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Summary

The main aspects that have to be considered iratladysis of composite structures are
presented and discussed. Most of composite stegtaoncern floors of buildings and
bridges, so that in this lecture the attention &nty devoted to composite beams.

To correctly evaluate stresses in the concrete ahaleffective width is considered to
account for shear lag and moreover, to accourib@@l buckling phenomena, the sections are
divided in four classes according to the slendexyiméshe parts in compression. The moment
of resistance of sections is calculated througktjganalysis in sections belonging to class 1
or 2, whereas the elastic analysis is used for@ectn class 3 or 4. In case of plastic analysis
a partial shear connection may be provided in sgggnoment regions; in this case the
section moment of resistance is governed by thsta@ee of the shear connection.

In the elastic analysis of sections the effectsreép and shrinkage have to be considered
because they cause significant redistribution ofise stresses. At serviceability limit states,
besides the check on the values of stresses, flextien and the crack width need to be
limited. The tension stiffening of concrete in temsamong two consecutive cracks needs to
be considered to evaluate correctly the defledgtiarontinuous composite beams.

The global analysis may be carried out using eastalysis. At ultimate limit state some
moment redistribution to account for the inelasighavior of materials and for cracking has
to be applied to optimize the sections. The limitsnoment redistribution are related to the
maximum rotation capacity of the sections subjetbedaximum hogging moments.

A broad numerical study was carried out by the @utie determine the permissible
moment redistribution domain that satisfies atthme time both the rotation compatibility
and the crack width in service. Propped cantileasis fixed-end beams with different types
of class 1 sections were considered in the studyeblver a low ductility reinforcing steel
(elongation at maximum load 2.5%) was considerdte fesults of the study allowed to
provide a proposal for new moment redistributionits.

A numerical procedure able to analyze the struttlaehavior of steel-concrete
composite beams subjected to very heavy movingsloadnsidering the actual cyclic
nonlinear relationship between the shear force tedslip of the connectors, was also
developed by the author. The procedure allowedm@iéng the oscillograms of the slip and
the shear force of each connector correspondittigetdransit of an assigned loading pattern.
Fatigue checks, based on the strain-life approachbe carried out using such a numerical
tool. The results of a numerical study of a 40 rarspimply supported bridge-type beam
subjected to very heavy low frequent vehicles alldwio assess the damage accumulated in
the connectors due to one thousand transits otdhsidered load. Significant damage was
found in the studs close to mid-span.
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Souhrn

Jsou prezentovany a diskutovany hlavni aspektyg ke teba respektovatipanalyze
kompozitnich konstrukci. &Sina kompozitnich konstrukci nachazi upainv podlahovych
a mostnich konstrukcich, a proto $egnaska zadiiuje na spazené nosniky.

Pro vystizny popis napjatosti je nutno vzit v Gvatejen @inky ochabnuti smykem v
betonové desce (spolignbici &ky), ale téZ jevy mistniho bouleni pezy jsou pro tlakové
pusobeni podle Stihlosti jejickésti dleny doctyi trid. Moment odporu se pita pouZitim
plastické analyzy v [irezech, které p#itdo tidy 1 nebo 2, pra@asti tidy 3 nebo 4 je
pouZivdna elasticka analyza. \¥igad plastické analyzy f¥e byt v oblastech kladnych
momenti uvaZzovanocasténé spazeni, v tomto fipad je moment odporu prezu dan
odporem sfazeni.

Pri elastické analyze jerdba vzit v Gvahu dinky dotvarovani a smtdvani betonu,
protoZze mohou Zisobit vyznamnou redistribuci n&p V meznich stavech pouZzitelnosti,
kromé kontroly hodnot nafii, je nutno zajistit omezeni deformaci &gitrhlin. Pro vystizné
stanoveni pihyba spgrazenych spojitych nosnikje v tahovych oblastech nutno uvazit jev
tahového zpewni betonu mezi sousednimi trhlinami.

Globalni analyza fi#e byt provedena pouZitim elastickéhgsfupu. Pro optimalizaci
prafezl v meznim stavu je nutno respektovat redistribaoh@hani souvisejici s neelastickym
chovanim materiél a vznikem trhlin. Mira redistribuce je omezena me&tni rotani
kapacitou pittezl namahanych zapornymi ohybovymi momenty.

Pro ugeni gipustné oblasti redistribuce ohybovych monieptovedl autor rozsahlou
numerickou studii, ktera sfplje sodasre jak limity rotatni kompatibility, tak i dky trhlin
v provoznim rezimu. Ve studii byly sledovany konzal vetknuté nosniky siznymi typy
prurezi tfidy 1; uvaZzovana byla betats#d ocel s nizkou taznosti (p&mé prodlouzeni i
maximalnim zatizeni 2,5%). Vysledky studie mohowskytnout podklady pro Zpsrény
navrh novych mezi prorerozalovani ohybovych momet

Autor odvodil numericky postup pro analyzuispbeni ocelobetonovych isggenych
nosniki vystavenych fesurim pohyblivych nadrérné téZzkych zatizeni, respektujici cyklické
nelinearni vztahy mezi smykovymi silami a pokluzkomektofi. Postup umakije mozZnost
stanoveni oscilograimpokluzu a smykové sily kazdého konektoru odpoigdaiislusSnému
zakZujicimu schématu. Timto vypetnim nastrojem fEe byt provedeno sledovani
tnavovych projefr. Vysledky numerické studie prostého nosniku o 640 m vystaveného
piejezdim extrémi t¢Zkého vozidla s nizkou frekvenci vyskytu poskytlgzmost stanoveni
akumulace poSkozeni vetrgpovacich prvcich po tisicigjezdech — v oblastiistdu rozgti
bylo identifikovano jejich vyznamné poskozeni.
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1 Introduction

The steel-concrete composite system comprehendstihetures obtained joining, through
particular connection devices, steel members, ditferent shapes (steel profiles, plates,
trusses, etc.), to reinforced or prestressed ctncetabs. Composite structures are
economically favourable with respect to reinfor@ahcrete structures because they request
limited formworks and the assembling of memberguigker. With respect to steel structures
a lower quantity of steel is requested and the obsbncrete elements, that frequently are
however present, is appreciably lower than thahefminor steel used.

