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TEORETICKY A EXPERIMENTALNY VYSKUM

SPRIAHNUTYCH TRAMOV

THEORETICAL AND EXPERIMENTAL STUDY OF COMPOSITE BEAMS

Prispevok popisuje doterajsi sposob navrhu spriahnutych tramov
v konfrontdcii s novym postupom podla metodiky medznych stavov
ako aj efektivnu pruzno-plastickii metodu. Vysledky vyvinutej pruzno-
plastickej analyzy sii porovnané s nameranymi hodnotami statickych
velicin na modeloch spriahnutych tramov.

1. Obvykly pruznostny navrh spriahnutych tramov

Tento vypoctovy postup transformuje nehomogénny ocelobe-
ténovy prierez na idealny ocelovy prieCny rez pomocou pomeru
modulov ocele a betonu. Napétia vyvodené prienym zataZenim
sa stanovia podla zasad klasickej tedrie ohybaného nosnika [1].

Pruzna ohybova unosnost pri tomto postupe zavisi od
sposobu vystavby. Pri beZnej montazi mosta bez podopretia tramu
sa dostatoCne vystizne predpoklada, Ze Cerstvy beton je naraz
naneseny na ocelovy prierez. Tiaz debnenia podobne prenasa iba
ocelova konStrukcia ale odlahCeny je nakoniec spriahnuty tram.
Vysledné napétia a pretvorenia v spriahnutom trame su suctom
napéti z jednotlivych etap vypoctu.

Utinky dotvarovania vyvolavaju zmeny napiti v spriahnutom
trame, ktoré sa najCastejSie vystihuju efektivnymi modulmi
betonu. Napitia od zmrastovania si dané suctom napéti, ktoré
vzniknu v betonovej doske pri jej fiktivnom votknuti a prirastkov
napiti po uvolneni podopretia dosky. PozdiZzne napitia od nahlej
zmeny teploty sa vyCisluju obdobnym postupom ako pri zmrasto-
vani.

2. Navrh spriahnutych tramov podl'a medznych stavov

Koncepcia navrhu podla medznych stavov vychadzajuca
z europskej normy EC4 [2] vyzaduje overit dve skupiny Kritérii
medznych stavov. Kritéria medzného stavu unosnosti predpisuju
nutnost overif moznost poruSenia trimov vyCerpanim pevnosti
materialov alebo stratou stability stien, klopenim, resp. preklope-
nim tramu. Medznd unosnost spriahnutého ocelobeténového
tramu sa zistuje tuho-plastickym vypoc¢tom, pri ktorom su obidva
materialy Uplne splastizované a predpoklada sa u nich neobme-
dzena deformacna schopnost. Medzné zatazenie, ktoré vyvodi
tento medzny stav tnosnosti, ma navrhovu velkost. Pri vypocte

* Prof. Ing. Jan Bujiiak, PhD. - Ing. Monika Simalova,

The paper discusses the traditional structural analysis of
composite structures and actual limit-state design as well as the
efficient elasto-plastic computer model. The results of the alternative
analytical study are compared with test results on the composite beam
specimens.

1. Traditional elastic design

In elastic analysis, composite sections are transformed by
modular ratio into equivalent steel sections. Stresses due to
a bending moment are then given by the elementary theory of
beam bending [1].

The elastic resistance to bending depends on the method of
construction. It is usually sufficiently accurate to assume that the
whole of the wet concrete is placed simultaneously on the bare
steelworks. The weight of the formwork is also applied to the steel
structure and removed from the composite bridge. The total stresses
and strains in the fibres of a composite beam are determined as the
summations of stress distributions for each stage.

Creep of concrete causing stress changes in composite beams
are considered by the effective modulus. Shrinkage stresses can be
calculated as the sum of the fibre stresses resulting from restraint
of shrinkage and the stress resulting from the release of this
restraint on the composite section. Longitudinal stresses induced
in composite section due to thermal gradients can be determined
in the same way.

2. Limit-state design

Limit-state design philosophy, incorporated in EC4 [2], [3]
needs the check of two limit states. Ultimate limit states including
collapse, failure, overturning, buckling or rupture must be verified
by ultimate-strength. The maximum possible strength of
composite steel and concrete beams can be determined using
a rigid-plastic analysis, which assumes that the materials are fully
yielded with an infinite deformation capacity. The ultimate load
effects are expressed by design values. They can be deduced from
common working loads after multiplication by partial safety
factors.
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konstrukcii sa ziskava z nadvrhovych hodnoét jednotlivych zloZiek
zatazenia konStrukcie, vynasobenych parcialnymi sucinitel'mi spo-
lahlivosti.

