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Abstract. The aim of the paper is to present some results about the influence of rheological phenomena on
steel-concrete composite beams. Both the cases of slab with normal and high performance concrete for one
and two-span beams are analysed. A new finite element model that allows taking into account creep, shrinkage
and cracking in tensile zones for concrete, along with non-linear behaviour of connection, steel beam and
reinforcement, has been used. The main parameters that affect the response of the composite beam under the
service load are highlighted. The influence of shrinkage on the slip over the supports is analysed, together with
the cracking along the beam. At last, by performing a collapse analysis after a long-term analysis, the influence of
rheological phenomena on the ductility demand of connection and reinforcement is analysed.

Key words: composite beams; steel; concrete; high performance concrete; creep; shrinkage; rheological
phenomena; long-term behaviour; collapse analysis.

1. Introduction

It is well known how viscous phenomena due to shrinkage and creep of concrete affect the response
of steel-concrete composite beams. This influence is significant in terms of both stresses and strains
above all in serviceability conditions. The evaioia of these effects is rather complexchuse of:

- the non-linear behaviour of the connection system, even for low shear forces;

- the concrete cracking in zones of hogging bending moment and, if the neutral axis is into the slab
Cross section, even in zones of sagging bending moment.

The compressive strength class of the concrete can play a very important role on the structural
response since a strength increment generally raises the stiffness and drops the connection ductilit
(Bullo and Di Marco 1995). Besides, an increment of strength involves an increase of the autogenous
shrinkage, especially during the first days after casting, an increase of the tensile strength and &
decrease of the creep effects (Hilsdorf and Muller 1999).

It may then be important to evaluate how these different aspects affect the response of tegecompo
beam. The aim of this paper is to find out possiblédin current codes. Ifact prediction models for
creep and shrinkage of high performance concrete have just recently been propigsed @hd
Muller 1999). Because of the many parameters that influence the problem, some preliminary numerical
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analyses have been performed. They may be useful to correctly address possible experimental test:
which are essential to validate theoretical ssu

In this paper the results of an analysis performed on two composite beams are reported. The first is &
one-span simple supported beam, which is typical of bridge structures. The second one is a two-spar
continuous beam, which is typical of buildings. To highlight tliect$ of the concrete strength class on
the structural behaviour, both beams are analysed assuming that the slab is built with normal (NC) or
high performance concrete (HPC).

For both kinds of concrete, the analysis is carried out using a finite element program that can take into
account all phenomena affecting the long-term behaviour, like creep, shrinkage and cracking of
concrete. To better understand limits and at the same time the significance of the analysis, the basi
hypotheses assumed in the program to model the material behaviour are presented.

For normal concrete, the creep and shrinkage prediction models proposed by CEB-FIP M.C. 90
(C.E.N. 1993) and by a recent enhancement proposal (Hilsdorf and Miiller 1999) are adopted. For high
performance concrete, only the latter is adopted. It represents an extension of the CEB-FIP M.C. 90
based on experimental data of the Rilem data bank. Tension stiffening phenomenon is modelled by
means of a softening law of concrete in tension after cracking (Stevehsl991).

After having pointed out the reliability of the composite beam modelling, a series of comparisons
varying the softening law and environmental conditiorsarsied out. It is underlined how shrinkage
effects are meaningful for correctly assessing the shear force in the connection and the cracking of the
slab along the beam. The effect of the connection defalityadn the structural response under the
serviceality load is presented as well.

Finally a collapse non-linear analysis is performed at short and long-term, i.e. before the beginning
and after that viscous phenomena have fully developed, with the aim to show possible differences in
behaviour of the composite beam. A significant influence of rheological phenomena on ility duct
demand of reinforcement and on the ultimate slip demand of connection is observed.

2. The adopted numerical model

The composite beam adopted in this analysis is schematised in Fig. 1. It is constituted by two parallel
beams: an upper one, which represents the concrete slab, and a lower one, which represents the ste
beam. They are connected by a continuous non-linear spring system, which represents the connectior
usually constituted by Nelson studs, hypothesisedased over the element length.

To properly model the material behaviour in all its phases, the cross section of each component bean
has been divided into a finite number of fibres (Fig. 1). The assumed kinematic hypotheses are similar
to those adopted in the model of Newmatlal. (1951), which are:

1) negligibility of the shear strains;

2) equal vertical displacemenis=vs;=V;

3) preservation of the plain sections for the single component beams (slab and steel);

4) perfect bond between concrete and reinforcement.