The most frequent use of the composite system thanconstruction of floors in steel
industrial or office buildings (Johnson 1994) andhe construction of bridges and viaducts
(Johnson & Buckby 1994). In some cases, the cortgpegstem is also used for the columns
of buildings (Johnson 1994, Dezi & Gattesco 2006).

Composite floors concern both steel beams conneatadsolid concrete slabs and steel
beams connected with composite slabs, made witligitasteel sheeting (Fig. 1). In a first
time the profiled steel sheetings were smooth dre) twere used as structurally non-
participating formwork; the production of profiletieel sheetings with embossments allowed
to consider them as structurally participating (posite slabs). In the last two decades a new
floor system started to be used, that consistsalded non symmetric steel beams (lower
flange wider than the upper one) supporting deefiled metal sheeting on the lower flange
(Fig. 2). This system, named slimfloor, allows lkied depths of the floor with significant
advantages on the height of the building, the costealize the curtain walls, the installation
of heating-cooling plants (Dezi & Gattesco 2006).

TTT

(@) (b) (c) (d)

Figure 1 — Composite floors: (a,b) solid concréa s(c,d) profiled steel sheeting slab.

N

Figure 2 — Slimfloor system.
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(a) (b)
Figure 3 — Composite bridges: (a) two parallelldbeams, (b) box girder.

A great part of bridges ranging from 30 m to 90parsare made using the composite system
(Dezi & Gattesco 2006). In the most part of compgobridges the steel member is formed
either by a couple of parallel beams (Fig. 3a)yalbox girder (Fig. 3b). The first solution is
the most used because it is easier to be consiracig economically more favourable. The
latter becomes preferable when it is needed a ¢pesibnal stiffness, when the depth of the
deck has to be limited and when a better aesthsfiect is requested.

The behavior of the composite system is signifigadifferent with respect to concrete
structures and steel structures, because of teegiion of the two materials. This interaction
emphasizes considerably the effects of time depgn@benomena because creep and
shrinkage interest only the concrete; the steat, ithsolidarized to the concrete, contrasts the
deformation variations causing significant changesthe stress distribution (Gilbert &
Bradford 1995, Macorini et al. 2006, Dezi et al93)

The global analysis is frequently based on an ielastalysis which accounts for the
actual nonlinear behavior (e.g. cracking, yieldoigsteel) through a redistribution of elastic
moments. A deepen study is needed to calibrate ntlagimum allowable moment
redistribution (Gattesco & Cohn 1989, Gattescd.€2@i0).

Moreover bridges are subjected to cyclic loads tueehicle passages, so that the
problem of fatigue has to be faced with great ¢Bezi & Gattesco 2006, Gattesco & Pitacco
2004, Teraszkiewicz 1967).

In the present lecture the main aspects that cteaize the flexural behavior of
composite structures is detailed devoting spediginion to the assessment of allowable
moment redistribution and to the problem of lowdeytatigue in the shear connection of
bridges.

2 Shear connection

In most composite beams the concrete member igastthe steel element and so a natural
bond develops at their interface. But, this effewy be destroyed by shrinkage, poor

adhesion, stresses due to variations of temperaoiieis necessary to provide adequate tools
(shear connectors) to transfer effectively the ituainal shear from the concrete to the steel

member.

Many types of shear connectors for steel-concreteposite beams were developed in
the last century, starting from the system propdsedulius Kahn in 1903 (Fig. 4a), the spiral
(Fig. 4b), the channel (Fig. 4c), the headed stmnd4956 (Fig. 4d), etc. However the
development of the research on connection techsiquees very low (e.g. Johnson 1994,
Chapman & Balakrishnan 1964, Ollgart et al. 197d)tlsat the use of composite systems
became diffuse also in building constructions anlthe last three-four decades.
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Figure 4 — Connection systems for steel-concreteposite beams.

The most widely used type of connector is the heagtad (Fig. 4d). The range in
diameter is from 13 to 25 mm. The studs are wetitethe top flange of the steel beam. The
shear capacity of studs is relatively low, so thasignificant number of connectors is
necessary. Stud connectors may be used to conmicsdlid slabs (Fig. 5a,b) and slabs made
with profiled steel sheetings (Fig. 5c¢,d).

(d)

Figure 5 — Different applications of stud connestor composite beams: a) solid slab, b)
partly precast slab, c) slab with profiled steeteting perpendicular to steel joist and d)
parallel to steel joist.

Other types of connectors used with solid slabldwek connectors, made by welding
parts of steel profiles (square, T-shaped, C-shapeshaped, etc.) on the beam top flange
(Fig. 6). This connection is characterized by veigh stiffness. Also anchor and hoops are
used as shear connectors in some cases coupledquiie blocks.

Figure 6 — Block connectors.

3 Characteristics of transversal sections

To proceed with the structural analysis of commogtructures and their sections it is
necessary to make some considerations about thactdastics of the sections.

3.1 Effective cross section

The longitudinal shear in the slab causes sheainstin its plane with the consequence that
vertical cross sections of the composite T-beamndbremain plane, when subjected to
bending moment. So that, at a cross section, tlErdmngitudinal stresses in the slab due to
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bending moment varies along the flange breadthiwesrated in Fig. 7. The simple bending
theory can give the correct maximum stress (pojrif e flange breadtB is replaced by an
effective width,b, such that the area GHJK equals the area ACDEE. rEhults of the
research on this concern, based on the elasticythieas shown that the ratiB depends on
the ratioBl/l, the type of loading, the boundary conditionshat supports and other variables.
However, for beams in buildings, it is enough aatento assume that the effective width is
equal tal,/8 on each side of the steel web. The lemgih the distance between points of zero
bending moment. For simply supported beams thigtlers equal to the span. In case of
continuous beams the lengthssuggested by most codes of practice are thossrdbed in
Fig. 8 (e.g. Eurocode 4 2004, Kristek et al. 1990).

V

2
 S——
| 1 |0= 085|1
A | 2 Io: 0.25 (1+ |2)
|
I — - | 3 1,=0.70I
Wi 2 i ’
u H""ﬁ-._________/ 4 |0= 2|3
1= [y ‘ I2_ ; |3_ -

Figure 8 — Equivalent spans for effective widtlcohcrete flange.

