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The paper proposes a modeling of the load carmyamacity of steel-concrete composite
structures with slip. An analytical approach to thad carrying capacity calculation of
multilayered composite elements and structures slithis presented. The interaction of
layers of composite beams and bars on the exanfigigoe and three-layers, including

thin-wall ones, was analyzed. The results are coeapaith numerical calculations using

a program based on the finite element method. Tineproblem of the limit analysis for

the spatial skeleton structures is formulated aspgimization problem.
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1. INTRODUCTION

Steel-concrete composite structures mean conneatloelement parts of the
construction in such a way that in the calculatioesld be treated as one
system [9, 14, 21]. The tie of layers is made usilifigrent types of connectors.
Due to the flexibility of the connection it is nalways achieved full contact of
layer of composite structures.

The problem of interaction of layers for compositeictures has been the
subject of many works, theoretical and experimeritalexample [8, 10-12, 15-
19, 22, 24], but it was not explained until the end

The paper presents an analytical approach to eaécuhe limit load
capacity of multilayered composite structural elateewith slip. The problem
of interaction layers was presented. The numedaklulations is performed on
the base of program Abaqus/Standard [1] for beaitts two-and three-layers,
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simply supported at ends and loaded with concexttrédrce in the middle of
the span. Then, the bearing capacity of the conmgieleton structures has been
formulated as a problem of optimization.

The analytical approach assumes perfectly plastizibg layers material
(reinforced concrete and steel) and continuous iscrete constraints in
perfectly plastic contact of these layers.

In the numerical calculations of composite struesuwere included real
constitutive relationships for material layers.

2. ANALYTICAL SOLUTIONSFOR COMPOSITE BEAM AND
BARSWITH SLIP

2.1. Two-layer compositereinforced concrete-sted beam

First let consider a limit state of load carryirgpeacity for two-layer reinforced

concrete-steel beam with slip loaded by the foreef~igure 1). The cross-

section of beam is constant. In this Figure ,1” ales a plastic hinge in cross-
section of element with slip; “2” is the same, &ement with a full connection,

S I
\./

without slip.
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1

Fig. 2. Two-layer beam, a) destruction mechanismg4; b) relationship momeM vs
angleg for mechanisms 1...2a

For the typical finite element of beam there aragiue the different
mechanisms of element destruction (see Figure dayding plastic hinge in
cross-section with full connection of layers 1, s#aene for layers with slip 2 and
next with brittle destruction of connectors 2a. Thadationships between
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bending moment M and corresponding angla cross-section for destruction
mechanisms 1...2a are shown in Figure 2.b.

We analyse here a general case (Fig. 2.a,2) facalyglement of the
reinforced concrete-steel beam in the limit staith wlip s, , under the forcek
and momentdM,, M,. The normalog and tangentq stresses in thélayers
section are shown in Figurei3s [1:2]. Distributed forces; »in the connectors

at the surface between layers 1,2 are assumedcaodstiength interva.
F
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Fig.3. Forces and stresses in the reinforced ctmsteel beam in the limit state of load
carrying capacity with slip

The contact forces for continuous or discrete gairds Ny;, and the
bending momeni, in cross-section may be written as follows:

Nowz =aly, 0 Noy, =X 8jts5;, (2.1)

i0J
Mo = |\/|01+|\/|02+N0l20, (2.2)

wherea,, ty;5 are length and distributed force in fjheonnector constraints;is

a set ofj-connectors;c is the distance between the centers of weight (or
stiffness) of the individual-layers [3], My is the plastic bending moment in
i-layer,i = [1:2].

The value ofc determines the possibility of layers slip in timail state:
whenc > (h; + hy)/2, then the maximum bending moméwng- is formed in the
cross-section with slip; when= (h; + h,)/2, then the plastic hinge is formed in
the cross-section like for whole composite bar withslip (Fig. 2.a,1) with the
bending momenty« [24]. Finally for the scheme (Fig. 2.a,2a) in thgng (2.1)
we havety; » =0.
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For calculating of the value can be also used numerical approach. Very

important will be to identify parameter adopted in analytical and numerical

model. The parameters of these models can be ebtaraboratory tests.
Bending momenM, can be moreover calculated for the whole element,

M, =M, +Fa. (2.3)

Internal forces in layers 1, 2 are limited by caiwis of plasticity or
strength

¢1(N01,2’V01’ M 01’ Kl) = 0’ (24)

