrains the buckling, resulting in a problem of buckling
of plate resting on solid foundation. This solid foundation can be simplified to a Winkler-type
model in the sandwich beam theory, assuming elastic material behaviour and full contact of the
interface zone. Although the real material behaviour of the core is not elastic in the full range,
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the results obtained by this assumption were found to be in good correlation with the
experimental data. For steel plates encased in PAC the same assumption is applicable, since the
structural problem and the material behaviour are similar. However, separation of the PAC and
the steel core may occur as it was described previously (Section 2.2.3). As the plate elements
are usually connected to PAC at both sides, the separation effect can be neglected if the
calculation method relies only on one sided connection.
Assuming the buckling shape on the whole surface of the half-space as a sine wave in
the direction of loading (i.e. parallel to the x axis) and a straight line perpendicular to this
direction (y axis) (see Figure 49 a)), the Winkler-type foundation stiffness (k*w ) can be obtained
as a function of the half wavelength lx [49]:
w(x,y)= sin
k*w =

πx
lx

2πEc
1
(3-νc )(1+νc ) lx

(10)

(11)

where Ec and c are the elastic modulus and Poisson’s ratio of the core material,
respectively. This means that the foundation stiffness is not constant for a given core material,
but depends on the pattern of buckling.

Figure 49 - Deformation of the elastic half-space: a) unidirectional wave; b) two directional wave

For the case of plate buckling, the buckling shape can be assumed as a composition of
two sine waves perpendicular to one another with wavelengths lx and ly (Figure 49 b)). Using a
trigonometric identity this can be modified as:
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w(x,y)= sin

πx
πy 1
πx πy
πx πy
cos = (sin ( - ) + sin ( + ))
lx
ly 2
l x ly
lx ly

(12)

The right side of the equation should be modified according to the following
expressions:
lx =

l
cos α

(13)

ly =

l
sin α

(14)

Substituting Eqs. (13) and (14) into the Eq. (12) the terms can be simplified to the sum
of two unidirectional sine waves in a rotated coordinate system ξ – η:
1
cos (α) x- sin(α) y
cos (α) x+ sin(α) y
w(x,y)= (sin (π
) + sin (π
)) = ⋯
2
l
l
1
πη
πξ
= (sin ( ) + sin ( ))
2
l
l

(15)

Thus the two-directional buckling pattern can be converted to the sum of two
unidirectional waves. The foundation modulus therefore can be obtained by superimposing two
unidirectional foundation moduli calculated by Eq. (11). Based on Eqs. (13) and (14) the
corresponding wavelength l can be defined and the final foundation stiffness is:
kw =

2πEc
1 1
+
√
(3-υc )(1+υc ) l2x l2y

(16)

Eq. (16) can predict the equivalent Winkler-type foundation modulus of the half-space for
given buckling lengths, i.e. the foundation stiffness itself depends on the buckling length. This
means that an interaction is identified between the buckling phenomenon and the restraining
effect which characterise the plate buckling behaviour. In the next sections this Winkler-type
foundation model is used to investigate the buckling behaviour of plates resting on elastic halfspace.

5.4.

Internal compression elements in pure compression

5.4.1. Critical stress determination
Analytical solution
The differential equation of buckling of plates resting on elastic foundation is as follows
[47]:
71

D ∂4 w
∂4 w ∂4 w
∂2 w
∂2 w
∂2 w kw
( 4 +2 2 2 + 4 ) -σx 2 -2τxy
-σy 2 = w
t ∂x
∂x ∂y ∂y
∂x
∂x∂y
∂y
t

(17)

E t3

s
where D is the stiffness of the steel plate, 12(1-υ
2 );
s

Es = 210 GPa and s = 0.3 are the elastic modulus and Poisson’s ratio of steel,
respectively;
t is the plate thickness;
σx, σy and τxy are the membrane stresses in the steel plate which causes buckling;
w is the deflection function (buckling shape);
kw is the Winkler-foundation according to Eq. (16).
In most practical cases σy and τxy = 0, and only σx acts on the plate. An internal
compression element has four simply supported edges, which boundary conditions in the y
direction means (the other being the same with index replacement):
w=0

(18)

∂2 w
=0
∂x2

(19)

Eq. (17) can be solved analytically for these simple boundary conditions. As the critical
buckling stress of long plates is of interest, it is assumed that the buckling shape is in the form
of:
w=A0 ∙ sin

πx
πy
∙ sin
lx
ly

(20)

Substituting Eq. (20) into Eq. (17) after straightforward algebraic manipulation and
simplification Eq. (21) is obtained for the normal stress. During the derivation one can see that
the number of half-waves in y direction should be 1 as it appears only in the denominator,
similarly to plates without elastic foundation, (ly = b).
D π 2 D π 2 D π 4 lx 2 kw lx 2
σx = ( ) +2 ( ) + ( ) ( ) + ( ) =⋯
t lx
t b
t b
π
t π
2

=

2

2

(21)

D π
D π
D π
lx
2πEc
1 1 lx
( ) +2 ( ) + ( ) ( ) +
√ 2+ 2( )
t lx
t b
t b
π
t(3-υc )(1+υc ) lx b π
2

4
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To find the actual σcr,p Eq. (21) needs to be minimised with respect to lx. As kw itself
depends on lx (as can be seen in the last row of Eq. (21)), no closed form solution can be derived
directly.
Three main parameters characterise Eq. (21): the b/t ratio of the plate and the material
properties of the foundation material (Ec and c). A parametric study was performed on the
range given in Table 23. Eq. (21) was then minimised using numerical tools.

Figure 50 – a) Critical plate buckling stress as a function of b/t and Ec; b) Critical buckling length for different Ec
(b/t = 98)

Figure 50 a) shows the critical stresses as a function of b/t ratio for the case of several
different elastic moduli of PAC. It is obvious that significant increment can be reached in the
buckling stress due to PAC in the case of more slender plate elements. As the b/t increases the
critical stress reaches a limit value. This behaviour represents that at very large plate slenderness
the resistance against buckling is provided solely by the PAC-bracing. However, as the b/t ratio
decreases the increment in σcr,p decreases, too.
Figure 50 b) shows the relationship of buckling length and critical stress for different
foundation stiffnesses. It is visible that the critical stress increases significantly while the
buckling length decreases. The typical buckling length is several centimetres in the studied
range.
Based on the results obtained for σcr,p, a curve-fitting process was carried out using
neural network based software Eureqa [51]. For the investigated parameter range the proposed
approximating equation is:
π2 Es
4680 MPa
σcr,p =4
+2.35Ec +√Ec ∙3025 MPa
2
2
12(1-υs )(b⁄t)
b⁄t

(22)
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Finite strip (FS) solution
To be able to verify the previously proposed equation an independent calculation was
done using CUFSM [46] finite strip software. The parametric range covered by CUFSM was
the same as detailed before. The plate element was divided into 20 equal parts for the analysis,
each node was restrained by a spring, the stiffness calculated by Eq. (16), assuming ly = b. As
the Winkler-type spring stiffness is dependent on the actual length lx, therefore the spring
stiffness was updated in the analysis for every buckling length. To find the critical buckling
length lx,cr which gives the minimum buckling stress a range was searched around a certain
initial guess (lx0). This initial guess was determined using the numerical solution of Eq. (21),
the applied range was [0.7 lx0; 1.5 lx0], divided into 50 equal parts. Thus a calculated signature
curve (see example in Figure 51 a)) consists of the result of 50 individual finite strip analysis.