3.2 Classification of steel elements in compression

Due to the occurrence of local buckling, the resise to compression of steel flanges or
webs depends on their slenderness, representdtelyreéadth/thickness ratio (Kemp 1985).
In many Codes of practice (e.g. Eurocode 4-2004o&ade 3-2005) each flange or web in
compression is subdivided in four classes: 1) {@a8) compact, 3) semi-compact, 4) slender.
Class 1 cross sections are those which can fortastigphinge with the rotation capacity
required from plastic analysis without reductiorresistance. Class2 are those sections which
can develop their plastic moment resistance, bué Himited rotation capacity because of
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local buckling. Class 3 are those sections in wiicthe extreme compression fiber of the
steel member, assuming an elastic distributiontresses, the yield strength can be reached,
but local buckling is liable to prevent the devetamt of the plastic moment resistance. Class
4 cross sections are those in which local buckhlmigoccur before the attainment of the yield
stress in one or more parts of the section.

Table 1 — Classification of sections.

Compression parts Class 1 Class 2 Class 3
clt
c
=
t '_If 9¢ 10¢ 14¢
[
)
f a>05 a> 05 ‘//>_1
— 396¢ 456¢ 42¢
e .| 1Ba-1 130 -1 067+ 033y
¢ a<05 a<05 p=-1
- - 36¢ 415¢ 62 1-¢) ¢
fy v a a p

The class of a cross section of a composite beaheisower of the classes of its web
and compression flange, and this class determimeddsign procedures that are available. If
steel flanges are connected to a concrete slabntiagybe considered belonging to the Class
1. The slenderness ratios that define the limitsragiclasses for steel flanges and webs are
reported in Table 1.

The methods for the global analysis and for theyarmsaof cross section allowed are
summarized according to the class of the sectiorable 2. Elastic analysis may be used for
all class sections, but in case of class 1 ori2 dverconservative. The elastic analysis of
sections in class 4 requests either to refer tedaiged yielding strength or to consider an
effective width of the member, so to account faalduckling.

Table 2 — Methods of analysis according to seatlass.

Type of analysis Class 1 Class 2 Class 3 Class |4
Global analysis plastic elastic elastic elastic
Section analysis plastic plastic elastic elastic

4 Ultimate resistance of sections to bending moment

As evidenced in Table 2, the analysis of sectiondass 1 and 2 may be done with reference
to both elastic or plastic analysis, whereas fatisas in the other classes only the elastic
analysis may be used. In case of plastic anallsisvhole of the design load can be assumed
to be resisted by the composite member, whethecdhstruction was propped or unpropped.
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This is because the inelastic behavior that preceffiexural failure allows internal
redistribution of stresses to occur. On the copjrdre resistance to bending of beams with
semi-compact or slender sections (class 3 or gpverned usually by the maximum stress in
the steel section, calculated by elastic analystsount has to be taken of the construction
method (propped, unpropped, prestressing systetm3, ad of the creep and shrinkage.
Actually, for sections with flanges in class 1 oard the web in class 3 it is possible to use
plastic analysis by neglecting a region in the eenf the compressed part of the web, that is
assumed to be ineffective because of buckling.“hbke-in-the-web” method is analogous to
the use of effective widths for the design of stawhpression elements in Class 4.

4.1 Cross sectionsinclass 1or?2

On consider one beam of a composite floor in whieh slab is made with profiled steel
sheeting. In section analysis the presence of toBledl steel sheeting is ignored when the
slab is considered as part of the top flange ofctiraposite beam. The main assumptions in
section analysis are as follow:

» the tensile strength of concrete is neglected;

* plane cross sections of the structural steel aimdoreed concrete parts of a composite
section remain plane;

* rigid-plastic behavior for steel and concrete.

4.1.1 Resistance to sagging bending moment

There are three common situations: neutral axiRimvithe concrete slab, neutral axis within
the steel top flange and partial shear connection.

4.1.1.1 Neutral axis within the concrete slab

Considering the stress blocks shown in Fig. 9bdémethx, assumed to be the position of the
plastic neutral axis, is found by horizontal eduilim:

Ay f 085f
Ner = Y = begr x k|

a Ve

(1)

0.85f.4/7, 0.85¢ . /v
R ck_i ekl
i Rt T
AZ S 1 i
T> 2 .E:_JL

—l Nac Zf_y/’yo

hg : > |- ] NG.P[

0 fy/Ya O

(b) ()

Figure 9 — Resistance to sagging bending of cortgesiction (full shear connection).
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From Eq. (1) on obtain

f
= oty o
085fck beft Va

The moments about the line of action of the forcthe slab is

(x<hg). (2)

f
Mmm=f%lm%+m-§, (3)

wherehy defines the position of the center of area ofdfeel section, with respect to the top
flange of the profile.

4.1.1.2 Neutral axis within the steel element

Considering the stress blocks shown in Fig. 9cfahee N, given by

085f

Ner = Defr he ck (4)

Ve
is now less that the yield force for the steelisaect

Aq Ty
N | = y (5)
ap Va

so the neutral axis is at a deptkh,. The difference between the forces in Egs. (4)(@hds
Nac = Na,pl = Nes - (6)
If

fy
Ngc < 2bg ty O+ (7)

a
the neutral axis lies within the steel top flang&(9c), and is equal to

f
N =2b (x-h)BY = x=laca p (8)
Va 2 fy bf
The plastic moment is
h x—h, +
M pi.Rd = Na, pi mhg+r‘t_7c)_Nac+n- 9)
If the inequality (7) is failed, the neutral axisd within the steel web
f f bs t
Noo = 2brt; B 421, (x—h —t;)BY = x=racFa D0, (10)
Va Va 2fyty ty

The plastic moment may be then simply determined.

4.1.1.3 Partial shear connection

The forceN is the force that the shear connectors betweesdbion of maximum sagging
moment and a free end of the beam or the poinéaf moment in case of continuous beams
have to support (full shear connection). So thenechon has to support a force at least equal
to the minimum obtained through Eq. (1) and Eq. F4:N. If the shear connection is
designed to resist a forée smaller tharF the flexural resistance of the beam is governed
by the resistance of the connection (partial stoesmnection — Eurocode 4-2004). If each
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connector has the same resistance to shear amdithiger in each shear sparNisthen the
degree of shear connection is defined by:

N _Fe (11)
N¢  Fe
whereN; is the number of connectors required for full sreEmnection.

