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Abstract
In this article the possibility of applying the warping model 
offered by V. G. Piskunov, A. V. Goryk and V. N. Cherednikov 
for analyzing polystyrene concrete slabs with profiled steel 
sheeting is considered. The adequacy of the offered model was 
verified by comparing the experimental and calculated deflec-
tions of the slab. Test specimens of polystyrene concrete slabs 
with profiled steel sheeting (PCSPSS) were made for experi-
mental studies and then mechanical properties of the slab 
components – the polystyrene concrete and the profiled steel 
sheeting – were determined. Then the behaviour of slabs under 
a load was studied. The calculation of the warping model of 
PCSPSS was done at the same time. The obtained results have 
proved the possibility of applying of the offered warping model 
for analysis of PCSPSS. It is proposed to use the considered 
model for further study of the stress-strained state of inhomo-
geneous slabs.

Keywords
Polystyrene concrete slabs, profiled steel sheeting, warping 
model, transverse shear, inhomogeneous cross-section, flat 
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1 Introduction
Composite structures based on light concretes with profiled 

steel sheeting have been widely applied recently, especially in 
construction. Most often, these structures are used as lapping in 
construction of new low-rise buildings as well as in reconstruc-
tion of the existing buildings. The use of the light concretes 
with profiled steel sheeting ensures several advantages, such 
as the possibility of slab production directly on a building site, 
structure lightweight and its sufficient strength. However, one 
of the main problems which limits the application of concrete 
structures with profiled sheeting is the absence of a sufficiently 
reliable method for its analysis.

The accounting for a combined action of sheeting and 
concrete, as well as the determination of the moment of their 
separation and the coming loss of load-carrying capability of 
the slab are the most difficult and interesting tasks here. Since 
separation of the profiled sheeting from the concrete occurs due 
to transverse stresses at the boundary of contacting materials, 
determination of the transverse stresses is the main task of such 
a method. Herewith, shear deformations should be taken into 
account as they cause cross-section warping. One of the mod-
els which combines all those features is a model developed by 
V. G. Piskunov and co-authors. Accounting for inhomogene-
ous structure of the cross-section is a distinctive feature of this 
model. Existing models [1–10] are used for analyzing layered 
beams and slabs with a simple cross-sectional shape without 
inclusions, so the considered model enables us to take into 
account any inhomogeneous structure of cross-section. How-
ever, this model has not yet been applied for analyzing rein-
forced concrete structures.

To assess the applicability of checking and verify the model, 
offered by V. G. Piskunov and co-authors in [11–13] for study-
ing steel reinforced concrete structures, it is necessary to carry 
out an analysis of a real structure, and to compare the obtained 
results with the experimental data. To do so, a polystyrene 
concrete slab with profiled steel sheeting (PCSPSS) for which 
experimental results were known has been taken as the object 
of research.
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2 Determination of mechanical properties of the 
profiled steel sheeting and the polystyrene concrete

The mechanical properties of the profiled steel sheeting 
were determined by testing of three strip specimens (Fig. 1 
and Fig. 2). The test specimens were cut from the web of the 
profiled steel sheeting. The specimen dimensions are shown 
below:

bo = 20 mm – specimen width;
lo = 60 mm − initial length;
l = 100 mm − working length;
h1 = 50 mm – grip length;
L = l + 2h1 =200 mm – specimen full length.

Fig. 1 Strip specimen dimensions

Fig. 2 Steel strip testing

The mechanical properties of the profiled steel sheeting are 
given in Table 1.

Table 1 The mechanical properties of steel of the profiled sheeting

The modulus of 
elasticity (MPa)

The yield strength  
(MPa)

The ultimate strength 
(MPa)

2.1×105 332 355

The mechanical properties of the polystyrene concrete were 
determined by testing of the prisms and the cubes. The concrete 
elasticity modulus was determined by testing of 300 × 100 × 
100 mm prismatic specimens (Fig. 3), and the concrete strength 
was determined by testing of 100 × 100 × 100 mm cubic speci-
mens (Fig. 4). The polystyrene concrete consists of:

– portland cement (class 52.5) – 200 kg;
– polystyrene (diameter 4–6 mm) – 1.05 m3;
– liquid air entraining admixture – 1.0 kg;
– water – 100 l.

The concrete specimens were visually inspected for defects. 
The maximum testing force is assumed to be a failure load.

Fig. 3 The prismatic concrete specimens

Fig. 4 The strength test of the polystyrene concrete cubs

Fig. 5 The deformation curves of the prismatic specimens

The deformation curves of three prismatic specimens are 
shown in Fig. 5. According to these diagrams, the maximum 
load for determination of the concrete modulus of elasticity 
shall not exceed 2000 N.