Figure 51 - Results of FS analysis: a) Signature curve; b) – c) Buckling shape

The results showed that the buckling shape perpendicular to the loading direction is close to
the assumed sine wave (Figure 51 b)), the buckling length and the critical stress prediction was
found to be adequate as well. The relative difference between the finite strip results and
Eq. (22) are quite small: the proposed equation can be used in the range b/t [30; 250] and
Ec [30; 200] MPa with error less than 3 % (Figure 52).

Figure 52 - Relative difference between finite strip results and Eq. (22)
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Column-like behaviour
The discussed bracing effect provides two essential consequences. Firstly, it increases
the bifurcation stress level, and secondly it significantly reduces the critical buckling length.
The latter effect means that the aspect ratio lx/b of the buckled plate element is well below 1.0.
It means that the plate-like stability phenomenon with significant post-buckling reserve is
affected by the column-like behaviour as well, where no post-buckling strength is present. The
difference between the two types of behaviour can be explained by the diminishing effect of
the bending stiffness perpendicular to the direction of the loading as the aspect ratio decreases.
For the calculation of the column-like critical stress a similar model should be used as in the
plate-like behaviour, but with the supports at the edge parallel to the loading direction removed.
The same effect can be achieved if the original boundary conditions are maintained and an
infinitely wide plate is investigated (b → ∞). This procedure also allows the application of the
approximating equation. In order to verify Eq.(22), Table 24 shows the relative differences of
each method for column-like buckling stress. As it is visible from the data the equation
overestimates the critical stress by maximum 7.5 % on the parameter range. This difference
decreases as the elastic modulus of the foundation material increases.
Table 24 - Verifying column-like critical stress

Ec
[MPa]
30
90
150
200

Analytical
σcr,c [N/mm2]
345.92
719.54
1011.47
1265.82

CUFSM
σcr,c [N/mm2] rel. diff.
348.31
0.0069
724.49
0.0069
1018.43
0.0069
1233.73
-0.025

Approximation (Eq. (22))
σcr,c [N/mm2]
rel. diff.
371.78
0.075
733.28
0.019
1026.11
0.014
1247.82
-0.014

Thus the proposed equation is able to approximate both the plate-like and column-like
critical stress of the plate element with less than 7.5 % error, which makes it appropriate to
determine the effective width.
5.4.2. Verification of design strength
Model description
As it was clarified in Section 5.3 the formulation of the equivalent Winkler-type spring
stiffness uses the assumption that the buckling shape has infinite length and width. In the reality
each plate has a certain finite width which does not agree with this assumption. Thus a 3D finite
element model was built in ANSYS [52] in order to analyse this discrepancy. The FE model
was used also to verify the effective width calculated by the proposed equations using the
Eurocode procedure.
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The plate element was modelled by four-node shell element SHELL181, the material
model was bilinear elastic-plastic with isotropic hardening. The plate thickness was set to 1 mm
in every cases, the plate width was modified according to the parameter range of Table 23. The
length of the plate element was set to 6 times the predicted buckling length lx,cr thus achieving
the long-plate behaviour. All four edges of the plate were supported in the out-of-plane direction
(z axis). Each loaded edge was connected to a certain node by rigid links which acted only in
the load direction (along x axis), thus allowing the contraction of the steel plate. These nodes
were used to transfer the concentrated load (displacement) onto the model and to register the
reaction force as well. One node in the middle of the plate was fixed in y direction to avoid rigid
body motion. The mesh size was set to lx,cr/10 (Figure 53).

Figure 53 – Boundary conditions of steel plate in the finite element model

The elastic half-space was modelled with 8-node solid element SOLID185. The
geometrical dimensions were set in order to ensure the half-space-like behaviour of the solid.
The cross-section of the model can be seen in Figure 54. The arrangement of the finite elements
in the two sides of the interface zone was the same to make the connection simpler. This also
meant that the finite element size on both sides was the same. The same element size was used
in the surroundings as well, since the stress and displacement gradients are higher in this zone.
To decrease the calculation demand, 15-times greater finite element size was used in the side
zones. A transition zone of tetrahedral elements provided the smooth connection between the
two different meshes. The outer faces of the foundation were supported in the normal direction.
The material law associated to the foundation was linear elastic.

Figure 54 – Finite element model geometry
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The connection between the two parts was established by using 1D rigid link element
COMBIN14. Each node of the steel plate was connected to another node of the foundation right
under it. The rigid links transmitted only the z directional movements, no in-plane motion
generated contact forces, thus no bonding behaviour was included in the model. The links acted
in tension and compression, too.
Equivalent geometrical imperfections were used to consider the residual stress state.
The amplitude of the imperfection was set based on the recommendation of [50], which is
b/200. The shape of imperfection was the first eigenmode. During analysis the geometrical
nonlinearities were also taken into account.
Verification of the finite element model on unbraced plates
Before using the model to predict the strength of braced plate elements, its performance
was checked for unbraced plates. In this simplest case no interaction between column-like and
plate-like behaviour should be considered. The critical stress obtained by the FE model was
compared to the theoretical value. The results showed that in the range of cross-section Class
4, the difference of the two values is less than 1.5 %. Comparing the normalised ultimate
strength (i.e. the effective width ρ=Nu/Acsfyb) the numerical results are sometimes
overestimating sometimes underestimating the Eurocode-based results (see Figure 55 b)). The
maximum relative difference on the unsafe side is 9.1 %. A literature review was carried out to
assess this phenomenon and it was found [53]–[55] that the effective width curve of the
Eurocode has certain issues when comparing to experimental data. A wide test database was
collected in [53] which shows that the effective width curve is rather a mean of the data than a
lower envelope (Figure 55 a)). The results produced by the finite element model fit in the
literature database, therefore it can be considered suitable for further application for braced
plate elements.

Figure 55 – Comparison of FEM and Eurocode results: a) literature and FEM results for normalised ultimate
strength as a function of plate slenderness [53]; b) FEM vs. Eurocode results

77

Verification of the proposed model for braced plates
As a first step in verifying the results of Section 5.4.1 the plate-like critical stresses of
Eq. (22) were compared to the FE results (Figure 56 a)). It can be seen that the maximum
difference of the approximate equation is 16 % in the parameter range, and the equation
overestimates the critical stress. Along with the critical stress, the buckling pattern showed
some difference, as the buckling length increased (five half-waves occurred instead of six, see
Figure 56 b)). The reason for these deviations is that Eq. (16) is based on the assumption that
the whole surface of the infinite half-space is subjected to the buckling pattern. This is obviously
not valid in a real setup, however, the discrepancy is deemed reasonably small in order to use
it approximating the critical stresses of plate elements.