¢2(N01,2’V02’ MOZ’ KZ) = 0’ (25)

where K;, K, are constant plastic/strength parameters. For réieforced
concrete layer, with rectangular cross-section asgmmetric reinforcing
(Figure 3,Aq; > Ao, the functiorny(-) is shown in Figure 4. This function can be
calculated algorithmically [3, 21] using differemomputer programs, for
example [4, 6, 23]. For the thin-walled steel lafggrctiong(-) can be calculated
iteratively, taking into account the effective esection, for example, by PN-
EN 1993-1-1 [13, 20]. For the I-section of beamtlwe case of loading by
bending momenM with shear force/ and longitudinal force N, functiop(-)
for a limit surface M - N - V is shown in Figure 5.

In the limit state of element the loadk will be maximum,
max = F, or

F - max. (2.6)

/]/ N/Nog

0
1 No/Noc

M/Mmax

Fig. 4. Function of streng®(M, N) for the reinforced concrete layer
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We can solve the optimization problem (2.1)-(2réplacing inequalities (2.4),
(2.5) on equations, and from relationships (2.1%Y2lefine the maximum load
F+ of element and bending momeM., in cross-section.

Then we calculate the whole beam. For the beammdsigure 1 the

problem is not difficult to direct analysis. Genlecase for complex spatial
structures will be examined in 3rd Part.

M/M,,

Fig. 5. Limit surface foM - N - Vof steel I-beam cross section by PN-EN 1993-1-1

2.2. Three- and multilayer composite reinforced concrete-steel beam

For the calculation of three-layer reinforced caterand steel beam was

distinguished a typical element loaded by the feraed moments as shown in
Figure 6.
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Fig. 6. Forces and stresses in the three-layer lireéime state of load carrying capacity
with slip
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The mechanisms of element destruction, includidgcionnection 1 and
different cases for yuielding of connectors 2...4amesented in Figure 7.a. The
relationships between bending mom&htand corresponding anglgin cross-
section for these destruction mechanisms 1...4 aersin Figure 7.b.

We assume first that slip occurs as a result daélgling of connectors 1, 2
and 2, 3 for layers 1...3 (Fig.7.a,4).

a)1

0 v o

Fig. 7. Three-layer beam, a) destruction mechanism4; b) relationship momeM vs
angleg for mechanisms 1...4

The contact forces at the surfaces of layers aadoinding moment in
cross-section can be written as:

N01,2 = atOl,Z’ N02,3 = atOZ,S’ (27)

MO = Ilel-I- MOZ + M03+ NO].,ZCZL,Z + N02,3C2,3’ (28)

whereto; » ity 3 are distributed forces in the connectors, respelgtil,2 and 2,3
for layers 1...3. Bending momeliy can be also written as (Figure 6):

M, =M, +Fa. (2.9)
Conditions of plasticity/strength in the layers3 are defined as:

@1 (N1, Vo, Mo, Ky) <0, (2.10)

@2(Noy2: Noos Voo M, K) < 6, (2.11)
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¢3(Noz,3’vo3' Mgs, K;) <0, (2.12)

where the parametels, ...,Ks are similar to Part 2.1.

We solve the optimization problem (2.6)-(2.12), wehdnequalities
(2.10)-(2.12) are replaced by the equations anah fiteese relationships define
the maximum loadF; of element and bending momeig.; in cross-section.

Next, we assume that slip occurs as a result aflgmig for connectors
1,2 (Fig. 7.a,2) or connectors 2,3 in layers XFig. 7.a,3).

Like in Part 2.1, define the maximum loaBs, F.; of composite beam
and bendig moment®lg, Mg« in cross-section with slip and forde, and
bendig momenMy in cross-section without slip (Fig. 7.a,1).

a 1

0 [

Fig. 8. Four-layer beam, a) destruction mechanisms; b) relationship momem vs
angleg for mechanisms 1...8

Then the maximum load and bending moment will biobsws:

F =max{F,,F,F, F3}, My =min{My.,,My,,My.,, Mo} (2.13)
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Finally we calculate the whole composite structijsee Part 3).

Similarly, the same formulae can be derived fortitayler elements and
two or three-dimentional bars in skeleton sctrusgurwith slip, where
generalized forces (normal and shere forces, bgratid twisting moments) and
generalized plastic hinges are forming in the cemsgion.

