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Influence of the slipe effect on simply supported 
composite beam

Tomasz Pytlowany

Krosno State College, e-mail: tpytlowany@pwsz.krosno.pl

Th e work concerns the slip eff ect which may occur in simply supported composite beams. Th e occurrence of the slip eff ect may 
lead to additional increase in beam defl ection. Th e main reason for the increase is susceptibility of the anchor bolts that join the 
beam. Th e analysis of the slip eff ect occurrence is based on the following criteria: steel and concrete are linearly elastic, junction 
goes along the whole length of the considered beam, concrete slab and steel rib move by the same value along the whole length 
of the beam, simply supported beams are analysed. In order to present the slip eff ect in composite beams and its results, 
a numerical example is used. Th e example shows three kinds of the load capacity of anchor bolts as well as their impact on the 
slip eff ect and defl ection of steel-concrete composite beams.
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Introduction

Popularity of composite structures has increased 
considerably thanks to their properties, which are tensile 
strength of steel materials and compressive strength of 
concrete. Composite steel-concrete load-bearing 
structures are shaped by appropriate steel structural 
elements with concrete (reinforced or compressed). 
In bending elements, fl oor slabs connected with beams 
and binding joists appear most frequently.

Th anks to such shape, steel consumption decreases 
by using compressive strength of concrete, so in span 
beams. Th e appropriate steel-concrete composition, 
thanks to the properties of steel and concrete, gives 
designers a  wide range of possibilities. In addition, 
it  provides increased rigidity and resistance to loss of 
stability of the structure. Basically, composite beams and 
binding joists have T-section profi les. Th is system consists 
of steel ribs and reinforced concrete slab. 

In order to explain the mechanism of design of the 
above-mentioned beam construction, according to [1], 
it is essential to indicate how the slab behaves in positive 
and negative torque. In the fi rst case, the slab is 
compressed and tensile force is taken over by the steel 
rib, in particular by its lower part. In turn, in negative 
torque, the slab will be used only when concrete tensile 

forces are balanced. Th is can be done by compression. 
However, this solution is hardly ever applied. Slab 
compression is justifi ed only in case of heavily loaded, 
wide-span constructions, such as composite bridges. In 
conventional structures composite beams usually take 
the form of simply supported beams.

Terms of cooperation between steel and 
concrete while shaping simply supported 
composite beams

While designing composite components it should be 
taken into consideration that in bending elements steel 
and concrete can interact only if they are protected 
against delamination. Th e beam consisting of two 
unlinked materials will deform under load as a result of 
independent work of each of the two beams.

In order to design the beam optimally, both layers 
need to cooperate. A  lot of information about the 
composite beams can be found in work [3], where two 
variants of beams have been distinguished. Variant I 
presents steady combination of elements and variant II 
illustrates free displacements.

Th is fi gure clearly indicates that in variant I, 
normal  stress is twice smaller than in variant II. 
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Th e  defl ection is almost four times smaller, while the 
maximum tangential stresses  do not change. supported 
beams.

Fig. 1. Variants of simply supported beam.

The phenomenon of slip effect at the joint 
of the composite cross section

According to the theory of elasticity, the beam composed 
of two layers unlinked with each other in a  solid way, 
with unit longitudinal deformation s in the direction of 
the x-axis of the lower fi bres of the top layer, equals 
deformation of top fibres of the lower layer. 
Th e  deformations have the same values, but they are 
opposite directed. As a result there is a slip deformation 
at the value of 2 p. Similar to deformation, which for 
the SGU is the ratio of change of displacements, such 
slip deformation is the ratio of changes in slip along the 
beam axis. Assuming the elastic range of the beam, it can 
be concluded that the shear stress at the joint point of 
two materials is proportional to the slip.

Th e slip eff ect in a  non-composite beam with 
no deformations is well interpreted in Fig. 2.

The slip effect at the joint of the ceiling 
slab and top shelf

Th e most optimal solution, which is now widely used, is 
a  composite action with bolt anchors. Th is method 
allows for quick realization and eff ective cooperation of 
cross sections at the same time. Experimental studies 
have shown that this composite action is very practical, 
although full cooperation of both materials is not always 
achieved, which depends on susceptibility of the bolts.