Figure 56 – a) Comparision of finite element and analytical results for critical stress; b) Bukling shape of finite
element model (b/t = 138, Ec = 150 MPa, fyb = 280 N/mm2)

The load-displacement curves and failure shapes were also checked (Figure 57). The
failure mode was identical to the assumed buckling shape.

Figure 57 – a) Failure shape and b) load-displacement curve of finite element model (b/t = 138, Ec = 150 MPa,
fyb = 280 N/mm2)

Effective width values calculated by interpolating plate buckling with column buckling
curve “c” (as proposed in [25]) were compared to the finite element results. It was observed
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that for b/t ratios larger than 150 the calculated results were higher than those obtained by FEM.
The maximum difference reached 21 % (see Figure 58 a)). Therefore, to have a conservative
estimation of the FE results, the calculation method was refined using curve “d” for columnlike behaviour. As the resulting diagram shows (Figure 58 b)) the Eurocode-based prediction
is now underestimates the FE results, thus it can be used as a conservative approximation of the
effective width. For small plate slenderness (i.e. b/t = 30, Ec = 30 MPa) the same behaviour
can be observed as in Figure 55 b), however the difference is 4 %, which is smaller than found
in the case of unbraced plates.

Figure 58 – Calculated effective width vs. FEM-based values: a) using “c” curve; b) using “d” curve

5.5.

Outstand compression elements in pure compression

5.5.1. Critical stress determination
Analytical solution
The main principles of the analytical analysis of plate elements having three simply
supported edges are similar to those in Section 5.4.1. To solve Eq. (17) for outstand plate
elements the Rayleigh-Ritz method can be used assuming the buckling shape based on [47] as:
w=A0 ∙y∙ sin

πx
lx

(23)

Going through the steps of Rayleigh-Ritz method the result is:
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σx =

D π 2
D1
lx 2
( ) +6(1-νs )
+k
(
) =⋯
t lx
t b2 w π

D π 2
D1
2πEc
1 1 lx 2
= ( ) +6(1-νs )
+
√ + ( )
t lx
t b2 t(3-υc )(1+υc ) l2x l2y π

(24)

When calculating the foundation stiffness, ly = 2b can be assumed as an approximation
of the buckling length in perpendicular direction. Eq. (24) should be minimised in order to have
the critical plate buckling stress. A parametric study was conducted again on the same
parameter range as it was described before using numerical minimisation techniques.

Figure 59 – a) Critical plate buckling stress as a function of b/t and Ec; b) Critical buckling length for different Ec
(b/t=50)

The results can be compared to those obtained by four simply supported edges. For large
b/t ratios, where the unbraced plate has small critical stress the results are relatively close
regardless the static system, which represents the dominant effect of the elastic foundation. For
the case of thicker plates, the difference between the internal and outstand elements gets larger
which is due to the increased dominance of the steel (see Table 25). In the unbraced case the
critical buckling length is infinite, and the actual critical stress asymptotically reaches this value
(see black continuous line in Figure 59 a) and b)). On the other hand, in the case of the braced
plates, an exact minimum exists for buckling as the first term of Eq. (24) converges to zero,
while the last to infinity as lx → ∞ and vice versa as lx → 0. This change in the behaviour is
clearly visible in Figure 59 b), too.
Table 25 – Critical stress of plates with different boundary conditions (b/t = 138)

Ec
[MPa]

outstand element
[N/mm2]

internal element
[N/mm2]

ratio
(internal/outstand)

0
30
150

4.24
352.60
1018.19

39.87
375.88
1041.38

9.40
1.07
1.02
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Based on these results a curve-fitting was performed using Eureqa [51] which resulted
in the following equation:
σcr,p =0.43

π2 Es
1200MPa
+
+2.22Ec +√Ec ∙3390MPa-40MPa
2
2
12(1-υs )(b⁄t)
b⁄t

(25)

Finite strip solution
A finite strip analysis was conducted to check for the approximations of the previous
section. The same procedure on the same model was carried out as before by using CUFSM
program, only the support conditions and the foundation stiffness were changed.
It was found that the assumed and calculated buckling shapes were closely matched
(Figure 60 a)). The relative difference between the approximating equation and the FS result is
less than 5 % in the parameter range.

Figure 60 – a) Buckling shape of the FS model (b/t=50, Ec=150 MPa); b) Relative difference of Eq. (25)

Column-like behaviour
As the column-like behaviour has to be determined with the edge supports removed, the
statical system used in Section 5.4.1 should be applied again. Hence Eq. (22) using b → ∞ can
be used to describe the column-like behaviour again with the same precision as described
before.
5.5.2. Verification of design strength
To verify the assumptions made previously, the same finite element model was used as
described in Section 5.4.2. Only the boundary conditions of the plate element were modified
according to the different plate element under investigation.
The model was checked for the case of unbraced plate elements, similarly to the
previous investigations. The critical buckling stress was found to be overestimated by the model
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by maximum 5 %, which is resulting from the fact that the critical stress is reached only if the
plate element is infinitely long. The 5 % difference was deemed adequate, even because in the
braced case the buckling length is finite. The ultimate load bearing capacity and thus the
effective width is compared to the Eurocode specifications in Figure 61. As it can be seen the
Eurocode results provide a lower boundary to the finite element results.

Figure 61 – FE results vs. Eurocode specifications for unbraced plates

For braced elements the critical stress provided by the FE model was used again to
evaluate the performance of the approximate equation. As it can be seen in Figure 62 a) the
approximate equation can predict the critical stresses by a -10 % – +15 % error. The differences
are due to the fact that (i) the calculation of kw assumes an infinite buckling pattern, and (ii) the
buckling length in the perpendicular direction is less that it was assumed (Figure 62 b)).

Figure 62 – a) Relative error of Eq. (25); b) Buckling shape of FE model (b/t=39, Ec=30 MPa)

The ultimate load bearing capacity was compared to the results again. Now the original
proposal of Misiek et al. [25] using curve “c” was found to be adequate in the parameter range,
moreover curve “b” gives also adequate results: using this curve every finite element result is
above the Eurocode-based calculation, thus the Eurocode procedure, using curve “b” gives
conservative approximation for the effective width (see Figure 63). This finding virtually
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contradicts to results described in Section 5.4.2, where for internal elements buckling curve “d”
was needed. This discrepancy can be explained by the different b/t range of the calculations.
For the same range as the outstand elements, buckling curve “b” would be adequate for internal
elements as well.

Figure 63 – FE results vs. Eurocode specifications for braced plates

5.6.