Nadmerné priehyby alebo vibracie alternativne mozu limito-
vat spolahlivost mostov v prevadzke. Kritéria skupiny medznych
stavov pouZzitelnosti vylucuju tieto imperfekcie. Bezne vznikaju na
konstrukciach eSte v oblasti pruzného pdsobenia, preto sa overuju
pruznostnym vypoctom. Medzna unosnost plynie z charakteris-
tického zatazZenia, ktoré ma jednotkové parcialne sucinitele spo-
lahlivosti.

Pouzita metoda vypoctu na zistenie ohybovej inosnosti zavisi
od Kklasifikacie uvazovaného prierezu. Podla limitnych pomerov
sirky k hrubke jednotlivych stien ocelového prierezu, ktorych
velkost predpisuje EC4 [2] sa rozliSuju Styri triedy priecnych prie-
rezov, oznacovanych ako plastické, kompaktné, polo-kompaktné
a Stihle. Tuho-plasticky vypocet sa pouziva iba pre plastické a kom-
paktné prierezy. Prave pri tychto prierezoch sa tuho-plastickym
vypoctom moze ziskaf vacsia medzna tinosnost nez pri obvyklom
pruznom vypocte spriahnutych prierezov.

3. Porovnanie popisanych postupov

Na porovnanie charakterizovanych navrhovych postupov sme
urobili numericku §tudiu série ZelezniCnych mostov rozpati od
15 m do 60 m. Narocny pruznostny vypocet ulah¢il nami zosta-
veny vypoc¢tovy program.
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Excessive deflection or vibration may limit the usefulness of
the bridge structure. These are serviceability limit states. They
normally occur while the structure is still elastic, so elastic
analysis is appropriate. They must be avoided at nominal working
load with unitary partial safety factors.

The classification of cross-section of beams determines the
appropriate methods of the beam bending resistance analysis. The
definition of the four classes correspond respectively to the terms
plastic, compact, semi-compact and slender according to the
slenderness that defines class boundaries. The limits for breath /
thickness ratio of sections are given in the EC 4 [2]. The rigid
plastic global analysis of beam bending resistance is available only
for plastic or compact sections. In this case of structures, a greater
plastic resistance can be achieved than the elastic one for
composite sections.

3. Comparison of the procedures

To compare the above design procedure, a numerical study
was executed on the set of railway bridge superstructures for the
spans from 15 m to 60 m. Detailed calculation by the traditional
elastic analysis was facilitated by the computer programme.

Alternatively, the same set of 23 composite bridge
superstructures were assessed by limit-state procedure. For
sections which were compact, an ideal plastic modulus had to be
derived using a transformed slab area and taking an effective
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Obr. ¢. 1. Pomer ohybovych tinosnosti prierezov pre pohyblivé zataZenie

Fig. 1 Ratio of live load cross-sections carrying capacity

Tie ist¢é mostné konStrukcie sme alternativne prepocitali
metodikou medznych stavov. Pre prierezy klasifikované ako plas-
tické a kompaktné sa idealny plasticky prierezovy modul stanovil
pre spoluposobiaci prierez betonovej dosky. Plasticka medzna

section. The plastic bending resistance at the ultimate limit state
was adequate for the total applied moment. For sections which
were classified as non-compact the bending resistance was given
in terms of limiting elastic stresses at extreme fibres. Compact
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ohybova tinosnost sa polozila rovna navrhovému vonkajSiemu
ohybovému momentu. V pripade nekompaktnych prierezov,
ohybovu unosnost limitovalo maximalne normalové napitie
v niektorom z krajnych vlakien prierezu. Kompaktné prierezy,
o ktorych unosnosti rozhodoval medzny stav pouzitelnosti sa
pocitali pruznostnym postupom, podobne ako nekompaktné,
avsak s tym rozdielom, Ze napitia od zmrastovania a teplotného
gradientu sa neuvazovali. Naznaceny algoritmus bol podkladom
dalsieho zostaveného vypocCtového programu pre potreby tejto
studie, ale aj vyuzitie v praxi.

Pomer ohybovych tinosnosti pre pohyblivé zatazenie, urce-
nych podla medznych stavov ku klasickym pruznostnym ohybo-
vym unosnostiam ilustruje obr. 1. Pre kompaktné prierezy je tento
pomer v rozmedzi od 1,389 do 1,797. Ohybova tinosnost pre kom-
paktné prierezy deklarovana metodikou medznych stavov predsta-
vuje vyznamny prirastok inosnosti v porovnani s nekompaktnymi
tramami. Av§ak nahle skoky v ohybovych tinosnostiach zvlast pri
hranici medzi pruznym a plastickym vypoctom sa zdaju byt nere-
alne. Tato skutoCnost nas inSpirovala k aplikacii pruzno-plastic-
kého postupu.