Fig. 3. Typical composite beam charged with continuous 
load. 

Th e composite action of the ceiling slab to the steel beam 
occurs by bolt anchors welded to the top shelf of the steel 
beam. Th us, the equation (1) that satisfi es the condition 
of rigidity in the direction of the x-axis of the composite 
ceiling beam (according to Fig. 1, variant I) has been 
formulated.

         KPl  (1)

where: l — distance between anchor bolts, 
  — shear stress vector, 
 K — load shear capacity of bolts (composite 

cross section), 
 P — slip.

Slip deformation in a steel cross section and in a slab is 
presented by a graph in Fig. 2 according to [2].

Fig. 4. Graph of slip deformation of a beam composed 
of two layers.

A  condition of simply supported beam equilibrium 
(Fig. 4) on fi nite length dx in the horizontal direction 
can be formulated by cutting part of the beam in (Fig. 1) 
of a length dx.

Fig. 2. a — graph of slip deformation, b — graph of slip in 
a non-composite beam.
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Fig. 5. Graph of slip deformation of the analyzed beam.

Th e example discussed in this work was based on the 
following assumptions:
 — steel and concrete are linearly elastic for stretching 

and compression;
 — composite action is continuous on the length dx;
 — slip on the length dx of the deformed element is 

directly proportional to the load of bolt anchors;
 — reinforced concrete slab and secondary beam are 

displacing of the same values on the entire length of 
the beam;

 — the adopted analysis applies only to simply supported 
beam.

Th e condition of longitudinal force equilibrium of 
a  section of composite beam loaded as shown in the 
Fig. 3 on the length dx can be written in the form of 
formulas 2 and 3, as shown in the Fig. 3: 

     
dx

dS

dx

dB
  (2)

where: B — compression in the concrete slab, 
 S — stretching in the steel cross section.

Th e condition of equilibrium in vertical direction:

    QsVbV 5,0   (3)

where: Vb — shear strength in the slab, 
 Vs  — shear strength in the steel profi le, 
 Q — continuous load on a length dx.

According to the equilibrium of bending moments, if we 
treat treating reinforced concrete slabs and steel cross 
section separately as the two centres, we obtain as 
follows:

      
2

cb
c

B yV
dx

dM
dx (4)

      
2

st
s

S yV
dx

dM
dx (5)

where: MB — moment in reinforced concrete slab; 
 MS  — moment in steel cross section, load; 
  — normal stress between the slab and the 

steel beam;
 ycb  — distance from the lower surface of the slab 

to the neutral axis of the concrete profi le;
 yst  — distance from the joint of the surface of 

the slab with the steel cross section to 
neutral axis of steel cross section.

Th e compound binding the curvature of the slab and steel 
beam with bending moment in these two centres can be 
derived while analyzing lateral bending aspect, (6). 
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where: EB  — modulus of elasticity of concrete, 
 ES  —  modulus of elasticity of steel, 
 IS  —  moment of inertia of steel beam, 
 IB  — moment of inertia of a slab profi le.

  
BBSS

b

IEIE
dQd 5,0

  (7)

where: stcbb yyd  

Considering the surface of the joint point of concrete 
and steel, strain equations in these two centres, i.e., in 
reinforced concrete slab and in steel beam, can be 
written, as well as in (st):
 — lower fi bres of the slab (cb)

BB
cb

BBSS

cbB
cb AE

By
AE

B
IE
yM

       (8)

 — top fi bres of the steel section (st):

BB
cb

SSSS

stS
st AE

By
AE

S
IE
yM       (9)

Slip deformation is the same as the diff erence in 
deformations of the concrete slab and steel beam and it 
was included in the formula (10) according to [2].

BBss
bstcbp AE

B
AE

Sd
dx
dp

    (10)

Having transformed formulas (4–10) appropriately, we 
obtain a second order diff erential equation. In order to 
obtain the solution of the equation (11), appropriate 
boundary conditions need to be asked.

