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Abstract This paper investigates the behavior of new type of steel and concrete
composite structures.With a view of amore effective use of CFS inmodern construc-
tion (increasing the carrying capacity while reducing the thermal conductivity) the
authors propose to fill the open cavities of thin-walled steel structures with light insu-
lating concrete to create ultralight steel and concrete composite elements. The paper
presents the results of a theoretical analysis of the local stability of thin-walled steel
elements supported by lightweight concrete. The study of the influence of structural
parameters on the local stability of steel elements of reinforced concrete structures.
The comparison of experimental results with the results of calculations is performed
in accordance with the theory of elasticity and the proposed method.
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1 Introduction

Over the past couple of decades, constructions using steel thin-walled cold-formed
profiles (cold-formed structures—CFS) [2, 4], also known as LiteSteel structures,
are becoming more common in buildings.

Among the most common types of cross-sections of cold-formed profiles, should
be allocated the C-sections used primarily as load-bearing structures of ceilings and
walls of low-rise buildings, as well as Z-shaped (Z-profiles), the scope of which are
purlins and wall coverings (see Fig. 1).

In general, the use of CFS in the load-bearing structures has a number of features
caused primarily by their thickness and specific forms of section. Consequently, a
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Fig. 1 Example of structures failures as local buckling of CFS members

Fig. 2 Example of structures failures as local buckling of CFS members

significant feature of this type of elements is their possibility of local buckling of
flanges and walls under bending due to axial compression; the bending torsion owing
to the behavior of flexural and compressed members with eccentricities; significant
thermal conductivity of solid profiles, which leads to forming of heat-conducting
inclusions etc.

For the most structures under operating conditions, local loss of stability is
unacceptable and can be the cause of structures failures, as shown in Fig. 2.

Structural failure is the value of critical stresses caused by local bending of
steel thin-walled cold-formed elements (plates) of lightweight composite steel and
concrete structures.

In this respect, one of the ways to increase the carrying capacity of this type of
structural elements can be to fill themwith an ultralight weight concrete. In this case,
the complex structure formed in this manner allows using the advantages of each of
the components in the most efficient way by combining a carrier and heat-insulating
functions.

Thus, the main objectives of these investigations are theoretical and experimental
validation of CFS using efficiency combined with ultralight weight concrete (ultra-
light steel and concrete composite structures) in order to increase the local stability
of thin-walled steel profiles under complex types of deformation.
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The authors suggest to fill the open cavities of thin-walled steel structures with
light insulating concrete to create ultralight steel and concrete composite elements
for a more effective using of CFS in modern construction (increasing the carrying
capacity while reducing the thermal conductivity).

2 Methods of Study

The investigation approach used in this study, develops a numerical model to repre-
sent a behavior of ultralight steel and concrete composite structures (USCCS) under
loading. The intended outcome of this modeling effort and experimental investiga-
tions was to establish a fundamental understanding of the local stability of CFS that
is supported by concrete filling. The numerical modeling was used to confirm the
existing, experimental data which are limited, on the behavior and ultimate capacity
of light steel–concrete composite structures.

Experimental studies were conducted to verify the proposed approach, in which
quantitative and qualitative data. It was the data about obtaining of the influence
of steel elements thickness and concrete composition of reinforced concrete struc-
tures on local stability and stress–strain state of compressed steel and reinforced
concrete structures under static load and their bearing capacity and the nature of the
destruction. For example, there are concrete cubes 100 × 100 × 100 mm, which are
supported on both sides by steel plates, 1 mm thick.

Separate plates (compartments) of steel structural elements are calculated and
simplifications are introduced, which consist in the improvement of conditions of
plate edges fixing and contour loads are introduced into the schematization. Freely
supported plates are considered inmost available studies and freely supported contour
is provided in practical calculations. Actual fastening conditions can occupy any
intermediate position between free support and fixed support, but the difference in
the magnitude of the critical load can be quite significant.

The commercial finite element (FE) computer package [1, 8] was used to generate
the numerical models. The accuracy and validity of the FE simulation and analysis
were investigated through comparison of the experimental data and the results of
theoretical analysis.

3 Materials Properties

The authors suggest to use the ultralight weigh concrete such a polystyrene concrete
to fill the open cavities of thin-walled steel structures. Expanded polystyrene concrete
is an especially lightweight (ultra-light) concrete with a cementing agent and a
porous aggregate, such as expanded polystyrene aggregate, which can be used as
an insulating and structural material.
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Fig. 3 The initial stress state of the plate on an elastic basis

In this regard, polystyrene concrete is mostly used for building envelopes of
framed structures with a different number of floors, in facade systems, as heat and
sound insulation [5–7, 9, 10, 12–16] between floors and roofing, etc.

It is obvious that the strength and deformation properties of polystyrene concrete
largely depend on its composition, specifically depending in particular the water-
cement ratio and the percentage of porous aggregate and cement. Therefore, the
specific weight and strength of materials are functionally related [11].