The hypotheses on material behaviour to evaluate long-term solutions under the service load are:

1) concrete is regarded as linear-viscsttan compression and in tension before cracking. Tension
stiffening efect due to reinforcement is taken into account by the non-linear softening law proposed by
Stevenst al (1991), as it was demonstrated to be suitable for studying steel-concrete composite beams
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Fig. 2 Assumed stress-strain law for concrete in tension

(Amadio and Fragiacomo 1999). In case of strain reduction after cracking, the stiffness is assumed to be
equal to the elastic one (Fig. 2). In the cracked pltasep is considered as tied only to the elastic part
of the total strain. The adopted creep laws for NC and HPC are compared in Fig. 3a for an average
environmental relative humiditiRH=75%, a notational size of membhi=20cm and a mean
compressive cylindrical strengffy, = 34 MPa for NC andl,,,= 80 MPa for HPC. The notational size is
given by the formul& = 2A./ G, whereA. anda are the area and perimeter of the cross section exposed to
the atmosphere, respectively. It can be observed that the two prediction models are almost coinciden
for NC, while they present considerable differences for HPC. To evaluate the importance of the tension
stiffening effects, the case of elastic-brittle material in tension will also be eoedjd

2) reinforcement and steel are assumed to be elastic-plastia final hardening branch;

3) for connection, the non-linear law proposed by Ollgdrdl (1971) is considered for the loading
branch, and the experimental law proposed by Gattesco (1997) is assumed for the unloading branch

4) shrinkage is regarded as an inelastic strain constant over the cross section with the same value |
cracked and uncracked zones. The prediction model proposed by Hilsdorf and Mdller (1999) is
assumed for both NC and HPC. According to this model, the total shrinkage is given by the sum of
autogenous and drying components, where the former is important especially for young concrete. The
adopted laws for NC and HPC are compared in Fig. 3b using the vakEstoandf., already employed
for the comparison in terms of creep laws. It may be noted as the autogenous component is more
significant for HPC. However, after a long period of time, NC shows the largest total shrinkage strain;
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Fig. 3 (a) Trend of the creep coefficient in time, (b) Trend of the shrinkage strain in time

5) tensile and compressive strength of conceste considered as constant or variable in time
according to the laws proposed by CEB-FIP M.C. 90 (CEN 1993).

The hypotheses on material behaviour in order to evaluate the short-term (after 28 days since the
concrete casting) or the long-term collapse solution (after 30000 days since the concrete casting) are

1) for concrete in compression, the laws of Maredeal (1988) and Razvi and Saatcioglu (1999) are
adopted in case of NC and HPC respectively. Both laws are characterized by an elastic behaviour up t
40% of the maximum strength, and by an elastic-plastic behaviour with a final softening branch beyond
the elastic limit;

2) for concrete in tension, reinforcement, steel beam and connection, the same laws adopted for th
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long-term solution under the service load are used.

Because of the very general hypotheses, the complexity of both viscous and collapse analyses i
evident. The integration in time of the viscous problem may encounter convergence problems due,
above all, to the presence of the softening branch for concrete. To overcome these problems, a ney
iterative procedure based on an incremental method of the stiffaless was developed. Using this
method, good results in terms of both convergence and computational time can be obtained. More
detailed information on the numerical procedure aridlitsaof hypotheses assumed for materials can
be found in previous papers (Amadio and Fragiacomo 1997, 1999, Agiadi@000), where a series
of comparisons at short and long-term between experimental and numerical solutions were performed

3. Numerical analyses

The aim of this study is to point out effects on steel-concrete composite beams due to creep anc
shrinkage in case of a slab of normal (NC) or high performance concrete (HPC). To obtain general
results, two types of beam are analysed:

1) a one-span simply-supported beam, typical of bridges, that has already been analysed numericall;
for short-term loading with NC (Aribert 1988) and HPC slabs (Bullo and Di Marco 1988);

2) a two-span continuous beam, simply-supported, typical of buildings, that has already been
analysed experimentally for short-term loading (Ansourian 1982) and also numerically for long-term
loading (Amadio and Fragiacomo 1999, Amasdical 2000) in case of a NC slab.

Both beams have full connection, according to Eurocode 4 (CEN 1992).