For the multilayer elements withn slip surfaces we have a sétof
mechanisms of destruction, whedg3 2". The case of four-layer beam, =3
and J| = 8, is presented in Figure 8.

3. OPTIMIZATION PROBLEMS FOR CARRYING CAPACITY
OF THE COMPOSITE STRUCTURES

In contrast to the optimization problem for the itiroad analysis of usual
structures with full-contact of layers [2, 5, 7,],2&e have to take into account
here the possibility of slip for the composite orfEgyure 9). The hinges 1, 2
here were early defined in Figure 1.

Fl ng lF4
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Fig. 9. Mechanism of the destruction for the coniedsame, taking into account slip

Then the problem in the vector-matrix form (for thtatic principle) is
formulated as follows.
We have to maximize the limit load multipligrfor the vector loadF,

M — max (3.1)

with restrictions:
- conditions of equilibrium of momentsl in cross-sections and construction
loadspuF,

AM =pF (3.2)
- conditions cross-sections yielding
M -min{M,.,, j 0J}<0, (3.3)
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where MO*j , j 0 J, is vector limit moments foFmechanisms of destructiod;

is a set of mechanisms of destructidh=|2" mis a number of slip surfaces.

For the generalized forces in the spatial skelstamctures (hormall and
shearV forces, bending/l and twistingT moments) we apply the principle of
generalized plastic joints; vector of momemtsin equations (3.2) will be
changed on a internal forces vec®6 = (N, V, V,, T, My, M,),

AS=yF (3.4)
and in conditions (3.3) of plasticity of cross-sees [2, 24],
man ¢j(S,Kj,jDJ)SO, ]DJ, (35)

where K T j0J, denote the set of vectors with constant parameterslar as

in Parts 2.1 and 2.2.

The system of relations (3.1) - (3.3) is a lineaogoamming problem
while the system (3.1), (3.4), (3.5) belongs to-finear programming problems
for composite structures in the limit state of l@adrying capacity with slip.

4. NUMERICAL ANALYSISOF COMPOSITE BEAMS

The numerical solution of problem was found by fhéte element method
(FEM), using program Abaqus/Standard [1].

Calculations were carried out for the compositelstencrete beams of
following types: two-layer beam with height h#h; and three-layer one with
an additional layer with height; lfFigure 10). Beams of length L = 5 m were
simply supported at ends, and loaded by concedtfateesF at the center of

span.
al: /|L P /||'_f'
P IF %
I ! |
A Y
t

L

Fig. 10. Scheme with loading and cross-sectioroaffmosite beam

The first beam has a concrete plate with a thicki@s= 12 cm and width
b = 80 cm connected with a steel I-beam (PN-30@) Wweight h3 = 30 cm. The
second beam has an additional concrete layer viliickness hl = 6 cm.

The material parameters for the components of $tea and concrete
middle layer were taken from paper [18]: for congserd concrete the modulus
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of elasticity E = 30745 MPa, compressive strength 32,37 MPa and

compressive strain, corresponding to the maximumperessive strengtle.; =

0,0022. For steel the yield stress were taken 2K&@. And for additional

concrete layer modulus of elasticity is equakF2000 MPa.

The numerical calculations were made for the follmwmaterial models:
a) plasticity with hardening for concrete; b) idpkdsticity for steel.

In the FEM analysis the concrete plates were maddeseng eight-node
solid elements (C3D8R), for the steel beam was gkell elements (S4R).

Were analyzed the following contact cases betweamposite beam
layers:

1. Two-layer beam: a) full contact (without slipig. 2.a,1); b) a contact, in
which it is possible the slip between the uppefema of the steel beam and
the lower plane of the plate (Fig. 2.a,2).

2. Three-layer beam: a) full contact (without skpg. 7.a,1); b) slip between
upper layer of concrete and upper surface of tredimiconcrete plate and
full contact between upper surface of the steehbaad lower surface of the
middle concrete plate (Fig. 7.a,2); c) slip betwepper surface of the steel
beam and lower surface of the middle concrete platefull contact between
upper layer of concrete and upper surface of trddimiconcrete plate (Fig.
7.a,3); d) slip in each plane of contact (Fig.4).a,

Full contact of the individual layers of beams wasried out in Abaqus
as a continuous contact of type ,tie”. This waycohnection of the layers to
ensure the continuity of displacements was usedn$tance, in the paper [12].