The cubic specimens in the polystyrene concrete strength 
test and its failure are shown in Fig. 4. The test results for the 
cylindrical and cubic specimens are given in Table 2.
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Table 2 The mechanical properties of the polystyrene concrete

Density 
(kg/m3)

The modulus of elas-
ticity (MPa)

Bearing ca-
pacity (kN)

The ultimate 
strength (MPa)

335 70 7.3 73

3 Testing of slab in bending
The single-span slabs with span length l = 1.5 m were tested 

(see Fig. 6). The static load as the metal cylinders was applied 
to the polystyrene concrete slabs through the wooden plank 
incrementally. The plank spacing was l/4 (see Fig. 6 and Fig. 7). 
The load remains unchanged during 5–10 minutes at each step.

Fig. 6 The gages location scheme: D – indicating gage  
for deflection measurement (deflectometer)

Fig. 7 Test specimen – the polystyrene concrete slab  
with profiled steel sheeting

The total applied load was equal 12666 N. Herewith the 
slabs were not adjusted to structural failure. The deflectometer 
was located at a mid-span. Additionally, the shear deformation 
between the polystyrene concrete and the profiled steel sheeting 
was measured in the tests. The gages location scheme is shown 
in Fig. 6. The testing results are given in Table 3 and Fig. 17.

Table 3 Experimental deflections of the polystyrene concrete slab 
with profiled steel sheeting

Load 
step

Load 
(kN)

Deflection 
(mm)

Load 
step

Load 
(kN)

Deflection 
(mm)

0 0.000 0.00 7 10.418 4.85

1 1.835 1.03 8 10.866 5.08

2 3.616 1.83 9 10.866 5.27

3 5.419 2.55 10 11.768 5.50

4 7.205 3.32 11 12.666 5.85

5 9.061 4.04 12 12.666 6.00

6 9.965 4.47

Specific crackle was heard during the eighth load step and 
the webs of the profiled steel sheeting started delaminating 
from the concrete. During the 10 and 12 load steps the crackle 
was increasing, the flanges of the profiled steel sheeting were 
delaminated from the concrete. After the profiled steel sheeting 
had been delaminated from the concrete, the combined action 
of both was not ensured.

4 Classical and non-classical warping models
A slab with an inhomogeneous structure of a cross-section 

is considered. The design of the slab and the example of the 
cross-section division into areas are shown in Fig. 8 and Fig. 9. 
The algorithm of the cross-section preparation for the analysis 
of the slab was studied in [14].

Fig. 8 The design of the polystyrene concrete slab  
with profiled steel sheeting (dimensions in mm)
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Thus, the elastic and the shear modulus were defined as:

where Ek, Gk, – the elastic and the shear modulus of the kth 
area;

n – the number of areas;
θ(z), θ(y) – generalized Heaviside step function:

In our case a classical model is the model based on the flat 
cross-section hypothesis. The classical model quantities were 
denoted by the index «0», and non-classical warping model 
quantities – by the index «1».

Therefore, the formulas of the normal stresses and the trans-
verse stresses for the classical model in case of transverse 
bending were defined as:

where w(x) – deflection function,

where b(z) – width of the cross-section at the ordinate z.
The construction of the non-classical warping model 

assumes the existence of the self-balanced stress state, in which 
the transverse stresses were defined as:

Where the shear function χ(x) was introduced in irreversible 
conformity:

Then, the normal and the transverse stresses of the warping 
model were equal, respectively:

where 

Expanded formulas for the functions Ψ1(z) and B1 (z) were 
given in [14]. 

The deflection function w(x) and the shear function χ(x)  
were determinated from the next system of equation taking into 
account the boundary condition [14]:

where D00 , D01 , D10 , D11 , the cross-section stiffness con-
stants.

A solution of the system (18) was given in [12] and [13].
The cross-section stiffness constants are determined for both 

a classical model and a warping model. They were given by:
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In this case the cross-section was divided onto 14 areas 
(Fig. 9). The material of the profiled steel sheeting (areas 1, 2, 
3, 5, 6, 8, 9, 11, 13) was galvanized steel with the elastic modu-
lus E = 2.1 × 1011 Pa and the shear modulus G = 0.8 × 1011 Pa. 
The material of areas 4, 7, 10, 12, 14 was polystyrene concrete 
with the elastic modulus E = 70 × 106 Pa and the shear modulus 
G = 31.8 × 106 Pa. The slab was simply supported. The loading 
was uniformly distributed over the top surface of the slab and 
its magnitude was equal to 8444 N/m.

Fig. 9 An approximated cross-section of the slab and its division  
into areas (dimensions in mm) 

As a result, the next values were obtained for the approxi-
mated cross-section (see Fig. 9):

D00 = 1.5304∙105 N×m2,

D01 = 3.8684∙104 N×m4,

D11 = 1.0022∙104 N×m6.