Internal compression elements in pure bending

5.6.1. Critical stress determination
Plate-like behaviour
In the pure bending case the critical stress was determined using finite strip method. The
procedure was similar to the pure compression case. For these calculations the mesh of the plate
element was not uniform, as the buckling pattern was expected to be concentrated in the
compression zone. Thus a mesh was generated using 20 elements, where one third of the crosssection in the compression side had four times denser mesh that the rest two thirds. The model
produced 1 % difference of the theoretical buckling stress for unbraced plates. The effect of the
elastic foundation was considered using Eq. (16), now assuming ly = 0.6b. This value was based
on the buckling shape of unbraced plate elements. Checking the resulting buckling shapes it
was found that the buckling length decreases in the perpendicular direction as the bracing effect
gets more dominant (i.e. as b/t ratio or Ec increases, as depicted in Figure 64). This
overestimation of ly results in an underestimation of the foundation stiffness, thus
underestimation of the critical stress as well. The critical length was searched for in the same
interval as before ([0.7 lx0; 1.5 lx0]), the initial guess lx0 was assumed to be the critical length of
the plate element in pure compression.
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Figure 64 – Buckling shapes: a) b/t=138 Ec=90 MPa; b) b/t=138 Ec=30 MPa; c) b/t=250 Ec=30 MPa

Based on the FS results Eureqa [51] was used to find a closed form equation which fits
the data:
b⁄t
E2c
σcr,p =23.9
2 + (12.6- 88 ) Ec - 63 MPa +260 MPa
12(1-υ2s )( b⁄t )
π2 Es

(26)

The equation was tested on the given parameter interval to check its performance. The
results of CUFSM and Eq. (26) were compared and it was found that the equation can predict
the critical stresses with maximum overestimation of 4 % and underestimation of 3 % (Figure
65).

Figure 65 – Relative difference between Eq. (26) and CUFSM results

Column-like behaviour
For determining the column-like behaviour the same FS model was used as for the platelike buckling. Two modifications were applied: (i) the side supports at the longitudinal edges
were removed corresponding to the Eurocode recommendations, and (ii) ly = 2b was assumed
as the buckling shape changed (Figure 66). As the supports at the unloaded edges are removed
and the loading condition is pure bending, the behaviour of the plate is now similar to the lateraltorsional buckling of a beam to some extent.
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Figure 66 – Buckling shape of column-like behaviour at Ec=30 MPa: a) b/t=30; b) b/t=138

The different buckling mode also needed different approximating equation to predict
the critical stress. Using Eureqa [51] the following equation was defined, which can predict the
critical stress with maximum 5 % error.
σcr,c =

13800 MPa+53Ec
+Ec +√Ec ∙8100 MPa-190 MPa
b⁄t

(27)

Figure 67 – Relative difference between Eq. (27) and CUFSM results

5.6.2. Verification of design strength
Model description and validation on unbraced plates
To verify effective width determined using Eqs. (26) and (27) a finite element model
was used again. The basic build-up of the model was the same as described in Section 5.4.2
with several modifications. As stress gradient should be considered, an eight-node shell element
was used (SHELL282). According to the buckling mode expected, the mesh was refined in the
compression zone (lx/14) and reduced in the tension zone (b/12) to minimise the calculation
demand and maximise the accuracy. The length of the model was set to eight times the buckling
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length predicted by CUFSM. The load was transmitted to the model as linear enddisplacements.

Figure 68 – Mesh of FE model for pure bending

Using this model, the critical stress, moment-curvature diagram and ultimate load
bearing capacity of plate elements in the given parameter range was calculated. The error in the
critical stress determined by the FE model was less than 3.5 %. The effective width was backcalculated from the ultimate load bearing capacity to compare to the Eurocode calculated results
(Figure 69). A similar trend could be observed as in Figure 55, the maximum difference was
5.6 %, which is less than in the case of compression elements.

Figure 69 – FEM vs. Eurocode results for unbraced plates in bending

Verification of the proposed model for braced plates
Similarly to the compression element verification, the critical stresses of the FE model
and Eq. (26) were compared. For low b/t ratios (i.e. b/t = 30) the difference can be considered
significant, however in this range even the unbraced plate elements are in Class 1, thus the
elastic plate buckling behaviour does not affect the resistance. For the remaining part of the
parameter range the difference is around 10 %, less than in the case of pure compression. The
buckling shape of the FE model comprised of eight half-waves.
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Figure 70 – a) Difference between the FE and approximated critical stresses; b) Buckling shape of FEM (b/t=138,
Ec=30 MPa)

The ultimate load level of every configuration in the parametric range was higher than
the elastic resistance of the plate, which means that elastic plate buckling does not affect the
resistance of plate elements. (However, for higher b/t ratios (above 300) a reduction is present.)
Thus the original specification of Eurocode, the buckling curve “a” can be used for interpolating
between the plate-like and column-like behaviour.

Figure 71 – a) Failure shape and b) moment-end rotation curve of finite element model

5.7.

Local buckling resistance of C-sections
Having determined the effective widths of simple plate elements, one can obtain the

local buckling resistance of a thin-walled steel element encased in elastic material combining
the constituting effective widths.
In the following tables the application of the procedure is demonstrated, and the results
are compared to those obtained by experimental tests for pure bending and compression. During
the calculation several assumptions were made:
i.

the rounded corners of the C-sections were substituted with sharp edges according
to Eurocode 3-1-3;

ii.

the zinc coating of the base material used was 0.08 mm (according to the technical
report of the manufacturer);

iii.

yield strength measured by coupon tests were used;

iv.

the stress gradient in the edge stiffener was neglected;

v.

no iteration was considered;

vi.

for calculating the critical stresses Eqs. (22), (25), (26) and (27) were used.
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The calculations were done using three different elastic moduli of the foundation
material and for unbraced case as well. The three moduli are the 5 % fractile value, the mean
value and the 95 % fractile value, respectively. For ordinary stability problems Eurocode 2
recommends to use the lower value. As it can be seen in Table 26 and Table 27, in the case of
buckling of plates on elastic foundation it is not evident which value to use. Although the critical
stresses are increasing as the Young’s modulus of the material increases, the column-like
behaviour becomes more dominant. This means that the interpolation may result in lower
reduction factor, since the plate buckling reduction factor is 1.0 even for smaller Ec. Therefore,
calculation should be done for Ec,0,05 and Ec,0,95 as well to find the minimum value. The PAC
provided increment of the cross-sectional resistance against bending is 16-20 % for C140-10
sections and 27-31 % for C200-10 sections. As found during the experimental phase, the
increment is more significant for more slender cross-sections.
Table 26 – Application of calculation procedure on specimen C140-10-5000-WM-001
yield strength of base material f yb [N/mm2]
plate thickness
t [mm]
assumed core thickness

t cor [mm]

311
0.93

C140-10-5000-WM-001

0.85
E c0,05 [MPa]

web

flange

stiffener

139.15

40.15

163.71

47.24

169.26

41

E c,m [MPa]

97

E c0,95 [MPa]

155

constituting plate elements

web

flange

stiffener

web

flange

stiffener

web

flange

stiffener

12.58

dimensions [mm]

139.15

40.15

12.58

139.15

40.15

12.58

139.15

40.15

12.58

14.79

plate slenderness [-]

163.71

47.24

14.79

163.71

47.24

14.79

163.71

47.24

14.79

340.27

372.90

843.46

689.71

877.84

1324.13

1010.83

1202.79

1718.17

1290.19

1482.99

0.68

0.81

0.87

σ cr,p [N/mm2] (Eq. 26/22/25)
ρ [-]