       0
2

2
2

2 Qp
dx

pd
  (11)

Th e equation 12 includes the coeffi  cients , , which 
are  the extensions after the transformation of the 
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equations (1), (2) and (7) on the slip boundary according 
to [2].

where: 

Th e boundary conditions for the steel and concrete 
simply supported beam from Fig. 3 are as follows:

P = 0 i.e. for x = 0 (support) and dp/dx 
for x = L/2 (where L — eff ective length of a beam).

Th anks to characteristic points of simply supported 
beam, we obtain a slip between 2/0 Lx .

Th e solution of the diff erential equation (11) in the 
above interval is the value of the slip. While determining 
the graph of the slip, Mathcad package was used. Using 
the interface of the program, the values of the slip in 
successive points of the interval were calculated on the 
length 2/0 Lx . Th e graphs and equations were 
compared to the works [2, 3]. Th e value of the slip in 
following points of the above interval is as follows:

 
)1(2

)1(
L

xLxL

e
eeeqxP   (12)

In aid of the equation (10) the slip deformation in the 
same section, i.e. in the interval 2/0 Lx , can be 
obtained.

       
)1(2

)(
L

Lxx

p e
eeqx  (13)

Assuming that the concrete slab and secondary beam are 
moving with the same values for the entire length of the 
beam, the angle of defl ection for the steel plate and steel 
section is identical, as it was illustrated in Fig. 5.

Fig. 6. The curvature of deflection of deformed beam due 
to applied load.

Th e elements that determine the curvature of slip are 
deformations in concrete and steel. Th ey are proportional 
to their height of the cross section:

           
hhh

p

s

st

c

cs   (14)

where: hc  — height of the concrete slab, 
 hs  — height of the steel section, 
 h — height of the composite section.

According to the National Annex A1.4 [3] to the 
standard EN 1990, there are methods of measuring 
limited displacements for simply supported beams. 
In  turn, in the National Annex PN-EN 1993-1-1, 
defl ection limits are specifi ed.

In a situation when the increase in assembly was not 
used in the assembly, then wmax should not exceed L/250, 
where L-span beam. In most of the constructions, simply 
supported beams are subjected to continuous loads.

In the above example, defl ection increment to 
an existing arrow wmax was applied, which was caused by 
the slip eff ect on the joint point of the composite 
elements. Moreover, numerical part of the analysis 
of  simply supported beam was included, as shown in 
Fig.  6. For  this purpose, mathematical packages of 
Mathcad and Matlab were used. Slip and infl uence of its 
eff ect on the arrow of composite beam defl ection from 
Fig. 7 for diff erent degrees of using the capacity of the 
beam were analyzed.

Numerical example of simply supported 
beam 

In numerical example of simply supported beam, 
numerical part of the beam analysis with a length of 7 m 
according to Fig. 3 was included. For this purpose, 
mathematical packages of Mathcad were used. Slip and 
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Table 1. Geometric characteristics of the I-beam IPE 270:

Aa

cm2
Ix

cm4
Iy

cm4
Wx

cm3
Wy

cm3
ix

cm
iy

cm
m

kg/m
45.9 5790 420 429 62.2 11.2 3.02 36.1

Fig. 7. Cross-section of the analyzed beam.
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infl uence of its eff ect on the arrow of composite beam 
defl ection from Fig. 7 were analyzed. Th e coordinate 
system x, y according to Fig. 3 was chosen.

According to the differential equation (12), 
the  coeffi  cients  and  are required for the analysis. 
Th ey form geometric dependences of two cross-sections 
(centres), i.e. concrete slab and steel rib IPE 270. In order 
to compose the beam, anchor bolts that are  welded 
directly to the I-beam shelf, were applied. Th e bolts with 
a diameter d = 19 mm and height h = 80 mm.

According to [5–7] minimum bolt shear strength was 
matched. Stratifi cation force for the width beff  was 
calculated. 

Th e solve block was based on a  second order 
diff erential equation (11) with the following initial 
conditions:

p'' x( )
2

p x( ) g x
2

2
p 0( ) 0 p' 3.5( ) 0

Table 2. Geometric characteristics of the analyzed composite beam.