5 Results and discussion
After determination of the cross-section stiffness constants, 

the slab stresses and displacements were analyzed. A slab 
deflection according to a flat cross-section hypothesis and the 

warping model are shown in Fig. 10. The maximum deflections 
were equal 3.7 and 6.6 mm, respectively. It is clear that warp-
ing influences the slab deformed state and increases the deflec-
tion by a factor of  6.6 / 3.7 = 1.78 .

Fig. 10 Comparison of the deflections predicted by the model based on the flat 

cross-section hypothesis (dashed line) and the warping model (full line)

The effect of warping on the stress state of polystyrene con-
crete and profiled steel sheeting is shown in Fig. 11 – Fig. 13. 
A common feature in changing of the stress state is that a redis-
tribution of the normal and transverse stresses is caused by a 
transverse shear. The stresses in a metal are decreased insig-
nificantly but in a concrete they increased significantly larger. 
Distribution of the normal stresses over the entire length of the 
slab is shown in Fig. 11 and Fig. 12.

Fig. 11 Trough-length distribution of normal stresses for the bottom point  
of the cross-section in profiled steel sheeting

Fig. 12 Through-length distribution of normal stresses for the top point  
of cross-section in polystyrene concrete
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The distribution of the normal stresses at the leftmost edge 
is illustrated in Fig. 13a (y = -0.2 m). The stress discontinuity 
refers to the profiled steel sheeting, where the stresses reach 
143 MPa. The through-thickness distribution of the normal 
stresses in polystyrene concrete is shown in Fig. 13b in the 
expanded scale.

The normal stresses of the cross-sections at y = -0,1507 m 
and y = -0,1 m, respectively, are illustrated in Fig. 13c and Fig. 
13d. Fig. 13c also indicates the position of the neutral line, 
where normal stresses move from the tensile to the compres-
sion zone. The stresses discontinuity at z = 0,075 m (Fig. 13d) 
refers to the upper surface of the profiled steel sheeting. This 
discontinuity is predicted by the non-classical model only. 
There is no such discontinuity in analyses based on a flat cross-
section hypothesis (dashed line).

The shear warping has a negligible effect on stress-state of 
the profiled steel sheeting; however, it significantly increases 
the normal stresses in polystyrene concrete – from 0,145 MPa 
to 0,204 MPа, which is illustrated in Fig. 11 – Fig. 13.

The distribution of maximum transverse stresses over the 
entire length of the slab is shown in Fig. 14 and Fig. 15.

The shear warping has the same effect on the distribution of 
transverse stresses as it has on the distribution of the normal 
stresses. As it can be seen in Fig. 14 and Fig. 15, the behaviour 
of transverse stresses differs from the classical model in the sup-
porting areas. Similar results were obtained by Poonam Kumari, 
Santosh Kapuria and R.K.N.D. Rajapakse in [15]; Y.–Y. Su, X–L. 
Gao in [16]; X. Wang, G. Shi in [17] and other authors [18]–[21]. 
The nature of this phenomenon is explained in Fig. 16. Trans-
verse stresses are decreased at the neutral line (z ≈ 0.0375 m) and 
increased on the upper surface of the profiled steel sheeting (z 
= 0.0750 m). It should also be mentioned that non-classical and 
classical models produce the same bending moments and shear 
forces in spite of the differences in stress distribution.

Fig. 14 Trough-length distribution of transverse stresses at z=0.0375 m

Fig. 15 Trough-length distribution of transverse stresses at z=0.0750 m

Fig. 16 Trough-thickness distribution of transverse stresses
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Fig. 13 Through-thickness distribution of the normal stresses  
in the middle of the slab span
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The shear has more effect on transverse stresses than it has 
on normal stresses. Transverse stresses are increased more than 
twice as much in the middle of the thickness.

6 Validation of the proposed model through the 
experimental test

Comparison of the experimental data and the analysis results 
shows that the analysis based on a flat cross-section hypoth-
esis gives considerably smaller deflections than experimental 
deflections (Fig. 17). The deflections predicted by the warping 
model provide a good approximation with testing results. It is 
proved that the warping model can be practically applied for 
analysis of the PCSPSS. The deflections of the PCSPSS are 
shown in Table 4.

Table 4 Max deflections of the polystyrene concrete slab  
with profiled steel sheeting

Experimental  
(mm)

Theoretical (mm)

A flat cross-section hypothesis A warping model

5.8 3.7 6.0

7 Conclusions
The above analysis proves the possibility of applying the 

warping model for accurate prediction of the monolithic 
PCSPSS behaviour.

Fig. 17 Comparison of the experimental data and analysis results

The obtained results revealed the new features of the stress-
strained state of inhomogeneous slab. These features are caused 
by the shear deformation and have a significant affect on the 
strength and deformation of the whole plate.
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