Figures 3 shows the received experimetal relationship between specific weight
and strength of standard concrete cubes with polystyrene concrete with different
compositions.

Thus, the analysis of experimental results allows concluding that optimal specific
weight of light polystyrene concrete for ultralight steel concrete composite structures
is 9 kN/m3 with a strength under axial load 3500 kN/m2.

4 Review of Analytical Model

One of the main tasks of the USCCS research is to solve the issue of local stability
of their steel parts. Unlike traditional cold-formed structures, they rely on an elastic
base, which is ultralight concrete. These elements should be considered as thin plates
that come into contact with an elastic base, themodulus of elasticity of which ismuch
smaller. This is a theoretical calculation model. At the same time, the stiffness of
both components of the USCCS usually differs insignificantly.
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Fig. 4 The initial stress state
of the plate, supported by an
elastic base

Thus, the solution of the problem of local stability of steel elements of USCCS
is reduced to the joint integration of the equations of the theory of shells and three-
dimensional theory of elasticity, considering the boundary conditions on the contact
surface of media (steel and concrete) and the conditions of these edges.

From this point of view, the rectangular steel plate is an integral part of the thin-
walled rod and works in this direction in compression. The practical importance of
the study of this necessitates the clarification of known engineering techniques [3],
based on the analysis ofmethods for solving the basic equation of neutral equilibrium.

Z0 = N 0
x ωxx + 2N 0

xyωxy + N 0
yωyy . (1)

Based on the assumption of a linear distribution of displacements in the thickness
of the aggregate (ultralight polystyrene concrete), the equation of stability of a thin-
walled steel plate on an elastic basis was considered by determining the specified
relative to the deflection of the plate ω (Fig. 4).

K1K2L1(ω) − L2(K1ωxx + K2ωyy) + ∇4
0Qz − ∇4

0 (N0
xωxx + 2N0

xyωxy + N0
yωyy) = 0

(2)

where L1, L2 are differential operators of shell theory, considering to account of the
anisotropy of plates.

The most common cases of bearing capacity of the plate along the contour,
compressed in one direction, with the corresponding boundary conditions of the
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Table 1 Comparative analysis of theoretical and experimental bearing capacity of prototypes

Samples series Load-bearing capacity, kN

Lightweight steel thin-walled structural elements

Experimental value Theory of elasticity Estimated value Finite element

POF 2,40 3,04 3,34 3,02

POH 13,30 17,57 17,54 12,03

POR 48,00 42,96 37,52 36,40

Lightweight composite steel and concrete structural elements

PCF 27,00 – 28,23 27

PCH 34,00 – 52,34 45

PCR 92,00 – 74,87 68

unloaded sides were considered. It gives the division of such structures into lamellar
elements.

From systems of homogeneous algebraic equations, considering the deformation
of a plate with a rigidly bound elastic base, expressions were obtained to determine
the critical load that is shown in Table 1, which was confirmed by experimental
studies.
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where K1, K2 are the stiffness parameters that characterize the transverse displace-
ments.
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The value of the components is according to the following formulas, taking into
account the compatible deformation of the plate with an elastic base:

�kn = α4
k + 2(2μ1 + ν1)α

2
kβ

2
n + μ21β

4
n ; �

(1)
kn

= α4
k + (1 − ν1ν2 − 2ν2μ2)α

2
kβ

2
n + μ1β

4
n ;

�
(2)
kn = �

(1)
kn + (ε2 + ε1μ2)α

2
k + (ε1 + ε2μ1)β

2
n + ε1ε2;

�
(3)
kn = 3D1D3

(
kπ
a

)4 + [(3 − v1v2)D2 − 2v2D3]D1

(
2kπ2

ab

)
+ D2D3

(
2π
b

)4;
�

(4)
kn = �

(3)
kn + 3(D1K2 + D3K1)

(
kπ
a

)2 + (D3K2 + 3D2K1)
(
2π
a

)2 + 3K1K2;
�

(5)
kn = 3D1

(
kπ
a

)4 + 2(v2D1 + D3)
(
2kπ2

ab

)
+ D2

(
2π
b

)4
,

(7)

where, the isotropy of the plate is taken into account:

μ1 = G
(
1 − ν2

)
E

, (8)

where D1 is the cylindrical stiffness of the plate; ν and E are the Poisson’s ratio and
the modulus of elasticity of the plate material; α and β are the parameters of the plate
formation wave; qzkn - component that takes into account the reaction of the elastic
filler.

qz = 2Gc

√
α2 + β2

f1 + χg1
f2 + χg2

, (9)

where Gc is the shear modulus of the elastic base; νc and Ec - Poisson’s ratio and
modulus of elasticity of the base material.
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/
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Bγ 2+dαβ−Gc(2αβdxy+α2dy+β2dx)γ+th η∗ .

