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Abstract. Analysis of experimental and theoretical results of investigations in strength of composite steel-concrete
slabs is presented in this article. Profiled steel sheeting (Holorib type) and steel fibre reinforced concrete were used
for specimens. For two slabs the layer of concrete was reinforced with steel fibre whereas the rest of them were not.
Slabs were tested under static short-time load. The strength of composite slabs directly depends on the stitfness and
the strength of the shear bond between the profiled steel sheeting and the concrete layer. Method for the strength
analysis of horizontal section in composite slabs is based on the built-up bars theory. Influence of cracked concrete
layer on strength of the structure and plastic deformation in compression zone of this layer are evaluated by this me-
thod. Furthermore, it evaluates the stiffness of separate layers and the stiffness of the shear bond between the profiled
steel sheeting and the concrete layer. Experimental investigations were performed for determination of the shear cha-
racteristic for the bond between the steel sheeting and the concrete layer. Therefore specimens were made of the same
concrete mixture as that of the slabs. Theoretical analysis of horizontal section for the composite slabs was made.

Quite good agreement between theoretical and experimental results is obtained.
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Introduction

The most popular floor structure for the buildings in
steel framework is composite steel-concrete slab. The
strength and the stiffness of the joint between the profiled
steel sheeting and the concrete layer influence the
strength and the behaviour of such slabs. The strength of
the joint between the layers depends on many factors, i. e.
type and shape of profiled steel sheeting, quantity of em-
bossments in the sheeting, thicknesses of sheeting and of
concrete layer, distribution of loads, type of end anchor-
age and others.

The joint action of the layers in the composite steel-
concrete slabs subjected to load can be achieved when the
slip in the interface between the steel sheeting and the
concrete is prevented. Adhesion and friction between the
concrete and the metal not always ensures that the slip
does not take place. The experimental investigations indi-
cated that the failure of such slabs occurs in the contact
zone at the supports with the slip between the concrete
and the steel sheeting (de Andrade et al. 2004; Ten-
hovuori ef al. 1996; Petkevicius 2009). The strength and
the stiffness of this type of structure depend on the
strength and the stiffness of the joint between the layers.
Therefore ribs and indentations of various shapes are
included in the thin-wall steel sheeting to get better con-
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junction (bond) between the layers (Fig 1) (Mistakidis
and Dimitriadis 2008). Use of these structural solutions
helps to reduce the cost of the structure, to save concrete
up to 30 %, good strength and stiffness of the structure is
obtained, no need for formwork, quick erection, low
height (depth) and weight of the structure (Dowling et al.
1997).

Fig 1. The embossments of the profiled steel sheeting

Performed theoretical and experimental investiga-
tions showed that it is very difficult to secure an absolute-
ly stiff joint between the steel sheeting and the con-
crete. During operation especially when high stress acts



in the structure, the slip of the layers in relation to each is
initiated. Using in specimens steel sheeting with various
types of form irregularities (embossments) the failure
mechanism of such slabs was determined by experimental
investigations (Valivonis 2006).
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Fig 2. Stress and strain state in the contact zone be-
tween the profiled steel sheeting and the concrete
along the rib (Valivonis 2006): a— stress distribution
along the ribs; b — stresses and mechanism of failure at
the key on the rib: 1 — layer of concrete; 2 — rib in the
sheeting; 3 — spall of concrete (wedge); 4 — crack due
to the principal stress; 5 — destruction of concrete inner
structure, cracks; 6 — plasticity zone

Fig 3. Distribution of load effects in transverse direc-
tion to of the rib (Valivonis 2006): 1 — layer of con-
crete; 2 — steel profiled sheeting; 3 — direction of the
main crack

Due to bending of the composite slab in the contact
zone along the steel sheeting rib the shear force T appears
(Fig 2) which inflicts the local compressive stress o at
the key. When the compressive stress exceeds the con-
crete compressive strength the structure of the concrete
disintegrates, cracks form wedge-shaped concrete surface
via which the vertical and the horizontal forces are gener-
ated. Combined stress state appears therefore the struc-
ture fails when the principal tensile stress exceeds the
tensile strength of the concrete (Fig 3). Such type of
structure fails in the section between the support and the
load applied.