Flexibility of connection was modeled by definitioh contact taking into
account the slip between the layers of the beamwds carried out by
introducing the coefficient of frictiom between the layers: for concrete-steel
contacty = 0,5 and for the concrete-concrete confiaet0,6.

The aim of numerical calculation was to estimateitlload capacity of
beams for different ways of connection modelingl (f@ntact or contact with
slip). The results of calculations are shown iruFeg 11, 12.

Figure 11 presents the relationship between Ibadnd the vertical
displacementu, in the middle of the span of two-layer compositam.The
limit load value for the two-layer beam with fulbmtact was estimated as
325 kN. If the beam model takes into account ghys force is much smaller
and amounts 200 kN.

For the three-layer beam with full contact the Idiadit value is about
500 kN. For individual contact cases is obtainegielovalues of the limit load.
Decrease of beam carrying capacity is shown inreid@.



Limit analysis of steel-concrete composite struesuwith slip 29

FIKN]
350

325 |
300
275 ~

250 o

225 £ - ¢
200 / -

175 ¥
150
125

/
100 .lf 4
le

75

50 ¢
25 ;‘
0

[i] 1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18u:z[em]
— o contactwith slip  —=— contact without slip

Fig. 11. The relationship of lod€élvs the vertical displacemeunt in the middle of the
span of two-layer composite beam
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Fig. 12. The relationship of lodglvs the vertical displacemeunf in the middle of the
span of three-layer composite beam

The displacemery, , of concrete plate relatively to the steel beantiar-layer
beams under vertical lodtlis shown in Figure 13.
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Fig. 13. The relationship of sl , vs vertical forcd= in two-layer beam
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Fig. 14. The relationship of sl ; vs loading forcé- in three-layer beam
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Relationship between slig , and vertical force~ is non-linear for the
whole loading range. This applies to both the tamd three-layer beams taking
into account the slip in each contact surface (feigld). The nonlinearity of
relationshipF-sis clearly greater beyond 80% of load limit.

Figure 15 shows the von Mises stresg distribution in the middle
sectiono-a for the limit state (at a loaB = 325 kN) of the two-layer beam
without slip.
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Fig. 15. Von Mises stressegq in sectionu-a of two-layer beam without slip

The fields of stresses.q for concrete plate and steel I-beam without slip
at a loadr = 325 kN are shown in Figure 16.
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Fig. 16. The fields of stressegq for two-layer beam without slip: a) in the plate,
b) in the steel beam
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The method of modeling of contact between layekse lan influence on
the strain distribution in the beam cross-sectlanthe case composite beams
with slip at maximal loadind= = 200 kN we can observe a discontinuity of
strain in plane of contact (Figure 17) for the smTf-p (see Figure 10) in

contrast to beams with full contact of layers.
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Fig. 17. Strains in sectidgip of two-layer beam with slip

5. SUMMARY

The paper proposes a modeling of the load carrgaqgacity of steel-
concrete multilayer composite structures with glipthe example of two-and
three-layer beams. It presents an analitical agbrdar calculating the limit
load capacity of composite elements and structasean optimization problem.
Analytical results are compared with numerical gkdtions. An approach given
in the paper can be applied to composite structimeghich the layers are made
from another materials. Further analysis can inwdhe limit load determining
for beams and frames with more complex elementl different mechanisms
of destructure.
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NOSNOSC GRANICZNA ZESPOLONYCH STALOWO-BETONOWYCH
KONSTRUKCJI Z PGLIZGIEM

Streszczenie

W referacie zaproponowano modelowaniesnméci granicznej zespolonych stalowo-
betonowych konstrukcji z gbzgiem. Przedstawiono analityczne paaeg do obliczania
nosnosci  granicznej wielowarstwowych elementéw i konstijik zespolonych z
paslizgiem. Przeanalizowano wspétdziatanie warstw kaksji zespolonych, w tym
cienkaciennych, na przykladzie belek dwu- i tréjwarstwaly Wyniki zostaly
poréwnane z obliczeniami numerycznymi wykonanynziypizyciu programu opartego o
Metode Elementéw Skiczonych. Naspnie zagadnienie Kposci granicznej
przestrennych konstrukcji szkieletowych zostatoeélkine jako problem optymalizacii.