The depth of the compressive stress block in the ¢Fig. 10) is obtained through

horizontal equilibrium

_ Fe Ve <
= < . 12
e (st (12)

The distribution of longitudinal strains in the ssosection is illustrated in Fig. 10b. The
neutral axis in the slab is at a degtlgreater thamx, (x/x,=~0.8+0.9), but for simplicity they
are assumed equal; the consequent error in theatiaal of the plastic moment is negligible.

There is a second neutral axis within the steel bamif it lies within the steel top
flange, the stress blocks are as shown in Figo@owith a smaller resultaiy; instead oN;.

0.85 fei/Ye
7 L A T

Xy Nact 2 fy/ Yq
A — ]
/ L -
Nu.p{ —t— Naw
0 /7 0
(b) (©)

Figure 10 — Resistance to sagging bending of coitgpssction (partial shear connection).

By analogy with equation (8), the neutral axis posiis equal to
(Na, pt =Fc) lya

f

+h, (13)
Va 2 fy bf
and the resisting moment is
+
Mg = Na,p g+ =) =(Ng p ~Fe) “a 0T (14)

If the second neutral axis lies within the steebw:ee stress blocks are as shown in Fig.
10c, and its value is determined through horizoatglilibrium

f f
Na pl —Fc = 2bgty B2 +2t, (xg —hy —tg) 32, (15)
Va a
N -F)I b: t
a=( apl ~Fc)lVa Dby Chy o+t (16)
2fyty, ty,
Provided that
f
Naw = Nj, pl —F¢ = Nact Nact =2bst¢ ERA , (17)

a
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the resisting moment is

X ts Xq t h[ +1¢
IVIRd:Na,pI thg'*'ht)_FC?C_Nacf (ht +7)_NawaT- (18)

In Fig. 11 is plotted the ratiMg4/Mp rs @gainst the degree of shear connectjeR/F
(curve ABC). Whert is zero (no interaction) the resisting momiglt is equal to the plastic
moment of the steel member alolig, rs Provided that the slip capacity of connectors is
limited, the curve of Fig. 11 is not valid for velgw degrees of shear connection (e.g.

FJ/F¢<0.4).

A Mrd ®
1,0 ! R @ E __ I ___ _] ]
E /.Maled
Fc =1 Fes
e
| -] M
® E \;Ma Naj "’
© Fer

______ [] =—

L |
Fe > | E o WMo
Fer Na.pl

Figure 11 — Resisting moment against degree ofr sfoeaection.

Unfortunately, the curve ABC in Fig. 11 cannot lepresented by a simple algebraic
expression, so that in practice it is sometimetoea by the line AC, given by

Mgqy—M
Fc =[ Sd apl,Rd J[Fcf . (19)
M -M
pl,Rd apl,Rd

In design,Msq is known, My re Mapira @aNd Fe; may be easily calculated, so Eq. (19) gives
directly the design forc&, that has to be resisted with shear connectors. rilimeber of
connectors needed may be obtained from the relation

N=N;ESE=—C (20)

wherePrqis the design resistance of one connector.

4.1.2 Resistance to hogging bending moment

As stated above the tensile resistance of the et neglected. In the most common cases
the neutral axis lies within the web of the steednmber. The steel bottom flange is in
compression, and its class is easily found, agdtamt section 3.2. To classify the web, the
position of the plastic neutral axis must be foufilde design in hogging moment regions is
based on the use of full shear connection.

Let A, be the effective area of longitudinal reinforcemeithin the effective widthe of
the slab. The tensile force in this reinforcement i
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FS = , (2 1)

wherefg is its characteristic yield strength.
Without any tensile reinforcement in the slab, bemnding moment is that of the steel
element

£ W,
=F, 2,, (22)

MapI,Rd =
a

whereW, is the plastic section modulugjs the yield strengtlF, is the resultant force of the
stress blocks in compression and tension in caieedteel member along,is the lever arm.
For rolled sections the values\8f, are tabulated, whereas for plate girdereindz, have to
be calculated. To consider the contribution of gt& reinforcement it may be assumed that
the stress in a depy of the web changes from tension to compressiory@x is given by

2f

X ty— = Fs. (23)
a

Provided that (as is usual)

h
Xc S7a—tf. (24)

The depth of web in compression is then

ac=%+xc, (25)

using Table 1 it is possible to define the classhefweb. If the class is 3 or 4, the elastic
analysis has to be used.
The lever arm for the two forc&g (Fig. 12b) is given by

hy Xc
z=—=+hg——, 26

> s ™ (26)
whereh; is the height of the reinforcement above the fater. The moment of resistance is
M hRrd =Mapi,rd T FsZ. (27)

r—* ‘—_.l fx
1] R s

i ] i) F
3 / il 2 2
/ =
Ag 1 F.
He | IEC_:L__ =il
d Zq
t ’ | B i
— ;;T—WL _Ltf - a _}~compression
L’ By *| A nywﬂ/
(a) (b)

Figure 12 — Resistance to hogging bending of coitgesction (full shear connection).
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This procedure is also possible to be used alsadotions with flanges in class 1 or 2
and web in class 3, by neglecting a region in #&er of the compressed part of the web, to
account for local buckling (hole-in-the-web method)

5 Elastic analysis of composite sections to bendingament

As stated in section 4, the resistance of sectimrdass 3 and 4 has to be calculated with
reference to elastic analysis. Moreover the evilnabf stresses in service for all section
classes has to be done according to elastic agalysi

It is assumed first that full shear connectionrisvied, so that the effect of slip can be
neglected. All other assumptions are as for thstielanalysis of reinforced concrete sections
by the method of transformed sections. The algstdiferent because the flexural rigidity of
the steel section alone is much greater than thagioforcing bars. The modular ratio for
short term loading is=E./E., with suffixesa as steel and as concrete.