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

-

-

-

σ cr,c [N/mm2] (Eq. 27/22)

524.85

448.52

448.52

909.10

769.64

769.64

1219.97

1048.99

1048.99

-

-

-

χ c [-]

0.81

0.56

0.70

0.90

0.69

0.82

0.92

0.75

0.86

-

-

-

ζ [-]

0.61

0.54

0.96

0.46

0.31

0.56

0.41

0.23

0.41

-

-

-

ρ c [-]

0.97

0.91

1.00

0.97

0.85

0.97

0.97

0.85

0.95

116.74

32.33

10.93

effective width [mm]

137.14

36.37

12.57

137.01

34.20

12.14

137.27

34.16

11.99

6871

W eff [mm3]

8232

7991

7987

2.14

M R,calc [kNm]

2.56

2.49

2.48

M R,test [kNm]

3.43

Table 27 – Application of calculation procedure on specimen C200-10-5000-WM-001
yield strength of base material f yb [N/mm2]
plate thickness
t [mm]
assumed core thickness
t cor [mm]

329
1
0.92

C200-10-5000-WM-001

web
199.08
216.39
96.88
0.51
-

flange
40.08
43.57
400.02
0.84
-

stiffener
12.54
13.63
439.28
0.90
-

constituting plate elements
dimensions [mm]
plate slenderness [-]

σ cr,c [N/mm2] (Eq. 27/22)

E c0,05 [MPa]
web
flange
199.08
40.08
216.39
43.57
746.73
741.11
1.00
1.00
501.10
448.52

150.33

33.47

11.34

χ c [-]
ζ [-]
ρ c [-]
effective width [mm]

0.79
0.49
0.95
193.64

σ cr,p [N/mm2] (Eq. 26/22/25)
ρ [-]

0.55
0.65
0.95
37.88

41
97
155
E c,m [MPa]
E c0,95 [MPa]
stiffener
web
flange stiffener
web
flange stiffener
12.54
199.08
40.08
12.54
199.08
40.08
12.54
13.63
216.39
43.57
13.63
216.39
43.57
13.63
951.16 1194.07 1062.23 1276.10 1553.58 1341.58 1556.30
1.00
1.00
1.00
1.00
1.00
1.00
1.00
448.52
880.93
769.64
769.64 1187.23 1048.99 1048.99
0.69
1.00
1.00
12.54

0.89
0.36
0.95
194.35

0.67
0.38
0.87
35.06

0.81
0.66
0.98
12.26

0.92
0.31
0.96
195.08

0.74
0.28
0.86
34.61

11240

W eff [mm3]

14710

14320

14280

3.50

M R,calc [kNm]

4.57

4.45

4.44

M R,test [kNm]

5.98

0.86
0.48
0.96
12.06
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The proposed method underestimates the experimental load bearing capacity by
34-40 % for C140 section and by 31-35 % for C200 sections. During the experiments no sign
of elastic local buckling was found only in the case of the C140 panel, and plastic deformations
took place. This behaviour, however, cannot be confirmed by the calculation method proposed
herein. This contradiction can be resolved by additional experimental investigation focusing on
the behaviour of plate elements subjected to pure load conditions.
The same procedure was applied for calculating pure compression resistances of
compression elements of Chapters 3 and 4. These data are summarised in Figure 72. The
increment of cross-sectional load bearing capacity against compression (i.e. the effective area
increment) due to PAC is 26-43 % for C90-10 sections, 42-62 % for C140-10 sections and 1330 % for C140-15 sections. The calculated results are compared to those obtained by the
element tests. It can be seen that the calculated resistances are above the measured values, which
is due to the additional effect of load eccentricity presented because of the shift of the centroidal
axis of the cross-section (see refinement in Chapter 6). The C90-15 column-end specimen
results are, however, lower than the calculated results without PAC bracing. This is due to the
fact that the failure mode of these elements was different (see Figure 43 b)), thus the calculation
method cannot give adequate results for those elements.

Figure 72 – Resistance of specimens by experimental data and calculation

Despite the underestimation of the flexural resistance the method is extended in the next
Chapter to incorporate the effect of distortional and global buckling behaviour in order to show
its capabilities for compression elements.
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5.8.

Summary
The elastic local buckling effect of a C-section encased in elastic material was

introduced in this chapter. A procedure to calculate the effective width of constituting plate
elements were carried out. The effect of the elastic material was introduced to the plate buckling
calculations using a Winkler-type foundation (see Eq. (16)), as in sandwich theory. Using this
foundation model the differential equation of plate buckling was solved for pure compression
elements. Based on the solution, closed form equations were derived to be able to predict the
critical stresses efficiently. These equations were checked using finite strip model as well. The
application of the finite strip model was extended to plate elements in pure bending, and similar
approximating equations were derived as for pure compression. A finite element model was
also made to analyse whether the Eurocode procedure for calculating plate buckling of short
elements is adequate for the case of plates resting on elastic foundation. It was shown that the
effective width of
i.

an internal compression element in pure compression should be calculated by
buckling curve “d” using Eq. (22) for both plate-like and column-like behaviour;

ii.

an outstand compression element in pure compression should be calculated by
buckling curve “b” using Eq. (25) for plate-like and Eq. (22) for column-like
behaviour;

iii.

an internal compression element in pure bending should be calculated by buckling
curve “a” using Eq. (26) for plate-like and Eq. (27) for column-like behaviour.

As a conclusion the procedure was implemented to calculate the resistance of previous
experimental specimens failed in pure bending. It was found that further research is needed to
clarify the difference between the calculated and measured resistances. Calculations for pure
compression showed that the effect of additional eccentricity should be included in the
calculation.
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6.

DISTORTIONAL AND GLOBAL BUCKLING
RESISTANCE OF STRUCTURAL ELEMENTS

6.1.

Distortional buckling resistance

6.1.1. Introduction
The distortional buckling mode is a typical failure mode of thin-walled steel elements
under compression or bending, which is produced by the buckling of either the edge or
intermediate stiffener resulting in the distortion of the original cross-section. As such, it should
be covered in design procedures. From here on only edge fold stiffeners of C-sections will be
covered in this chapter.

Figure 73 – Distortional buckling of single edge fold stiffener [7]

For unbraced elements the Eurocode gives design rules to determine the resistance
against distortional buckling [7]. The basic concept of the standard is that the distortional
buckling can be modelled by the flexural buckling of the stiffener, restrained by the other parts
of the cross-section. Therefore, the Eurocode model for distortional buckling is a beam element
resting on elastic Winkler-type springs as shown in Figure 73. The cross-section of the
equivalent beam is composed of the effective part of the flange plate attached to the edge
stiffener and the effective width of the stiffener itself. The effective width of the flange should
be considered based on the general procedure of Eurocode [50], however, the effective width
calculation of the stiffener includes interaction between plate elements utilizing an increased kσ
value instead of 0.43 for simple outstand element:
0.5
kσ =min {

3

0.5+0.83 √(bp,c ⁄bp -0.35)

2

(28)

The spring stiffness K includes the elastic restraint of the cross-section (see Cθ in Figure
73). The calculation of K differs for cross-sections in bending and compression:
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K=Ks =
where

Es t3
1
2
4(1-υs ) (1+0.5kf )y2s hw +y3s

(29)

ys is the distance from web-of-flange junction to the gravity centre of the
equivalent beam;
hw is the web depth;
kf equals 0 if one stiffener is in tension (e.g. in the case of pure bending), or 1.0
if both stiffeners are in compression.