3.1. One-span beam

3.1.1. Geometrical and mechanical properties

The analysed beam (Aribert 1988) is displayed in Fig. 4, together with the geometrical properties. A
notational size of the sldi=13.3 cm and an average environmental relative humiRlty 75% are
assumed. The normal concrete has a mean compressive cylindrical strength after 28 days since th
castingf,, = 35 MPa and a mean tgle strengthi.,= 3.19 MPa. For high performance concrete the
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Fig. 4 Geometrical characteristics of the one-span beam
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Fig. 6 Dimensionless stud shear forces along the beam, (a) (NC), (b) (HPC)

corresponding values afg,= 80 MPa andfum= 4.66 MPa. Steel beams and bars have a Young's
modulusEs = 210000 MPa and a yield strefss- 360 MPa. Steel has a hardening modidys= 100

MPa, whereas for reinforcement an stilaperfectly plastic behaviour is assumed. To model the
connection system, the law of Ollgagtial (1971),Q = Quax - (1€, is used. In this equatid is

the shear force on the stu@,. is the collapse valus,is the slip,a and 8 are constant parameters.
They assume different values for the two types of concrete (Bullo and Di Marco 1998): for NC
a=1.17, B=1.15 mm?* and Q= 110kN, for HPCa=0.5, = 1.10 mm* and Q.= 190 kN.
Ultimate slips of studs are also different, due to the diverseliguci NC and HPC: the values
s.=0.7 cm andsx, = 0.35 cm are, respectively, adopted (Bullo and Di Marco 1995, 1998).
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Fig. 7 Dimensionless slips along the beam for the collapse load in a short-term analysis

3.1.2. Numerical results

In Figs. 5(a), (b) the trends of dimensionless slips along the beam axis are plotted for NC and HPC
slab respectively. Three kinds of analyses are performed:

1) step by step analysis up to the collapse, performed at the ipst@& days since the concrete
casting, where the shrinkage effect befpig neglected;

2) step by step analysis up to the collapse, performed at the thst83000 days since the concrete
casting, after a viscous analysis. It is performed applying a service load equal to 40% of the collapse
load P, evaluated by a plastic analysigring the period betwednandt;, and neglecting the shrinkage
effect;

3) like the previous analysis, but considering the shrinkage effect.

In Figs. 6(a), (b) the trends of dimensionless stud shear forces along the beam axis are plotted for NC
and HPC slab respectively, considering the same types of analysis above seen. The beams qualitative
show a similar trend for NC and HPC. The concrete shrinkage produces a favourable effect on
connection that is more important for HPC because of the greater connection stiffness, however
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Fig. 8 Dimensionless slips over the support versus the load
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inelastic strains due to shrinkage are larger for NC compared to HPC. Thus the ductility demand of
connection may be assessed on the basis of a short-term collapse analysis.

In Fig. 7 the slips along the beam axis are compared, and in Fig. 8 the dimensionless load-slip curve:
are plotted, for NC and HPC in the long-term collapse analysis. It may be noted that the ductility
request for HPC is just lightly higher with respect to the one for NC, however the final values are
reached following two different paths in terms of |ladig-curve. These results are in a gooccagent
with the ones obtained by Bullo and Di Marco (1998), where the concreditetsirength was
neglected. The thin solid line in Fig. 8 represents this kind of solution: it may be concluded that the
concrete tensile strength does not affect significantly the solution.

In Figs. 9(a), (b) the ratio between the mid-span defleadi@md the elastic one evaluated in
hypotheses of rigid connectiak is plotted under the service load in a long-term viscous analysis
for NC and HPC. The increment of deflection is higher for NC compared to HPC due to the
different creep and shrinkage laws. The hypothesis of rigid connection is more appropriate for HPC
than for NC. The environmental relative humidity affects in an important way the long-term
response. Finally it must be underlined that, if the change of concrete strength in time is considered,
the only shrinkage effect without any other load does not produce cracking into the slab in terms of
medium values, despite of the higher autogenous component in case of HPC, even for completely
propped beam.

3.2. Two-span continuous beam

3.2.1 Geometrical and mechanical properties

The analysed beam (Ansourian 1982) is displayed in Fig. 10, together with the geometrical properties. A
notational size of slab=11.43 cm and an average environmental relative hunidtity 0.5 are assumed.
The normal concrete has a mean compressive cylindrical strength after 28 days since the castin
fon=34 MPa and a mean tensile stren§h=3.14 MPa. For the high performance concrete the
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Fig. 9 Trend in time of the dimensionless mid-span deflection under the service load (a) (NC), (b) (HPC)

(a)

(b)



Influence of viscous phenomena on steel-concrete composite beams with normal... 93

B | P | g
Ag —%¢' h
As —=x¢ ¢ 7 3 ’%77,
SN S L ] L e L -
bs
Slab Steel beam
B.=80cm bs =20 cm
h,=10cm bi=20cm
sagging bending zone: sp=1cm
Ay =A;=16 cm? s, = 0.6 cm
¢=c¢c=30cm hy=17 cm
hogging bending zone:
Ay = 8.04 cm’ L=45m
A,=7.67 cm?
’=¢=3.0cm