5.1 Sections in sagging bending

For generality, the considered steel section israsd to be asymmetrical (Fig. 13) with cross
sectional ared,, second moment of arég and center of area distance below the top surface
of the concrete slak, which has overall thickneds and effective widthoe. It is usually
neglected the reinforcement in compression, thereda in tension and the concrete between
the ribs of profiled sheeting, even when the shgetibs are parallel to the steel member. The
neutral axis lies in the slab if the following inegdjty is satisfied

2
1
Aa (29 ~he) < 2 L5 (28
2 n
The neutral axis depth is obtained by equatingitetemoments of area

2

1 X
Zq — X) = =basf —, 29
Aa(zg —x) > Deff — (29)
and the second moment of area, in steel units, by
2
_ 2 X
I =15 +A3(zg —X) +beff§- (30)

If the inequality (28) is not satisfied, the nelizais depth is greater thim

Aq (zg = X) =beft he o :C/Z : (31)

The second moment of area is

beft e | h2 h. \?
I=Ia+Aa(zg—x)2+%[1—cz+(x——cJ ] (32)
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The stresses due to a sagging bending moMeare calculated at the top of the concrete
slab (level 1 in Fig. 13) and at top and bottomtloé steel member (levels 3 and 4,
respectively). The stresses, with tensile stresgipe, are

M x

I =~ (33)
0o =Y, (34
Oas = w_ (35)

In case of unpropped construction at the stresseslated on the composite section, the
stresses acting on the steel member alone, dusrtoveight of the composite beam, have to
be added.

? - 7 “ci
x
Zq _7003
P
6(]‘4- 0

(b)
Figure 13 — Elastic analysis of composite sectiosagging moment.

5.2  Sections in hogging bending

Similarly to sections in sagging bending, the heighof the elastic neutral axis of the
composite section is obtained from the first monwdratrea

Aa(zg =X) = As(x+hs —h), (36)

whereh; is the distance of the reinforcement from the abphe steel profile, as in Fig. 12.
The second moment of area of the composite seistion

| =1q+ A (zg - X% +As (x+hg —y)?. (37)

So the stresses at the extreme fibers of the alierglent are calculated using the Egs. (34) and
(35); the stresses in the reinforcement are cdkdiaith the relation

_M(h -hs-x)

Og |

(38)

In case of unpropped construction, the stresséseirsteel member due to the own weight of
the steel joist and the concrete slab have to Heditb those acting on the composite beam.
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5.3 Effects of shrinkage of concrete

The concrete in a fairly dry environment is expdcte shrink. In a composite beam, the
shrinkage of the slab is restrained by the steehineg, causing a tensile force in the concrete
through shear connectors near the free ends digam. The forces on the shear connectors
act in the opposite direction to those due to tlael$, and so can be neglected in the design.

For the evaluation of section stresses due to l&dgim on consider a portion of the
composite beam of unitary length (Fig. 14). (a)s#yr the portion of beam is assumed
fictitiously fixed at the extremities. Due to thestrained shrinkage of concrete slab, a tensile
force occurs in the support in correspondenceetdntroid of the slab

E
Nsh = EcmAcésh = Ta Acésh, (39)

where &y, is the longitudinal strain due to shrinkage. Tlomarete slab is subjected to a
uniform tensile stress

0¢(a) = Ecmésh- (40)

(b) On remove the fictitious restraints and on gppk axial forceNg, with opposite sign, on
the centroid of the concrete slab. The composigeneht is then subjected to a combined
compression and bending and so the stress valtlee ageneric fiber of the concrete slab
distantx from the top of the section is

Nsh_Msh
nA nl

whereA, | are the area and the second moment of area dbthegenized composite section
with the elastic modulus ratmg z is the position of the centroid of the composéet®n with
respect to the top of the section, and

Mgh = Ngh(ze —hg/2). (42)

The effective stresses are then obtained as therpogition of the stresses obtained in
phase (a) and those obtained in phase (b) (Fig. 14)

Nsh _ Nsh _ Msh

ac(b)=- (ze=%), (41)

o.i(a+bh)= Z 43

ct(@+b) A nA nl % (43)
Ngp Ngn M

O(a+b)=—sh_"Ish _Vsh . _p 44

C,b( ) Ac nA ni (c c) ( )
Ngp M

Tsp(a+h)=-—t-—30 (7, ) (45)

asb(a+b):—%+%(ha+ht—zc). (46)

Actually, the stresses due to shrinkage developlgland so they are reduced by creep
of the concrete. For simplicity, a reduced modwtiglasticity for the concretg, . may be
considered to account for the attenuation effeoviged by creep (see section 5.4); then in
the Egs. (43-46) a greater modular ratio has tosee (e« =[ 1+x(t,to) #(t,to)] n). The value of
X(t,to) in this case can be assumed equal to 0.5 (Eurot@f®4) because the stresseg at
are zero and as they increase the creep coeffidemmeases.
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Figure 14 — Shrinkage effect: (a) tensile stres#sdhe slab due to restrained shrinkage, (b)
stresses in the composite beam due to the ecceotripressiomNs, (a+b) sum of the effects.

5.4  Effects of creep of concrete

As well known, the deformation of concrete elementisjected to permanent loads increases
with time due to creep. So connecting concrete vgitdel, as in composite structures,

considerable stress redistributions between thentaterials occur along the time (Eurocode

2-2004, CEB-FIP 1990). Generally this variation siets in a reduction of stress in the

concrete slab and an increase in the steel eleffAgntls).

Stepl Stdel _ Stelpl
Conlcreté Corlcretp Coneretp Coneretp=t, Concretp Corcretpt=t

Figure 15 — Redistribution of stresses betweer atekconcrete due to creep.