Using these parameters, the differential equation of buckling of beams resting on springs
was solved. The resulting critical stress is then used to calculate the slenderness and,
subsequently, the reduction factor with the curve given in Eq. (30):
1.0 if ̅λd ≤0.65
1.47-0.723λ̅d if 0.65<λ̅d <1.38
χd =
0.66
if 1.38≤λ̅d
̅
λ
d
{

(30)

For cross-sections with internal stiffeners encased in elastic materials Misiek et al. [27]
proposed a Eurocode-based method, incorporating the effect of elastic foundation. In their
proposal, the effect of encasing material was treated very much similarly than for local
buckling, i.e. the material was substituted by Winkler-type springs calculated by elastic halfspace model. Their procedure was verified for trapezoidal sheaths with internal stiffeners of
sandwich panels, and included the effect of elastic foundation in the K stiffness as:
K=Ks +Kw
where

(31)

Ks is the stiffness originating from the distortion of the cross-section, according
to Eurocode;
Kw is the effect of the elastic foundation.

Determining the Kw value, they assumed sine waves in both directions. The range on
which the authors validated their results was relatively small in terms of elastic modulus,
experiments were done for Ec = 6 MPa and 10 MPa.
6.1.2. Calculation method and results
Based on the previously described method in [27] a similar procedure is proposed for
C-sections and edge fold stiffeners. To consider the local buckling of the constituting plate
elements the method in Section 5.4 and 5.5 should be used, respectively. This means that no
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interaction between plate elements is considered, which contradicts to the assumptions of the
standard (see Eq. (28)), but results in smaller effective width, thus smaller resistance. The
distortional shape assumed in the procedure when calculating K is the same as for unbraced
elements (Eq. (29)). The presence of the infill material results in smaller buckling lengths as it
was shown before, thus resulting in stiffer cross-section. Hence, using the unbraced crosssectional stiffness for the K value also underestimates the final resistance. The calculation of
Kw should be based on Eq. (16), and should be multiplied by the total width beff/2. The assumed
buckling length in perpendicular direction should be ly = 2b, as in the case of outstand plate
element for local buckling. The cross-section stiffness and the foundation stiffness should be
summed up in order to determine the total stiffness (Eq. (31)). Using these parameters, the
differential equation of beam buckling can be written in the form:
Es Is d4 w
d2 w Kw
+σ
=As dx4 x dx2
As

(32)

where As and Is are the cross-section area and second moment of inertia, respectively.
Assuming the buckling shape as a sine function (Eq. (10)), one can obtain the following
equation for buckling stress:
Es Is π 2 K lx 2 Es Is π 2 𝐾𝑠 lx 2
2πEc beff ⁄2
1 1 lx 2
σx =
( ) + ( ) =
( ) + ( ) +
( )
√ +
As lx
As π
As lx
As π
As (3-υc )(1+υc ) l2x 2b2 π

(33)

To find the critical stress σcr,d, Eq. (33) should be minimised for lx.
A parametric calculation was done in the range described in Table 23. Only crosssections in pure compression were calculated, since the K stiffness is the smallest in this case,
which again results in smaller resistance.
Apart from solving the analytical equation, finite strip solution was also done to find the
actual critical buckling stress. Each side of the equivalent beam cross-section was divided into
five parts, each node had the DOF in the horizontal direction eliminated, to restrain the crosssection of buckling around the vertical axis. To avoid plate-like buckling of the model, vertical
displacement of every node on the horizontal plate element was connected to the corner node,
thus only flexural buckling around the horizontal axis was able to occur. The spring was applied
at the corner node, rather than at the centre of gravity, but as the torsional movements were also
restricted, the actual place of it was indifferent. The calculations were done in the same range
as before, i.e. [0.7 lx0; 1.5 lx0] was used, lx0 being the analytical solution.
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An example of the buckling shape and the signature curve is presented in Figure 74. It
was found for every cases where the limit of bc,p/bp < 0.6 was met, that even though significant
approximations were made, the largest slenderness (0.415) is well below the 0.65 limit, thus
the distortional buckling is effectively restrained by the encasing material. The same result was
found as the range of Ec was widened to [10; 200] MPa. This is also confirmed by the
experimental results, where no distortional-like failure was observed within a member.

Figure 74 – Buckling shape and signature curve for distortional buckling (h=140 mm, b=40 mm, c=12 mm,
Ec=100 MPa, fyb=350 N/mm2)

6.2.

Global buckling resistance

6.2.1. Introduction
Global buckling resistance predictions are well established in design. The design
method is based on the slenderness of the column, thus on the elastic critical buckling load.
Previous studies of braced elements gave design provisions to consider the effect of sheathingCFS interaction. Schafer et al. [15] proposed design method using the Direct Strength Method
with springs attached to the cross-section, thus resulting in increased critical load and resistance.
The spring stiffnesses were determined based on experimental results and theoretical
considerations. Three types of springs were introduced, in-plane, out-of-plane and rotational,
thus describing the real behaviour of sheathing attached to CFS columns. Telue et al. [17] gave
design provisions using the Australian design code utilising an effective length based on the
distance of the screws. They proposed that the buckling length around the weak axis can be
derived based on the fastener distance, while the out-of-plane buckling remains unaffected by
this parameter. Therefore, a different method was derived to consider strong-axis buckling.
As the behaviour of CFS elements encased in elastic material is completely different in
the in-plane and out-of-plane direction, the two cases should be treated separately. Based on
the experimental results, it can be assumed that no lateral-torsional or flexural-torsional
buckling can occur in the practical parameter range, thus no models will be presented to
calculate these effects.
94

6.2.2. In-plane buckling
Buckling around the weak axis is restrained by the encasing material in a similar way,
as it restrains plate buckling or distortional buckling. Thus the mechanical model for this case
can be made up of a beam element resting on elastic foundation. This results in a similar
configuration as was introduced for the case of distortional buckling. However, an important
difference exists between the two solutions, i.e. the buckling shape in flexural buckling can be
substituted as a uniaxial sine-wave, thus having exactly the same problem as in the case of facewrinkling phenomenon, thus the formulation is the same as in [49].The differential equation
describing the buckling is:
Es Iz,cs ∂4 w
∂2 w Kcs w
+σ
=Acs ∂x4 x ∂x2
Acs
where

(34)

Acs and Iz,cs are the gross cross-section area and second moment of area around
the z axis, respectively;
Kcs is the Winkler-type spring stiffness of the element considered.