Theoretical carrying capacity analysis of flexural
composite steel-concrete slabs

The method proposed for analysis of carrying capac-
ity of the flexural composite steel-concrete slabs is based
on built-up bars theory (Vainianas et al. 2006). It evalu-
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ates the rigidity of separate layers, that of the joint be-
tween the concrete layer and the steel sheeting, also gives
an opportunity to estimate the influence of the cracked
concrete layer and of the compression zone plastic de-
formations in the concrete layer on the strength of the
structure.

Experimental investigations show (Vainitunas et al.
2006; Petkevicius 2009) that composite steel-concrete
slabs fail in the horizontal section which is subjected to
the action of the bending moment and the shear force
along the span. Diagram for the analysis is shown in the
Fig 4.

The carrying capacity of a flexural composite steel-
concrete slab is determined by (Vainianas et al. 2006):

Mpg =M o +T(X) Ze. O
Here My, — the plastic bending moment carried by the
profiled steel sheeting.

Lever arm of the internal forces is determined by:

Xm

2

Value of the shear force T(x) for any interval of the
horizontal section may be estimated by the following
equation:

)

Zeff :dp

Mg (X)- Zegs
Y(Eplp +Ecerr !

c,eff "c,eff

T(x)= 3

)~k(x).

Here Mg(x) — carrying capacity of composite member
assuming that the joint between the layers is absolutely
stiff, E,, 1, — elasticity modulus and the second moment
of area for the steel sheeting; E.e¢ = ®'E.m— concrete
elasticity modulus with allowance for its plastic deforma-
tions (sometimes referred to as modulus of deformation).

By experimental investigations (Zalesov et al. 2002)
it was determined that the tension zone of the concrete
layer of structures reinforced with the external reinforce-
ment is restrained and therefore the width and the spacing
of the normal cracks are reduced. Thus the second mo-
ment of area I« for a composite slab with allowance for
the cracked concrete layer is determined by formula:
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The average compression zone depth is obtained
from such expression:
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Fig 4. The distribution of stresses in horizontal section of composite slab (Vainianas et al. 2006)
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The rigidity of the layers is definable as follows:
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Yielding of the layers and the slab loading case are
taken into account by the coefficient k(x).
For the uniformly distributed load:
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For the case of two concentrated loads and x < a:

k(x)zl—[

For the case of two concentrated loads and x < a :
hA(0.51 —
k(x)=1{ ch?. (051 -x) I -sh(?va)}.
( ) 12)

a-1)-ch(0.51-

Here | — design length of the structure; a — distance be-
tween support and the load application point; x — distance
between the end of the slab and the section the strength of
which is to be determined; sh and ch —hyperbolic sine and
hyperbolic cosine.

Coefficient A defines the rigidity of the joint between
the layers which depends on the rigidity of the individual
layers and the shear rigidity of the joint between the lay-

ers.
A=4a-y. (13)

Coefficient a evaluates the rigidity of the contact be-
tween the steel sheeting and the concrete layer.
For the composite slab with the usual concrete layer:
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Concrete strength is increased by its reinforcing with
the steel fibre. Investigations conducted by the other au-
thors (Pa6umormu 2004; Salna and Maréiukaitis 2007)
and by us revealed that the shear strength of concrete
increases up to 1.5 times by steel fibre reinforcement.
Also one knows that the concrete shear strength is 1.5-
2.0 times greater than its tensile strength. Taking in to
consideration these assumptions for the composite slab
reinforced with the steel fibre the rigidity of the joint
between the layers can be determined in such a way:

fsfrct b- GW

a=15- .
f Zegt

(15)

ct

Here fy, s —the tensile strength of the usual concrete
and the concrete reinforced with the steel fibre, respec-
tively.

Shear rigidity characteristic G,, for the contact zone
between the layers is determined from the experimental
investigations performed by the author of this paper.

Experimental investigation of the joint between the
profiled sheeting and the concrete layer

Experimental investigations were performed to gain
information for effective evaluation of strength and be-
haviour for the joint between the steel sheeting and the
concrete layer. The specimens (Fig 5) were made of
analogous steel sheeting and of the same mixture of the
normal weight concrete as the slabs P1, PF2, P3, PF4.
Two parties of eight specimens were made at the first and
the second concreting. During one concreting concrete of
four specimens were reinforced with the steel fibre, con-
crete for the rest specimens were not reinforced.