4. Pruzno-plasticky teoreticky vypocet
Pruzno-plasticky postup vypoctu realistickejSie vystihuje spra-

vanie sa spriahnutych tramov v pruznej ako aj v plastickej oblasti
namahania. Tento vypoCtovy model, zaloZeny na prirastkovej

2F

sections assessed on a non-compact basis at serviceability limit
states, were treated in the same way as non-compact sections in
ultimate state, except that the effects of shrinkage and
temperature were not to be taken into account. The requirements
for the design of composite beams by this procedure were
included in the other computer programme designated for this
purpose.

The ratio of live load carrying capacity determined by limit
state procedure to the elastic one is represented in Fig. 1. For the
composite compact section, this ratio is in the range 1.389 to
1.797. Thanks to the limit state design procedure available for
compact cross-section, a more important gain in the bending
resistance could be achieved, compared with non-compact beams.
However, the sudden change, especially at the boundary between
elastic and plastic design (Fig. 1), can be seen as non-realistic.

4. Theoretical elasto-plastic analysis

The elasto-plastic procedure can predict more realistically the
structural response of composite beams in elastic as well as
inelastic ranges of loading. Our computer model is based on the
incremental deformation method which determines strains,
stresses, deformations and forces, numerically satisfying the
conditions of force equilibrium and deformation compatibility for
the composite section at any loading level.
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Obr. ¢. 2. Toar a usporiadanie modelov spriahnutych tramov
Fig. 2 Details of tested composite beams

deformacnej metode urcuje napitia, deformacie a koreSpondujice
vnutorné sily z podmienok rovnovahy po priereze ako aj kompati-
bility deformacii v spriahnutom priecnom reze v danej etape zata-
Zovania.

Vypoctovy postup akceptuje bezné predpoklady pre typicky
spriahnuty prierez na obr. 2. Z nich sa zvlast vyuziva hypotéza
o rovinnosti prierezu aj po ohybe tramu. Beténova doska, pasnice
a stena ocelového prierezu su rozdelené na vhodné elementy po
vyske priecneho rezu. Vychadza sa zo zadanej krivosti prierezu.

The procedure assumes the conventional hypotheses in the
typical cross section, as shown in Fig. 2. Particularly, the
preservation of the plane sections for both elements is supposed.
The concrete slab, the flanges and the web of the steel cross-
section are divided into small elements by a grid pattern and in
the direction of height, respectively. A curvature is given in the
section. The stress in each element is decided from strain-stress
path using the total strain added throughout the past hysteresis.
The bending moment of the section can be calculated from the
element stresses.
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Napitie v jednotlivych dielikoch stanovime z pracovného dia-
gramu v tvare zavislosti napati od deformacii. Vysledny ohybovy
moment sa obdrZi z jednotlivych ciastkovych napéti.

5. Experimentalny vyskum

V ramci experimentalnej Casti vyskumu sme testovali posobe-
nie aZ do porusenia siedmich spriahnutych priecne zatazovanych
tramov. Modely z ocelovych nosnikov I 300 mali dizku 2,2 m a roz-
patie medzi podperami 2,0. Spolupdsobiaca beténova doska
70 mm hruba bola z betonu s kockovou pevnostou od 19 MPa do
38 MPa. Dosku vystuzovala zvarana siet z kruhovych drétov vo
vzdialenosti 100 mm (obr. 2). Na tri tramy sa pouzili prvky
spriahnutia v tvare tifiov, pozdizne v dvoch radoch a v rozostupe
125 mm. Na zaistenie Uplného spriahnutia medzi ocelou
a betonom mali dalSie tri tramy prvky spriahnutia z tfiov prie-
meru 13 mm a dizky 50 mm zmensené rozostupy na 70 mm.
Jeden tram spoluposobil s doskou prostrednictvom ocelovej liSty
vysokej 50 mm a hribky 10 mm s otvormi priemeru 30 mm.
Skusané modely mali nainstalované pristroje na meranie priehy-
bov, pomernych deformacii ako aj preklzu na styku betonovej
dosky s ocelovym nosnikom. Vsetky tramy sme pred definitivnym
porusenim opakovane zatazovali a odlahcovali.