Searching the solution in the form of Eq. (10), the buckling stress can be determined by:
σx =

Es Iz,cs π2
2Ec hw
lx
+
2
Acs lx Acs (3-υc )(1+υc ) π

(35)

The critical stress is the minimum of Eq. (35) as a function of the buckling length lx.
Minimising the above equation results in critical buckling length:
3 Es Iz,cs (3-υ )(1+υ )
c
c
lx,cr =π√
hw
Ec

(36)

The calculated critical buckling length should not exceed the physical length of the
column considered. Substituting Eq. (36) to Eq. (35) gives the critical buckling stress, which
can be used to calculate the slenderness of the C-section.
3 3
E2c h2w
√Es Iz,cs
σx,cr =
Acs
(3-νc )2 (1+νc )2

(37)

The above derivation of the critical stress uses the assumption that the column is
infinitely long, thus lx,cr can be any real number [49]. However, the results are remaining
virtually unaffected if a buckling length corresponding to integer number of half-waves is
considered. To determine the reduction factor, buckling curve “b” is suggested to be used, in
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accordance with the regulation given in [7] to unbraced C-profiles. The resistance should be
calculated taking into account the local buckling, Acs,eff, calculated by the procedure of Chapter
5 (see assumptions i)-vi) of Section 5.7):
Nb,Rd =χc

Acs,eff fyb

(38)

γM1

It should be noted that the resulting reduction factor does not depend on the actual length
of the column (if it is larger than lx,cr), governing parameters are only the geometry of the crosssection and the elastic modulus of the foundation material. Calculations for the four applied
cross-sections showed that the reduction factor for these cross-sections is near to 1.0 (Table 28).
Table 28 – Buckling lengths of cross-sections of column-end specimens type W

Ec = 41 MPa
lx,cr [mm]
χc [-]

C90-10
615
0.98

C90-15
726
0.95

C140-10
564
0.99

C140-15
660
0.98

This procedure was applied to calculate the resistance of column-end connection
elements of W arrangement. Real plate thicknesses and measured yield strengths were used to
determine the effective cross-section according to Chapter 5. No iteration was made during this
step, thus the effective cross-section for pure compression was used. However, the eccentricity
was considered when calculating the internal forces, i.e. additional bending moment around the
weak axis Mz =Ney was introduced. Using the effective cross-section, the maximum normal
force was determined. The bending moment and flexural buckling interaction resistance was
calculated on the basis of the procedure detailed in [56], using the kyz and kzz interaction
coefficients found in Annex B of EC3-1-1. The Cmz coefficient was calculated based on constant
bending moment diagram (ψ = 1). Figure 75 illustrates the result. As it can be observed the
calculation given resistances are lower than the experimental results except for C90-15 crosssections, where the observed failure mode was connection failure (see Figure 43 b)). Based on
the results the proposed method can estimate the lower bound of test results for compression.
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Figure 75 – Resistance of specimens by experimental data and calculation

6.2.3. Out-of-plane buckling
For calculating the out-of-plane buckling, the elastic material cannot be considered as a
bracing structure. The buckling in out-of-plane direction is restrained solely by the flexural
stiffness of the material, through composite action [15]. In the cited paper the increment of
flexural stiffness is calculated based on the rigidity of the connection between sheathing and
steel core.
For CFS compression elements fully encased in elastic material, the arrangement is
similar to that of steel-concrete composite columns. Thus, as an approximation the procedure
of Eurocode 1994-1-1 [57] can be used for determining the buckling resistance:
σcr,c =π2

Es Iy,cs +0.6Ec Iy,w
Acs H2

(39)

where Iy,cs is the second moment of area of the steel cross-section;
Iy,w is the second moment of area of the elastic material calculated by the width
according to the distance between CFS columns;
H is the buckling length, considering boundary conditions.
The buckling reduction factor should be calculated using curve “b”. As it is shown in
Table 29 the resistances obtained by the proposed procedure for buckling resistance are
underestimating the experimental data. As only one experimental test resulted in an out-ofplane motion of the specimen (C90-15-2700-WM-001, see Figure 29 c)), therefore further
study is needed in order to find better fit.
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Table 29 – Out-of-plane buckling resistances

41
C140-10-2000-WM-003
C140-15-2000-WM-003
C90-10-2700-WM-001
C90-15-2700-WM-001
C140-10-2700-WM-002

6.3.

39.83
77.61
29.30
57.46
41.03

Ec [MPa]
97
155
43.15
83.17
31.74
61.45
43.97

45.33
85.83
33.76
64.30
46.09

Nu [kN]

66.58

Summary
After calculating the effective cross-section of CFS elements, the distortional and global

buckling behaviour were discussed in this chapter. It was shown using the Eurocode procedure
that the elastic critical stress corresponding to the buckling of the edge stiffener is sufficiently
high in order to avoid the distortional buckling failure mode. This fact is also confirmed by the
experimental results.
Based on the experimental results, no flexural-torsional or lateral-torsional buckling can
occur, thus it is assumed that only in-plane and out-of-plane flexural buckling should be
considered during the design. The two behaviours should be dealt with using different models.
The in-plane buckling can be calculated similarly as the face-wrinkling resistance of sandwich
panels, i.e. using the analytical model of a beam resting on elastic half-space. It was proposed
to use the buckling curve “b” after calculating the relative slenderness with the help of Eq. (37).
It was shown without iteratively determining the effective cross-section, that the resistance
provided by the procedure gives conservative approximation of the experimental data. For outof-plane buckling, however, the method calculating the buckling resistance of steel-concrete
composite columns can be adopted.
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7.

CONCLUSIONS OF DISSERTATION

7.1.

New scientific results

7.1.1. Theses of the dissertation in English
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 buildups, 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.
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]
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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 lateral 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.
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 the 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]
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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),
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]

7.1.2. Theses of the dissertation in Hungarian
1. tézis
Megterveztem és elvégeztem egy 53 próbatestből álló kísérletsorozatot ultrakönnyűbetonba ágyazott acél vékonyfalú, hidegen alakított, hajlítónyomatékkal terhelt C- és Iszelvényű szerkezeti elemeken. A kísérletek során a változó paraméterek az acél
keresztmetszet, a keresztmetszeti kialakítás, illetve az elemhossz és a terhelés módja voltak.
a) A kísérletek alapján megállapítottam a mértékadó tönkremeneteli módokat,
valamint teherbírási és merevségi értékeket négypontos hajlításnak kitett és
egyenletesen megoszló terhelésű szerkezeti elemek esetén.
b) Elemeztem a tönkremenetelhez tartozó teherszint, valamint a kísérlet során
változó paraméterek viszonyát. Kimutattam, hogy a várható tönkremenetel a
gyakorlatban alkalmazott fesztávolság-tartományon elemméret-független.
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c) Összehasonlító kísérletek alapján jellemeztem az alkalmazott ágyazó közeg
várható teherbírás-növelő képességét, valamint azonosítottam a növekmény
forrását.
A tézishez kapcsolódó publikációk: [HP1], [HP2], [HP4], [HP5], [HP7]