Defining with J(t,t)) the creep function, that represents the deformdtaw with time
due to a unitary stress applied at the insant

J (t,to) - 1+ ¢(t,to) '

C
where ¢(t,ty) is the creep coefficient, and represents the wusqoart of the deformation.
Provided that the stress varies with time, duééoredistribution between materials, and that
the creep function is different per each startingef the relation between deformation and
stress at the generic instams as follow:

(47)
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E(t,tg) = o(tg) I (t,tg) + }J (t,7)da(r). (48)
to

Both deformation and stress are unknown so thatpitodblem requires solving a
Volterra’s integral equation (Eq. 48). In Fig. 16s represented graphically the Eq. (48); the
area defined by the curve and the axis in the bottght of the figure constitutes the
deformation at the instabhbf a phenomenon started at titheThe Eq. (48) may be solved by
numerical integration (general method) or transfognthrough simplifications the
superposition integral in an algebraic form. Thestncommon method is AAEMM (Age
Adjusted Effective Modulus Method), in which theests variatioro(t)- a(ty) is multiplied by
an “average” value of the creep functiof,ty)J(t,%) (Fig. 17), so Eq. (48) becomes

£(t,to) =o(to) I(t,tg) +(a(t) —alto) 1t to) I(t, o) - (49)

The functionut,tp) <1.0 takes into consideration the variation of ttiess with time and
the reduction of the creep function due to ageiingpocrete. A more useful function jgt,to)
<1.0 that is applied on the creep coefficient so(B§) becomes

alto) A+ (1)) , (01) =~ Ilte) A+ X (o) Pt to)) (50)
EC EC
Making some hypotesis on the variation of the stnggh time it is possible to derive
values of the coefficienk(t,to); in most cases may be assumed equal to 0.8. Analifiebraic
method, simpler than AAEMM, is the EMM (Effectiveddulus Method) that assumes no
ageing effect on the creep of concrete, so it assyht)=1.0.

€(t,t0) =
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Figure 16 — Graphical representation of Eq. (48).

‘J(t,to) J(t,to)'L | )J(t.to)

oty o)

Figure 17 — Graphical representation of Eq. (49).

In the simplest way, then, it is possible to coaesithe effects of creep using a reduced
modulus of elasticity (effective modulus) equal to

E

Eceff (t,to) :T&to).

(51)
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So the Eq. (43-46) may be used to calculate thessts due to permanent loads but
considering a modular ratio

Nerr = £2 0+ $(L10))- (52)

6 Serviceability limit states

In the design of structures, besides the checksernimg the bearing capacity, it is necessary
to check if the requests in service are satisfiliese checks concern the values of the
stresses in the materials, the deformation (fldxdeflection) and the cracking of concrete.
For the calculation of stresses in service thetielanalysis of the sections has to be used
considering also the effects of creep and shrinKagetion 5). The values of the calculated
stresses have to be not greater than some limitshware normally: for concrete 0.4&%
under the quasi-permanent loading condition an@ R &inder the rare loading condition, for
steel the vyielding stress. Actually, in Eurocode(2004) no limitations of stresses are
requested for beams if, in ultimate limit state viedification of fatigue is required and no pre-
stressing by tendons and/or by controlled impossfdrchations (e.g. jacking of supports) is
provided.

6.1 Deflection

The correct evaluation of the deflection is of griegportance especially in buildings because
an excessive deflection may cause damage in fragifestructural elements and finishing
parts. For continuous composite beams the cracfngoncrete slab in hogging bending
regions has to be considered.

Applying the principle of virtual works, it is pabte to calculate the maximum
deflection & in one span of a continuous beam, in the hypathefsfull interaction, by the
relation

R :le "(2) B(2dz, (53)
0

where M’(z) is the moment due to a unitary force applied ia #ection of maximum
deflection on a simply supported beam afi@) is the curvature evaluated on the real
structure. The curvature may be assumed equdl()=M/E,l; for short term loading, to
F1e(Z)=M/Eql 1 e fOr long term loading and t&{z)=M/E,l, for the zones subjected to
hogging momentl; is the second moment of area of the compositéoseirt the uncracked
condition of the slabl; ¢ is the same evaluated using the effective modidusoncrete to
account for creep anb} is the second moment of area of the compositaosegtithout
considering the cracked concretz) may be evaluated considering the effect of tension
stiffening through the relationship proposed byrEder reinforced concrete structures
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2 2
s =5 N | 5, Eﬁl—ﬂ(%} ] 54)

wheref is a coefficient that considers the type of logdfh.0 for short term loads, 0.5 for
long term loads or cyclic loads) aMl, is the moment that causes the cracking of the slab
The cracking moment may be determined as

Mg, =nCfg WV, (55)

whereW; is the section modulus of the composite beam &gyative bending moment with
uncracked concrete arfig is the tensile resistance of concrete. In thelathse a numerical
integration of the right term of Eq. (53) is needed

For the evaluation of bending moments along thembazis for the case of continuous
composite beams a different stiffness has to beidered:E,l; for sagging bending zones
(Eal 11 for long term behavior) and,l, for hogging bending zones. The hogging zone may be
assumed equal to 15% of the length of the adjapars.

Where the shear connection is partidl/N<1), the increase in deflection due to
longitudinal slip depends also on the method ofstmction. The total deflectiod is given
approximately (as suggested by Eurocode 4-2004hédyelation

5=5, Eﬁhktﬁl—i] Eﬁﬁ—lﬂ, (56)
Nf 50

where g, is the deflection for the steel beam acting aldhe;parametek is equal to 0.5 for
propped construction and equal to 0.3 for unpropmedtruction.

6.2 Cracking

Another important aspect concerning the behaviaenvice of a continuous composite beam
is the cracking of the concrete slab in hoggingdirgregions. Cracking has to be limited to
a level that does not impair the proper functioniighe structure, its durability or cause its
appearance to be unacceptable. The problem is alabsent in simply supported beams
because the concrete slab is mostly compressedhwtbxception of the external parts where
the shrinkage causes some tensile stresses, whistally do not cause appreciable cracking.

The calculation of the crack width may be donegraéng the difference between the
steel strairg;, and the concrete strafaon the crack distance

i = [ (85 &) 1z 57)
0

The characteristic crack widtli, may be obtained simplifying Eqg. (57) in an algébra
expression considering the average values of stegh &, and concrete straig,, and the
maximum distance between crackgax

Wi = (Esm ~ €em) BBy max- (58)
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The difference of strains may be obtained (Euro@@a804)

f
os—k O ctm Acef 1+n A
~ A Aceff
Esm~— Ecm = : (59)
ES

where g is the tensile stress in the reinforcement comsigecracked the sectiofiyy, is the
average tensile resistance of concré{es the area of the reinforcemeAt,.is the effective
area of the concrete subjected to tension surrogritiie reinforcement; for composite beams
the slab is normally completely subjected to temsgm thatA;cer 2.9.(C+@2). The
parameterr is the number of reinforcement rows,is the concrete coverwp is the bar
diameter. The maximum crack spacing for slabs stdjeto tension and reinforced with
deformed bars is obtained from the relation (Eudec®-2004)

@A eff

St max = 34c + 034 (60)

The maximum allowable crack width varies from O0.inno 0.4 mm in function of the
environmental conditions and the loading combimetim service.