Experimenty ukazali, Ze spriahnuté tramy su schopné spolah-
livo prenasat zafaZenia aj po prekroCeni pruznej oblasti, ktoru
limituje zataZenie vyvodzujiice pomerné pretvorenie krajnych
vlakien spodnej pasnice ocelového nosnika velkosti €, = f,/E,.
Skusky dalej potvrdili, Ze spriahnutie betonu a nosnikom bolo pre
vSetky modely postacujlice, pretoze ich unosnost bola vyCerpana
rozdrvenim betonu dosky. Namerana zavislost medzi priehybom
a zataZenim signalizovala schopnost ocelového prierezu vykazo-
vat vyznamné plastické pomerné pretvorenia.

Rozdelenie napitia po priereze tramu, stanovené charakteri-
zovanym pruzno-plastickym vypoctom v pruznej ako aj pruzno-
plastickej oblasti ukazuje obr. 3. Distribicia napati medzi
jednotlivymi zlozkami prierezu pre vel’kost pomernej deformacie
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5. Experimental study

Seven composite beam models were tested to their ultimate
load capacity under positive bending moments. The 2.2 m long
composite beams had a span of 2.0 m between the end supports
and consisted of a rolled-steel girder of I 300 section and
a concrete slab. The slab was 70 mm thick with a 28-day concrete
strength of 19 MPa and 38 MPa. The concrete slab was reinforced
by a mesh of smooth welded wire having a spacing of 100 mm
(Fig. 2). The three beams had a double line of conventional shear
headed studs at a longitudinal spacing of 125 mm. To insure a full
interaction between concrete and steel beams, the other three
beams had 13 mm shear studs, 50 mm long with a spacing of only
70 mm. In the last specimen, the steel plate, 50 mm high,
fabricated from a 10 mm thick plate with holes 30 mm in diameter
was used to connect the concrete slab and steel section together
as a composite unit. The models were instrumented for the
purpose of measuring deformations, strains across the depth,
applied load, and slip between the steel beam and concrete slab.
All girders were unloaded and reloaded in increments a number
of times before failure.

It has been shown convincingly that composite beams
continued to carry loads long after the elastic range, which was
limited by a yield load corresponding to deformation of the
bottom steel girder flange ¢, = f,/E,. Post-test inspections
revealed that the attachment of the concrete to the girder was
adequate for each of the models, which collapsed by transverse
cracking of the deck. Ductility as the ability of a beam to undergo
significant inelastic deformations could be observed from the
shape of the load-versus-deflection curves.

Stress diagrams determined by described procedures for some
elastic and elasto-plastic regions are shown in Fig. 3. Stress
redistribution between respective parts within the cross-section
indicates that the entire cross section reasonably yields to the
plastic deformation of the bottom steel flange 2. €, at extreme

2FY = 580 kN ZFZY = 700 kN 2K, = 795 kN
-21,0 27,7 -38
2/ 53,5 I: 55,8 =
N = o -252
]
252 252 252

Obr. ¢. 3. Rozdelenie napiti a prislusné zataZenie v pruznom, pruzno-plastickom a plastickom Stdadiu posobenia tramov
Fig. 3 Stress diagrams and ultimate load for elastic, elasto-plastic and plastic beam states
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2. €, v spodnych vlaknach ocelového profilu svedCi o tom, Ze
prierez pri tejto urovni zataZenia je prijatelne splastizovany.
Vykonnost tramu rapidne klesa po prekroceni tohto limitného
pomerného pretvorenia. Z toho usudzujeme, Ze prirastok unos-
nosti prierezu sa efektivne ziska iba do velkosti plastickej pomer-
nej deformacie 2. €, v najviac namahanom vlakne.

6. Zavery

V pripade nekompaktnych prierezov je inosnost limitovana
pevnostou Stihlych stien prierezu alebo jeho celkovou stabilitou.
Avsak medzna unosnost plastickych a kompaktnych tramov sa
vystiznejSie stanovi pruzno-plastickym vypoctom v porovnani
s beznym pruznostnym navrhom. Vykonnejsi vypoctovy model
bol potvrdeny skuskami na modeloch.
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fibre. The behaviour deteriorates rapidly after the load had
developed this limit girder yielding. Therefore, it can be concluded
that the reasonable extra carrying capacity can be mobilised in
only allowing the plastic deformation 2. €, at extreme fibre.

6. Concluding remarks

In the case of non-compact sections, the load carrying capacity
is limited by buckling of slender plate elements or overall stability
problems. The ultimate load of plastic and compact beams can be
more realistically identified by elasto-plastic design rather than
obvious plastic analysis. This analytical model agrees reasonably
well with the structural behaviour of the tested specimens.
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