2. tézis
Megterveztem és elvégeztem egy 57 kísérletből álló kísérletsorozatot ultrakönnyűbetonba ágyazott acél vékonyfalú, hidegen alakított, nyomóerővel terhelt C- és I-szelvényű
szerkezeti elemeken. A kísérletek során a változó paraméterek az alkalmazott beton keverék,
az acél keresztmetszet, a keresztmetszeti kialakítás, illetve az elemhossz voltak.
a) A kísérletek alapján megállapítottam a mértékadó tönkremeneteli módokat,
valamint teherbírási értékeket nyomó igénybevételnek kitett szerkezeti elemek
esetén.
b) Kimutattam a különböző beton keverékek és acél keresztmetszetek hatását a
teherbírásra nyomóigénybevétel esetén. Kimutattam továbbá, hogy a várható
tönkremenetel a kísérletekben alkalmazott mérettartományon elemméretfüggetlen.
c) Összehasonlító kísérletek alapján jellemeztem az alkalmazott ágyazó közeg
várható teherbírás-növelő képességét, valamint azonosítottam a növekmény
forrását.
A tézishez kapcsolódó publikációk: [HP1], [HP2], [HP4], [HP5], [HP8], [HP9]

3. tézis
Megterveztem és elvégeztem egy 15 kísérletből álló kísérletsorozatot ultrakönnyűbetonba ágyazott acél vékonyfalú, hidegen alakított C-szelvényekből kialakított fal-, illetve
födémpanelek jellemző viselkedésének vizsgálatára nyomó, illetve nyíró igénybevétel hatására.
A kísérletek során a változó paraméterek az acél szelvény, a kitöltőanyag vastagsága, az
alkalmazott acélelemek osztástávolsága, a terhelés módja, valamint egyéb merevítőelemek
alkalmazása voltak.
a) A kísérletek alapján megállapítottam, hogy a mértékadó tönkremeneteli módokat
nyomás és nyírás esetén is a kapcsolati tönkremenetel befolyásolja.
Megállapítottam a szabadon álló acélvázhoz viszonyított többletteherbírás értékét
nyomás esetére.
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b) Kísérletek alapján meghatároztam a panelek nyírási merevségét, a nyírási
tönkremenetelt befolyásoló tényezőket.
c) Nyírt panelek tönkremeneteli mechanizmusa alapján javaslatot fogalmaztam meg
a nyírási merevség és ellenállás meghatározására.
A tézishez kapcsolódó publikációk: [HP8], [HP9]

4. tézis
Megterveztem és elvégeztem egy 66 kísérletből álló kísérletsorozatot ultrakönnyűbetonba ágyazott acél vékonyfalú, hidegen alakított szerkezeti elemek oszloptalpcsomópontjain. Összesen hatféle kialakítású csomópontot vizsgáltam.
a) A kísérleti eredmények kiértékelése alapján:
− azonosítottam az oszloptalp-kapcsolatok viselkedését befolyásoló főbb
paramétereket;
− az erő-elmozdulás görbéket négy fő zónára tagoltam; valamint
− a tapasztalt tönkremeneteleket két fő csoportba soroltam.
b) A kísérletek alapján ajánlást fogalmaztam meg egy kapcsolati kialakításra, amely
segítségével lehetővé válik az elem teljes ellenállásának kihasználása.
c) A további vizsgált kialakításokra tervezésben közvetlenül használható teherbírási
értékeket definiáltam kísérleti alapon.
A tézishez kapcsolódó publikációk: [HP9], [HP12]

5. tézis
Analitikus

és

numerikus

számítási

eljárásokat

adtam

ágyazott

vékonyfalú

acélszelvények lokális, torzulásos és globális stabilitásvesztési jelenségeinek követésére. A
kísérleti és számítási eredményekre támaszkodva javaslatot tettem rugalmas közegbe ágyazott
vékonyfalú C-szelvényű szerkezeti elemek nyomási és hajlítási ellenállásának szabványos –
Eurocode 3 alapú – meghatározására.
a) Analitikus és numerikus vizsgálatok alapján zárt, közelítő képletet adtam egy,
valamint két hosszanti élükön megtámasztott, rugalmas féltér ágyazaton fekvő
nyomott lemezelemek, valamint két hosszanti élük mentén megtámasztott tisztán
hajlított lemezelemek kritikus horpadási feszültségének meghatározására.
b) Geometriai és anyagi nemlineáris, az imperfekciók hatását tartalmazó
végeselemes modell (GMNI) segítségével meghatároztam a vizsgált lemezelemek
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effektív lemezszélességét. Módosítottam az Eurocode által ágyazatlan lemezekre
javasolt számítási eljárást annak érdekében, hogy az a végeselemes eredmények
konzervatív becslését adja.
c) Beépítettem az ágyazás hatását a hidegen alakított szerkezeti elemek torzulásos és
globális stabilitásvesztési jelenségeinek (síkbeli kihajlás) Eurocode-alapú
számításába. Megmutattam, hogy a javasolt számítási eljárás képes a kísérleti
teherbírási értékek konzervatív becslésére nyomott és hajlított C-szelvények
esetén.
A tézishez kapcsolódó publikációk: [HP10], [HP13]

7.2.

Further research needs
The research presented herein focuses on the behaviour and design of CFS elements

encased in ultra-lightweight concrete, with additional investigations of column-end joints. In
order to have a complex design procedure which can be used to design the whole structure, the
experimental research should be extended for various types of panel connections (e.g. wall-wall
L, X, T type, wall-slab, etc.). Additional structural details may be of interest as well, such as
lintel beam over openings, internal columns, etc. No tests were done for strong axis M-N
interaction behaviour yet; this could be also investigated.
Further research work is needed to establish design provisions for column-end joints
based on the experimental results. Based on the defined components of the failure a mechanical
model can be derived to calculate design resistance of this kind of joints. It is also important to
widen the range of parameter field either by real or virtual experiments. Failure modes not yet
observed in tests should be further investigated, e.g. to prove the assumption of neglecting
torsional buckling modes. The application of the Direct Strength Method can be a further
development in the design methodology, too. As a verification of the detailed design procedure
of the complete building system, full-scale tests may also be carried out.

7.3.
[HP1]

Publications on the subject of the theses
Hegyi, P., Dunai, L., Lublóy, É.: Polisztirolbeton merevítő hatásának kísérleti vizsgálata
vékonyfalú acélszelvényeken, in Magyar Műszaki Tudományos Társaság XVII.
Nemzetközi Építéstudományi Konferencia, Csíksomlyó, Romania, 2013, pp. 122-129

[HP2]

Hegyi, P.: Experimental study on polystyrene aggregate concrete stiffened cold-formed
steel columns, in: Proceedings of the Second Conference of Junior Researchers in Civil
Engineering, Budapest, Hungary, 2013, pp. 81-87.

[HP3]

Lublóy, É., Balázs, L.Gy., Kopecskó, K., Tóth, E., Dunai, L., Hegyi, P., Drávucz, O.:
Thermal insulation capacity of concretes by expanded polystyrol aggregate, in: The
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