7 Global analysis of continuous beams

The subject of this section is the determinationde$ign values of bending moment and
vertical shear for continuous composite beams chusethe actions specified for both
serviceability and ultimate limit states.

Elastic analysis may be applied for all limit statnd for all classes of cross section.
Rigid-plastic analysis, also known as plastic himgealysis, is applicable only for ultimate
limit states and for compact cross sections (clasiie latter is simpler because the design
moments for one span are in practice independerihefactions on adjacent spans, the
variation along the span of the stiffness of theminer, the sequence and method of
construction, and the effects of temperature aredp and shrinkage of concrete. Nonlinear
analysis may also be applied for both ultimate serdiceability limit states, but this analysis
has to be carried out through sophisticated numlepmcedures (e.g. Kristek & Studnicka
1982, Aribert & Aziz 1986, Salari et al 1998, Gatte 1999).

7.1 Elastic analysis

To carry out elastic global analysis it is necegsarknow the values of flexural stiffne&s$
over the all length of the structure. Per eachssegtion different values & are required:

a) for the steel member alonE,l, for actions applied before the member becomes
composite, where unpropped construction is used;

b) for permanent loading on the composite mentbdr;, for uncracked sections (sagging
bending regions), wherd'; is determined, in ‘steel units’, by the applicatiof
transformed sections using a modular r&iE; . to account for creep of concrete;
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c¢) for variable loading on the composite memligt;, for uncracked sections (sagging
bending regions), whetgis determined, as above, but using a modular Eattg;

d) for all loading on the composite membgyfl,, for cracked sections (hogging bending
regions), wheré;, is determined neglecting the concrete in tensioacked) but including
the reinforcement.

To account for the effects of cracking of concregtehogging moment regions it is
necessary to consider in the analysis a differéffitess in cracked and uncracked sections. It
is not easy to know ‘a priori’ which parts of easpan are cracked; however a common
assumption is that 15% of each span (Fig. 18),cadfato each internal support, is cracked
(e.g. Eurocode 4-2004).

0.15 (1+|2) 0.15 (2+| 3) 0.15 (3+|4)

/r—'.
Zs

Eals

< L 4, 4,

o -

Eal2

Figure 18— Flexural stiffnesses along the beam.

At ultimate limit state, to account also for theelmstic behavior of materials before the
maximum load is reached, a limited moment redistiiim may be applied. In practice also
uncracked analysis is frequently used to calculaemoments at ultimate limit states, and
modifying the results ‘a posteriori’ to considertivahe inelastic behavior that occurs in all
materials and the effects of cracking. In most sodepractice (e.g. Eurocode 4-2004) the
maximum values of moment redistribution that gueganhe respect of rotation compatibility
in correspondence of the continuity supports apoted. These limits are referred both to
cracked and uncracked elastic analysis (Table 8).d9erviceability limit states (stresses,
deflection, crack width) only the cracked elastalgsis has to be used.

The moment redistribution limits reported in TaBlenay vary considerably in case of
using steel for the reinforcement with low ultimateiform strain. Moreover the moment
redistribution limits have to be related also te #erviceability limit states so to guarantee
that the redistribution applied do not causes aessive crack or deflection in the composite
beam. A specific study on this concern may be faan@attesco et al. 2010) and a summary
is presented and discussed in section 8.

Table 3 — Maximum percentage of redistributionlasgc hogging moments.

Class of cross section in

hogging moment region 1 2 3 4
For uncracked analysis 40 30 20 10
For cracked analysis 25 15 10 0




Analysis of composite structures 26

7.2 Rigid-plastic analysis

Rigid-plastic analysis of continuous composite beamay imply even large redistributions of

elastic moments as a consequence of inelasticiowmsatin correspondence of internal

supports. Rotations may be limited either by cmiglaf concrete or buckling of steel, and so
depends on the proportions of the relevant crostoss, as well as on the shape of the
constitutive relationships of the materials. Sa g@me limitations to the use of rigid-plastic

global analysis have to be fixed as (e.g. Euroeb#e04):

a) at each plastic hinge location: lateral restraag to be provided, the effective section has
to be in class 1, the steel component of the gestion has to be symmetrical about the
plane of its web;

b) all effective cross sections in the member haveetin class 1 or 2;

c) adjacent spans have not to differ in length by ntba@ 50% of the shorter span;

d) end spans have not to exceed 115% of the lengtieatdjacent span;

e) the member has not to be susceptible to lateraietoal buckling.

The method of analysis is well known, being widesed for steel-framed structures, so
only an outline is given here. The main assumptaeshe following

1) the collapse of the structure occurs by rotationplafstic hinges at constant bending
moment, all other deformations being neglected;

2) where the bending moment due to actions reachebehding resistance of the member
forms a plastic hinge;

3) the loads increase in proportion until failure asgiso the load may be represented by a
single parameter (load multiplidp).

Apq ya Apq
| A | | . |
[ ] = %l w ]
£ Z VAN
/v l ) I

(a) (b)
Figure 19 — Rigid-plastic global analysis: (a) fixended beam and (b) propped cantilever.