Fig. 10 Geometrical characteristics of the two-span beam

corresponding values arkg,=80 MPa andfy,=4.66 MPa. The steel has a Young's moduls

200000 MPa, a yield stre§s= 237 MPa and an ultimate strenditk 397 MPa. The reinforcement has a
Young's modulusss = 200000 MPa, a yield strefs= 430 MPa and an ultimate strenfith 533 MPa. For

both materials an elastic-plastic with hardening branch law is assumed. The degree of shear connectiot
evaluated according to Eurocode 4 (CEN 1992), is equal to 1.3 in the zone of sagging bending, and equal t
1.5 in the zone of hogging bending. The parameters adopted in the Ollgard’s law are: dor ONE;

B=0.7 mnm* andQ,,.«= 106 kN, for HPCa = 0.5, 8= 1.10 mm* € Q,,.x= 190 kN. The assumed ultimate

slips of studs arg. = 0.7 cm ands, = 0.35 cm for NC and HPC respectively.

3.2.2. Numerical results

The same three kinds of analyses already seen in Section 3.1.2 are performed also for the continuot
beam. The only difference concerns the service load, which is assumed equal to 50% of the collapst
load P, evaluated by a plastic analysis. In Fig. 11a,b the load versus mid-span deflection curves are
plotted for NC and HPC respectively. The casesfgfconstant in time, elastic-brittle concrete in
tension and rigid connection are considered as well. By comparing the beam responses for NC anc
HPC, a significant increase of the collapse load may be observed for HPC. The hypothesis of rigid
connection is adequate for HPC, whereas it overestimates both stiffness and strength in case of NC. Th
tension stiffening effect produces only small differencéh wespect to the case with elastic-brittle
concrete.

Creep and shrinkage effects do not affect very much the collapse load, even if the concrete
compressive strength is supposed to be constant in time. However, the numerical collapse load is highe
compared to the one determined by means of the plastic anBlysitie ductility ¢mand of the
reinforcement near the intermediate support is instead significantly changed compared to a short-termn
analysis (Figs. 12(a), (b)). The shrinkage effect may increase the bar strains of 25 to 30%tilithe duc
demand is in any case much lower with respect to the available values for steels commonly used in
reinforced concrete structures.

The trend in time of the mid-span deflection under the service load (Figs. 13(a), (b)) is similar to that
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Fig. 12 Strain in the upper bars over the middle support, (a) (NC), (b) (HPC)

above seen for the one-span beam. In this case the effect of the connection déjoimatore

evident. The variation of environmental relative humidity affects significantly the beam behaviour. In
Figs. 14(a), (b) and 15(a), (b) the trends of dimensionless stud shear forces and slips along the bear
axis are plotted for NC and HPC slab respectively. Some significant differences between long and
short-term solutions may be noted near to the lateral supports and the concentrated loads. The shrinkag
effect modifies the connection response near the lateral supports especially for HPC, where an
inversion of shear forces can even appear (Fig. 14b).
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Fig. 13 Trend in time of the dimensionless mid-span deflections under the service load, (a) (NC), (b) (HPC)
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In Figs. 16(a), (b) the crack pattern is displayed. The effects of creep and shrinkage are more importan
for NC, because of its prediction laws (Figs. 3a, b) compared to HPC. Cracks develop in the middle
span and over the intermediate support. The better mechanical and viscous properties of HPC witt
respect to NC seem to produce therefore a ma@ufable behaviour even in terms of cracking and
durability.
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4. Conclusions

In this work, the responses of two kinds of beams are analysed by means of a finite element progran
developed to study accurately the short and long-term behaviour of steel-concretsiteohbepms.

The first is a one-span simply-supported beam, typical of bridge structures, and the second one is a two
span continuous beam typical of buildings. They are studied considering a slab built using normal (NC)
or high performance concrete (HPC).

From these comparisons, the main remarks are:

- the ratio between required and available ductility of connection is very similar in both cases of NC
and HPC;

- creep and shrinkage produce only limited increase of connection shear forces in the zones nea
concentrated loads. Near the lateral supports, the shrinkage effects are significant but generally on th
safe side since they produce a reduction of shear force and slip;

- these effects lead to an increase of ductility demand for reinforcement, near to the collapse, of about 309
of the short-term value. However, this value is much lower than the available ductility of conventional steel;

- in terms of deformabty under the service load, no considble difference is observed between NC
and HPC. Only a higher influence of the viscous phenomena may be noted for NC;

- due to the higher stiffness of connection for HPC, in case of full connection itedéfbty may be
neglected for the evaluation of short and long-term deflections;

- better mechanical and rheological charastes of HPC imply a more favourable behaviour with
respect to NC also in terms of crack pattern and durability of the structures.