(10)

Thus, the problem is reduced to the iterative refinement of expressions (3)–(5),
that is the reduction of bearing capacity depending on the nature of the waveform k,
n.

Using the obtained dependences to determine the influence of the properties of
the reinforcing base, the dependences of the interaction N (ν, E) were considered.
The modulus of elasticity Es and the Poisson’s ratio νs varied from 1000 MPa to
100,000 MPa and 0.1… 0.3, respectively, which is covered a significant number of
physical and mechanical properties of concrete.
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A decrease in critical forces is initially observed in the case of a three-layer
structural element for a filler with a very low modulus of elasticity Es at low H. This
is due to the large shear deformations of the aggregate, which reduce the bending
stiffness of the wall so much that it becomes less than the stiffness of the bearing
layers (the stiffness of the walls at H = 0). In fact, with very small Ec modules, the
load-bearing layers operate almost independently of each other when the stability is
lost.

Meanwhile, it is physically clear that critical efforts must continue to grow. The
results of the solutions show that this increase at low modulus of elasticity of the
aggregate is very small, because the parts of the aggregate, far enough from the
carrier layers, do not have a supporting effect on the latter from each other.

Under different conditions of fixing the unloaded edges of a rectangular plate
with a thickness of 1 mm, the obtained dependences are curvilinear. It consists of
increasing modulus of elasticity increases the load-bearing capacity of the structural
element, and increasing the value of νs, in turn, does not significantly reduce the
value of N. ν. It (ν) can be significant for structures whose layers are orthotropic and
have very different Poisson’s ratios.

Based on the condition that the greater strength of concrete significantly increases
the stability not only of thin-walled elements of reinforced concrete structures, but
also perceives considerable effort, which is not always justified. Because under such
conditions the weight of the structure increases significantly, Poisson’s ratio νs was
taken as 0,15, modulus of elasticity Es = 5000 MPa, as the physical and mechanical
characteristics that best correspond to lightweight concretes. It is used in subsequent
experimental studies (Fig. 5).

A detailed analysis revealed that at relatively large values of H (0.1… 0.3 and
more), which exceed the geometric dimensions of the plate, remote parts of the
aggregate do not have a supportive effect. It indicates irrational use of elastic base
material at certain limits conditions and sizes, regardless of the selected material of
reinforcing base.

The main task of experimental research was to obtain quantitative and qualita-
tive data on the influence of steel elements thickness and concrete composition of
reinforced concrete structures on local stability and stress–strain state of compressed
steel and reinforced concrete structures under static load, also with their bearing
capacity and fracture nature.

Modeling of light steel thin-walled plates (PO) and light thin-walled reinforced
concrete elements (PC) in software complexes by the finite element method allowed
to take into account the features of loss of stability of thin-walled steel plate and to
investigate their work in more detail.

Different boundary conditions were applied to the corresponding faces of thin-
walled steel plates to bring the models as close as possible with the help of a software
package. It consists of free edges (POF, PCF), hinged support (POH, PCH), and rigid
clamping (POR, PCR) of unloaded sides.

An additional layer of two-dimensional orthotropic material with a thickness of
0.1mmwas introduced tomodel the reaction properties of the elastic base in conjunc-
tion with the steel component of the structure. This approach allowed obtaining and
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(a) Hinged support

(b) Fixed support

(c) Free support

Fig. 5 Interaction surfaces N (νs, Es) under different boundary conditions of longitudinal unloaded
sides.



12 Y. Avramenko et al.

varying the amount of “gluing” of concrete to the plate, and as a result, it is the actual
work of the structure.

As a result of finite element calculations using a computer “Destruction” of the
sample models is as follows: the sample with a hinged support of the steel plate along
the contour is formed by one half-wave in the transverse and longitudinal directions
at a critical load of 45 kN. In the model, which is a reinforced concrete structural
element with rigid clamping of the unloaded sides of the steel plate - two half-waves
in the longitudinal direction and one in the transverse at a value of 68 kN. And one
half-wave in the longitudinal direction at 26.7 kN with free support.

5 Conclusions

Therefore, as expected by theoretical calculations, despite the relatively small
modulus of elasticity of the reinforcing base (lightweight concrete), the bearing
capacity of the samples increases significantly, which indicates the feasibility of
lightweight concrete component in lightweight steel structures to prevent local loss
of stability.

The difference between the critical experimental and theoretical load for the
samples of the series of POF and PCF was not more than 8.9%; for samples of
the POR and PCR series about 14%, because in the theoretical calculation insignif-
icant stiffening ribs were not taken into account for modeling the clamping of the
longitudinal sides. The significant difference in the critical load for the samples of the
POH and PCH series that is due to experimental studies, because it is quite difficult
to obtain an ideal hinge. It is obvious that for samples with a concrete component
this deviation is smaller.
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