150
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Fig 5. General view of the specimen for determination
of the rigidity for the joint between the layers: 1 -
concrete; 2 — profiled steel sheeting; 3 — transverse rib
(embossment)



Test arrangement diagram for determination of the
strength and the rigidity for the joint between the layers
are shown in the Fig 6. Specimens were tested under the
static short-time load. Load was raised by stable rate with
the use of a hydraulic jack. The displacements of steel
sheeting and concrete were measured during the test.
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Fig 6. Test arrangement diagram for strength and
stiffness determination of the joint between the layers:
1 - bed; 2 — abutment for hydraulic jack; 3 — support
for fixing shear devices; 4 — specimen; 5 - hydraulic
jack; 6 — electronic dynamometer; 7 — steel U profile
for transferring the force to the concrete; 8 — dis-
placement measuring devices; 9 — bolts for fixing the
specimen to the bed

Relationships between the shear force and the shear
strain were established by tests. Comparison of the aver-
age relationships for all specimens is illustrated in the
Fig 8.

Analysis of proposed relationships (Fig 8) shows
that the specimens with the usual concrete layer behave
elastically until the ultimate shear force is reached. At
this stage the chemical adhesion and transverse ribs (em-
bossments) provide usual performance for the concrete
layer and the steel sheeting joint. The chemical adhesion
may be disrupted when the horizontal slip due to action
of the tangential shear force takes place. Combined state
of stress appears at the (transversal) embossments and
when tension stress exceeds concrete tension strength the
cracks form, then the concrete layer is separated from the
steel sheathing and failure takes place (Fig 7). The failure
is sudden and fragile.

Failure of the specimens with the layer of concrete
reinforced by the steel fibre is plastic (Fig 8). Results of
tests showed that the chemical adhesion fails till ~ 0.05F,
(here F, is the failure shear force for the specimens) and
the local compressive stress occurs at the transversal
embossments. The rate of the horizontal displacement
increase with the load is reduced due to the restraint of
transversal deformations of the concrete layer offered by
the steel fibre. When the load value of ~0.8-0.9F, is
reached the rate of the horizontal displacement starts to
grow substantially. At this stage the local compression
stress at the transversal embossments approaches the
concrete compression strength. When the compression
stress at the embossments exceeds the concrete compres-
sion strength, the wedge is formed then the shear force
action tends to separate the concrete layer from the steel
sheeting and when the tension strength of the concrete
reinforced with the steel fibre is exceeded the cracks open

and failure in the horizontal section takes place. The
specimens failed plastically.

The investigations revealed that joint between the
profiled steel sheeting and the layer of the concrete rein-
forced with steel fibre is ~ 46-50 % stronger than that of
the specimens with the usual concrete layer.

Longitudinal
scalene crack

- “Local dastruction
1 - of concrete

i

Generated section of longitudinal scalene crack

Fig 7. Specimen for determination of the strength and
the rigidity of the joint between the layers: a — general
view of the specimen after its failure in the test ar-
rangement; b — transversal embossments on the steel
sheeting after failure; ¢ — crushed concrete near the
transversal embossments on the steel sheeting after

failure
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Fig 8. Average shear force to shear strain relationships
for all tested specimens



Experimental investigation of composite steel-
concrete slabs

Four composite steel-concrete slabs were prepared
for investigations. “Swallow tail” CS48-36-750 ZNO0.9
type steel sheeting of the firm STEELCOMP was used
for manufacture of the specimens. Crushed granite (5-
11 mm), quartz sand (0-5 mm) and Portland cement were
used for the concrete mixture. Steel fibre TF HE 50/1.0 of
type, quantity of fibre was 20 kg/m® of concrete.

Two batches for concreting were produced. From
each batch two slabs were manufactured. In one batch
concrete layer for one slab was reinforced with the steel
fibre and for the other one it was not. The depths of all
the slabs are presented in the Table 1.

From each batch control specimens were made for
determination of mechanical properties of materials. The
average values of the mechanical characteristics obtained
are given in the Table 1. The test arrangement diagram is
presented in the Fig 9. The slabs were tested with the
static short-time load. Two concentrated loads were ap-
plied at 1/3 of the span. The load was increased by stable
rate by the means of a hydraulic jack. Transversal, longi-
tudinal, shear deformations and deflections were meas-
ured during the test. Longitudinal tension (at the bottom
of the slab) and compression (at the top of the slab) de-
formations were measured at the middle of the span.
Transversal deformations of the concrete were measured
at the top of the slab on the rib of the steel sheeting at the
supports. Shear deformations were measured at the ends
of the slab. Deflection of the slab was measured at the
middle of the span.