From these preliminary analyses it is possible to remark that HPC slabs improve the behaviour of the
composite beam in terms of both strength and deflection with respect to NC. In particular, the viscous
phenomena are less important for HPC slab, which therefore represents a good combination with the
steel beam.

References

Amadio, C. and Fragiacomo, M. (1993), “A finite element model for the study of creep and shrinkage effects in
the composite beams with deformable shear connectiGostruzioni Metalliche4, 213-228.

Amadio, C. and Fragiacomo, M. (1997), “Simplified approach to evaluate creep and shrinkage effects in steel-
concrete composite beamd”, Struct. Eng.ASCE, 1239), 1153-1162.

Amadio, C. and Fragiacomo, M. (1999), “A finite element model for short and long term analysis of steel-
concrete composite beams in cracked phaééll C.T.A. CongresNaples, Italy2, 251-260.

Amadio, C., Fragiacomo, M. and Macorini, L. (2000), “Numerical evaluation of long-term behaviour for
continuous steel-concrete composite beartg”, Conf. on Steel Structures of the 2000&anbul, Turkey,
137-142.

Ansourian, P. (1982), “Experiments on continuous composite beBmteedings, The Institution of Civil
Engineers73(2), 25-51.

Aribert, J.M. (1988), “Etude critique par voie numérique de la méthode proposée dans IEurocode 4 pour le
dimensionnement des poutres mixtes acier-béton a connexion paielfestruction Métalliquel, 3-26.

Bullo, S. and Di Marco, R. (1995), “Effects of high-performance concrete on stud shear connector behaviour”.
Proc. Nordic Steel Construction ConferenMalmdé, Sweden, 577-584.

Bullo, S. and Di Marco, R. (1998), “Slip requirement in steel-high performance concrete composite beams with
deformable connectionl|l Italian Workshop on Composite Structurésmcona, ltaly, 53-66.

CEB (1993), CEB Bull. N°213/214CEB-FIP Model Code 90Comité Euro-International du Béton, Lausanne,



98 M. Fragiacomo, C. Amadio and L. Macorini

Switzerland.

CEN (1992),Eurocode 4, Design of composite steel and concrete structures, Part. 1-1: General rules and rules
for buildings Bruxelles, Belgium.

Gattesco, N. (1997), “Fatigue in stud shear connectbrs®rnational Conference, on Composite Construction-
Conventional and Innovativéansbruck, Austria, 139-144.

Hilsdorf, H.K. and Miuller, H.S. (1999), “Effects of time upon strength and deformat&inictural Concrete
Textbook\Vol. 1, FIB CEB-FIP, Lausanne, Switzerland, 37-55.

Mander, J.B., Priestley, M.J.N. and Park, R. (1988), “Theoretical stress strain model for confined cdncrete”,
Struct. Eng.ASCE, 114(8), 1804-1826.

Newmark, N.M., Siess, C.P. and Viest, I.M. (1951), “Test and analysis of composite beams with incomplete
interaction”.Proc. Soc. Exptl. Stress. An8(1), 75-92.

Ollgard, J.G., Slutter, R.G. and Fischer, JW. (1971), “Shear strength of stud connectors in lightweight and
normal weight concrete”’ AISC Eng. Journal55-64.

Razvi, S. and Saatcioglu, M. (1999), “Confinement model for high-strength concke@tiuct. Eng ASCE,
1253), 281-289.

Stevens, N.J., Uzumeri, S.M., Collins, M.P. and Will, G.T. (1991), “Constitutive model for reinforced concrete
finite element analysis”ACI Struct. J.88(1), 49-59.

CK



	Influence of viscous phenomena on steel-concrete composite beams with normal or high performance ...
	M. Fragiacomo†, C. Amadio‡ and L. Macorini‡†
	Department of Civil Engineering, University of Trieste, Piazzale Europa 1, 34127 Trieste, Italy
	(Received February 14, 2001, Accepted January 30, 2002)
	Fig. 1 The used finite element
	Fig. 2 Assumed stress-strain law for concrete in tension
	Fig. 3 (a) Trend of the creep coefficient in time, (b) Trend of the shrinkage strain in time
	Fig. 4 Geometrical characteristics of the one-span beam
	Fig. 7 Dimensionless slips along the beam for the collapse load in a short-term analysis
	Fig. 8 Dimensionless slips over the support versus the load
	Fig. 10 Geometrical characteristics of the two-span beam