Concrete slab Steel beam Composition Composite beam length and load
hb = 100 mm
beff  = 1740 mm
Ec = 30 GPa
Ec,eff  = 15 GPa

hs = 270 mm
Es = 205 GPa

l = 7cm
PRd(min) = 65kN
nf  — 50 szt

L = 7 m
1. qk1 = 12 kN/m; (q1 = 15,8 kN/m); [0,5]
2. qk2 = 18 kN/m; (q2 = 23,8 kN/m); [ 0,75]
3. qk3 = 24 kN/m (q3 = 31,7 kN/m); [1,0]

where:  l — spacing od anchor bolts, 
 PRdmin  — minimum bolt shear strength, 
 nf  — the required number of bolts on the shear length Ls = 3.5m
 qk  — characteristic load, 
 qk  — eff ective load, 
numbers in brackets indicate the degree of utilization of cross-section (capacity of composite beam).

Fig. 8. Graph of slip for the load from the table 2.: 1(a), 2(c), 3(e), arrows of beam deflection for the load from the 
table 2: 1(b), 2(d), 3(f). Line (---) determines the increase of deflection due to the slip.
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In the present example, the beam is dimensioned only 
in SGN. Only the defl ection arrow from the Fig. 8 b) 
fulfi lls the SGU requirements. Th e dashed line on graphs 
Fig. 8. (b, d, f ) indicates the increase in defl ection caused 
by the slip. Th is increase can be calculated as in [8, 9]. 
In the case of the analyzed beam, the shape of the graph 
(dashed line) corresponds to the relation (16) by [2], 
which is associated with the increase in angle of defl ection 
according to the formula (15).

 

g g
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Given that the form of the exponential function Le  
tends to zero with increasing L, therefore the formula 
may take the form (16).

       
hLh

gLf 22
2 2

8
1

 (16)

Increase in defl ection arrows of diff erent types of loads 
are presented in works [2, 3, 8, 9]. Numerical example 
that was considered proves that as far as the capacity of 
the interval 0.5–1 exhausts (the result of increased 
workload g), the additional arrow of defl ection caused 
by the slip grows almost twice (Δf for 50% of capacity 
of the cross-section — 0,151 cm to 0,301 cm for 100% 
use of bending capacity of the cross-section).

Conclusion

Th is article presents the slip phenomenon occurring at 
the joint point of the concrete slab and top shelf of steel 
section. Th e composition, taking the form of anchor 
bolts welded the top shelf of steel section may lead to 
a slip because of susceptibility of the bolts.

In the numerical analysis based on diff erential 
equations, defl ection increment caused by increase in slip 
was examined. Additional defl ection arrow does not 
exceed 3 mm, even when the beam capacity reaches 
100% of use of the cross-section. Th erefore, it can be 
assumed that the bolts of this type are optimal.

Analysing the slide graph, certain dependence can be 
noticed: stiff ness namely stiff ness of simply supported 
composite beams increases, when the anchor bolts are 
thickened near the supports. Th e additional defl ection 
arrows caused by the slip will be far greater if the beams 
are subjected to greater loads (greater span). Th is 
situation causes the risk of exceeding the SGU for simply 
supported beams, though.

Th e disadvantage of the adopted analysis is 
a multitude of variables and an eff ort at transformation 
for other types of loads. Th erefore, the optimal solution 
in this case seems to be a dimensional analysis. It would 
be a  certain generalization of the issue, giving the 

conclusions in the form of directives for design. Paper 
[10] presents the possibility of setting anchor bolts in 
various confi gurations of intensity. It is very important 
because correct anchor bolts layout (e.g. by the supports) 
signifi cantly reduces defl ection compared to equal 
distribution. Th en, the functions require transformations 
of the diff erential equation (11) for various bolts 
distributions, such as equal, linear or parabolic. So far, 
the greatest fl exural rigidity have girders of parabolic 
density of composite construction. 

In order to speak of an optimal steel-concrete 
composite, less quantity of bolts than required for full 
composite action [11] should be used. Th e composite 
action should be suffi  ciently susceptible to estimate the 
controlled slide in the joint surface of the steel beam and 
concrete slab. Th e standards [5, 6, 12] allow, so-called. 
partial composite action (slip). However, for the practice 
of engineering, calculation methods should be specifi ed to 
avoid negative eff ects posed by the slip in the joint area.
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