Two groups of specimens made in the first and the
second concreting were tested according to the diagram
shown in the Fig 9. Results for each group are presented
in the separate graphs. Using results recorded by test
devices shear deformations to bending moment and
transversal deformations to bending moment relation-
ships were drawn.

Analysis of the experimental investigations results
(Fig 12) points out that the composite slabs P1 and P3,
the concrete layer of which is without steel fibre, behave
elastically up to 0.368-0.385Mg. Composite slabs PF2
and PF4, the concrete layer of which is reinforced with
steel fibre, behave elastically up to 0.442-0.486Mg (here
Mg is the failure moment of the slabs). The slip in the
composite slabs with the concrete layer reinforced by the
steel fibre begins at the load ~ 50-60 % higher than that
for the composite slabs with the usual concrete layer.
When the bending moment exceeds 0.368-0.385Mg for
the slabs P1, P3 and 0.442-0.486Mg for the slabs PF2,
PF4 the chemical adhesion in the contact between the
steel sheeting and the concrete layer fails, displacement
of the layers in relation to each other begins (Fig 12). The
local compressive stress occurs at the embossments of the
steel sheeting. The failure of the composite steel-concrete
slab in the horizontal section is possible when the chemi-
cal adhesion fails with either cutting off the transversal
ribs (embossments) or overleaping of the concrete layer
over the transversal embossments of the steel sheeting
Since the lifting of the concrete layer is restrained by the
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shape of the longitudinal ribs and the transversal em-
bossments of the profiled steel sheeting then in the con-
crete layer at the transversal embossments combined state
of stress appears. Above the steel sheeting vertical and
horizontal deformations in the transversal direction occur.
When the bending moment in the slabs P1, P3 exceeds
M ~ 0.4Mg and in the slabs PF2, PF4 exceeds M ~ 0.5Mg
the shear deformations develop substantially (Fig 12) also
transversal deformations above the longitudinal ribs of
the steel sheeting increase significantly (Fig 13). The
principle tension stress in the concrete layer makes angle
of ~45 ° with the vertical to the slab. When the tension
stress exceeds the tension strength of the concrete the
longitudinal cracks open (Fig 10).
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Fig 9. Test arrangement scheme
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Fig 10. Composite steel — concrete slab in the test
setup after the failure

Slip between steel profiled _j
sheeting and concrete layer

Fig 11. Slip between the layers in a composite steel —
concrete slab



Table 1. Characteristics of the composite slabs
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P1 0.75 | 090 | 0.70 | 2.10 88 0.1017 0.0552 1.01x10°® 27.71 210 31.28 413.0
PF2 | 0.75 | 0.90 | 0.70 | 2.10 88 0.1023 0.0558 1.01x10°® 30.29 210 32.09 413.0
P3 0.75 | 090 | 0.70 | 2.10 83 0.1012 0.0547 1.01x10°® 33.46 210 33.79 413.0
PF4 | 0.75 | 090 | 0.70 | 2.10 83 0.1075 0.0610 1.01x10°® 31.23 210 34 .32 413.0

Table 2. Comparison of theoretical and

experimental results of the strength for the horizontal section

Speci- Plastic bending moment Shear Carrying capacity of ﬂ(; izrglnsg[;t?fégt%r?: d Fis:l%r?:ntehr?t(;:e\%iletso
msn no of the profiled steel force, flexural stabs obtained by from theory, M P
. sheeting, Mpa (kKNm) T(X) (KN) | experiments, Mgq (KNm) (kNm)’ R Mrcan/ M oo
P1 3.40 358.0 25.91 27.55 1.06
PF2 3.40 367.9 32.20 28.58 0.89
P3 3.40 357.5 28.28 271.75 0.98
PF4 3.40 369.9 33.99 30.35 0.89
Direction of the longitudinal cracks adjusts to that of 35
the principle stress. When the load reached 0.9-0.95Mg in 20
the concrete layer above the longitudinal ribs of the steel g J IR e
sheeting the longitudinal cracks were observed. They % »s ot
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tion place. The width of the longitudinal cracks in the 5 20
slabs PF2, PF4 (concrete reinforced with the steel fibre) 15 i
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s
Fig 12. The shear deformations in the contact zone re-
lated to the bending moments for the slabs P1, PF2,
P3, PF4
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acts together with the concrete. It results in the concrete
tension strength increase. Therefore the longitudinal in-
clined cracks in the concrete layer above the longitudinal
ribs do not open. The compression strength of the



concrete in the combined state of stress at the transversal
embossments is used more effectively; the joint between
the layers becomes stronger and stiffer. The said above
affects the elastic performance under the action of a
greater load.

Character of the failure of all composite slabs P1,
PF2, P3, PF4 was the same. The failure took place in the
horizontal section. At the failure the longitudinal cracks
formed (Fig 10), they extended from the end of the slab
up to the cross-section at which the concentrated load was
applied (at the distance of 900 mm). The slabs PF2, PF4
failed in more plastic way than the slabs P1, P3 did. The
width of the longitudinal cracks inclined at the angle of
~45°was less in the slabs PF2, PF4 than that in the slabs
P1, P3. Horizontal displacement of 0.5-4 mm for the
sheeting was recorded (Fig 11). Different values of the
failure loads of different specimen groups were obtained
(Table 2).

Analysis of theoretical and experimental results of
carrying capacity for flexural composite steel-concrete
slabs

Theoretical determination of carrying capacity exe-
cuted using the method proposed in (Vainianas et al.
2006).

Characteristic G,, for the concrete to steel sheeting
joint used in analysis performed was established by the
specimens tested for rigidity of the joint between the
layers (Fig 8).

Carrying capacity was determined by the formula (1)
using the actual mechanical characteristics of materials
and the actual dimensions of the slabs presented in the
Table 1. The second moment of area of the cracked con-
crete layer was calculated by formulas (4-8). The coeffi-
cient o which evaluates the rigidity of the joint between
the layers for the composite slabs with the usual concrete
layer was determined by the expression (14) and for the
slabs with the concrete layer reinforced by the steel fibre
according to the formula (15). The shear force resisted by
the joint between the steel sheeting and the concrete layer
for estimation of strength is determined by the formula

(3).

Analysis of theoretical experimental results shows
that the values of carrying capacity obtained by the pro-
posed (Vainitnas et al. 2006) method are close to the
experimental ones. Obtained results are given in the Ta-
ble 2. The proposed method evaluates the effect of the
shear force on the performance of the joint between the
steel sheeting and the concrete layer.

Conclusions

For the theoretical analysis of the carrying capacity
of the composite steel-concrete slabs the method based on
build-up bars theory (Vainitnas et al. 2006) was used.
The method takes into account the influence of the shear
force on the carrying capacity of the composite steel-
concrete slabs. Advantage of this method is that the shear
force T(x) acting in the contact between the layers can be
determined in analytical way. In calculation of the shear
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force T(x) the partial stiffness of the joint between the
steel sheeting and concrete layer is evaluated.

The experimental investigations of the composite
steel-concrete slabs were performed. The slip in the slabs
with the concrete layer reinforced by the steel fibre be-
gins at ~50-60 % higher acting load than in the slabs with
the usual concrete layer (Fig 11). All slabs failed in the
horizontal section between the layers. The longitudinal
cracks formed (Fig 10). The width of the longitudinal
cracks in the slabs with the concrete layer reinforced by
the steel fibre was substantially less than that in the slabs
with the usual concrete layer. Recorded displacement of
the steel sheeting in relation to the concrete layer equals
to 4 mm (Fig 11). The joint between the layers of all
tested slabs was of the partial stiffness. The specimens of
the joint with the concrete layer reinforced by the steel
fibre failed plastically and they are ~46-50 % stronger
than the specimens without the fibre, the failure of which
was sudden and brittle (Fig 8).

Results of investigation of the joint (Fig 8) and rela-
tionships of the shear deformation to the bending moment
for the slabs (Fig 12) demonstrate that the steel fibre af-
fects the increase in the carrying capacity of the flexural
composite slabs. The tension strength of the concrete
enhanced by the steel fibre affects the increase in the
shear strength of the concrete. For evaluation of the stiff-
ness for the joint between the steel sheeting and the con-
crete layer reinforced by the steel fibre the expression
(15) is proposed on the basis of experimental investiga-
tions

Agreement of the results of analysis to the experi-
mental ones is sufficiently good. Ratio of the theoretical
values to the experimental ones varies within the limits of
Mg can / Mrops = 0.98-1.06 for the slabs with the usual
concrete layer and the ratio of Mg can/ Mg obs = 0.89 for the
slabs with the concrete layer reinforced by the steel fibre.
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