For an assigned collapse mechanism, by equatingdtential energy of the loads, due to a
small movement of the mechanism, with the energgigated in the plastic hinges on obtain
the value of the load multiplier associated to bieam capacity (Gattesco et al. 2010). In
particular for the beam with fixed ends (Fig. 18a}l for the propped cantilever (Fig. 19b) on
obtain
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Agql?
oM p + M = pg E@-¢&) (for proppedcantileves)
, (61)
Agal?
aM , + M, = p: (for fixed —endbeam$

where £ signifies the distance of the cross-section of imax sagging bending moment
from the pinned suppori, is the moment of resistance at midspars the ratio between the
moment of resistance at support and that at midspanthe load. By solving Egs. (61), the
load multipliersd, may be obtained

4M
Ap = I 52 (1+ % +4/1+ aj (for proppedcantileves)
M (62)
Ay =—"P2(1+q) (for fixed —endbeams$
p ql2

8 Redistribution of moments

In continuous steel-concrete composite beams wgeoluilding floors, steel beams and joists
are usually characterized by uniform cross-sectilomg the entire length. In the regions of
hogging bending moment, the full strength capaoitghe composite section can never be
achieved. The concrete slab, being in tension, altyncracks before the vyielding of
reinforcing bars, whereas the steel profile, beimgcompression, may suffer from local
buckling phenomena. The moment capacity of the cmitg cross-section is therefore lower
at the interior supports than in the regions ofg#ag bending moment. Conversely, the
bending moment diagram calculated as a result aflastic analysis is usually higher at the
interior supports than at midspan. To fully exptbié moment capacity of the beam along the
whole length, a significant redistribution of bemgli moment from interior supports to
midspan is therefore needed. Such redistribution @aly take place if sufficient plastic
rotation capacity is available at the support sot@ssatisfy the rotation compatibility
condition.

Several experimental studies were carried out énghst on the evaluation of plastic
rotation capacity of steel sections (Lukey & Adah869, Kemp 1986). Those studies proved
that the main parameters affecting the plastictimtecapacity are: (i) the lateral slenderness
ratio of the flange in hogging moment region; aiiy the width-to-thickness ratio of the
compression flange and web. Further studies (Kenipeker 1991) lead to the definition of
some limits for the width-to-thickness ratio of etdlanges to prevent local buckling in
composite beams. These limits were found on this lodisa critical compressive strain which
was derived from theoretical and experimental gsidh literature (Kemp 1985). Afterwards
such a critical strain was employed to identify threset of local buckling in continuous
composite beams subjected to hogging bending mo(iemip & Nethercot 2001).

Further research (Fabbrocino et al. 1998, Gattds¢dasparotto 2003) on the plastic
rotation capacity of compact composite sectiore lass 1) pointed out that a number of
other parameters such as the shape of the stesslseation, the ductility of reinforcing steel,
the type of restraints, the load distribution ahd tlegree of shear connection should be
investigated since they can significantly affea filastic rotation capacity. Research carried
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out on reinforced concrete structures (Cosenzd. €983, Bigaj-van Vliet & Mayer 1998,
Beeby 1998) pointed out that a significant reduciio plastic rotation capacity takes place
when reinforcing steel with low ductility is usdd.such cases, therefore, a reduced allowable
percentage of moment redistribution can be expected

Besides the compatibility request at ultimate listate (ULS), also the serviceability
requirements (e.g. cracking, deflection) have tosh#éisfied so as to ensure acceptable
performance at serviceability limit state (SLS). meknt redistribution from the interior
support to the midspan causes cracking of the evpma@lab near the support, therefore the
crack width in the concrete slab should be kepbwedn acceptable value when evaluating
the allowable redistribution domain. Creep and rdtage of concrete will increase the
deflection and the crack width in the long-term enthe quasi-permanent load condition, and
therefore need to be considered for the evaluatiadhe permissible moment redistribution.

The outcomes of a broad numerical investigationused on the evaluation of the
permissible redistribution limits in continuous edteoncrete composite beams with low
ductility reinforcing steelg>2.5%, class A according to CEB 1993) are detaite(@Giattesco
et al. 2010). The local buckling phenomena weresitiated by limiting the steel strain in
compression below the critical value suggestedKen{p & Nethercot 2001). Both rotation
compatibility (ULS) and maximum allowable crack widn the short- and long-term (SLS)
were considered in the evaluation of the redistidoulimit. An advanced finite element
model (Gattesco 1999, Fragiacomo et al. 2004),qaaly developed for nonlinear analyses
of steel-concrete composite beams in the shortd@mgiterm, was used. Propped cantilevers
and fixed-end beams subjected to uniformly disteduoad were analyzed, which represent
two-span and multi-span symmetrical continuous lsaraspectively. To generalize the
results, the variation of the geometric paramedefining the cross section was considered,
so as to include most of the cases of technicakest. Different types of beam, load and
connection should also be considered.

8.1 Nonlinear numerical model

The numerical program is based on the use of &efglement with 10 degrees of freedom,
which is made of two parallel Navier-Bernoulli’'sdras, representing the concrete slab and
the steel profile, linked through a nonlinear sgrischematizing the connection (Fig. 20)
(Gattesco 1999, Fragiacomo et al. 2004). Perfentl iw assumed between reinforcement and
concrete slab. In the reality, some local slip téke place in the concrete after the formation
of cracks, but the use of a modified stress-straliationship for reinforcement, as suggested
by the Model Code 90 (CEB 1993), which implicitigkes into consideration the tension
stiffening effect, leads to an acceptable approtiona

The numerical procedure developed by Fragiaconab. €2004) can be used to perform
short- and long-term nonlinear analyses. In slamt analyses, the behavior of all
component materials is modeled through nonlinearstituitive relationships: the equation
proposed by (Ollgard et al 1971) for the connectiystem, an elastoplastic stress-strain
relationship with hardening for the steel profiéend the non-linear stress-strain relationship
proposed in (Mander et al. 1988) for concrete imgession. The collapse occurs when the
maximum compressive strain in the concrete, theimax tensile strain in the steel
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reinforcement, or the critical strain in compressio the steel profile due to local buckling
(Kemp & Nethercot 2001) is attained.

In long-term analyses, the time-dependent phenoroérthe concrete slab, creep and
shrinkage, are taken into account (Fragiacomo .e2@04). Concrete is regarded as linear-
viscoelastic in compression by solving the Volteriategral equation through a step-by-step
procedure.

Rigid link:
Concrete slab Concrete slab a
= | [ . l
GTY i vcl o d\/\ | x
C————
H K(x,s)
G,
Y v ~ .
- Steel beam
—
Steel beam J dx J

Figure 20 — Finite element model.

8.2 Evaluation of the allowable moment redistribution

The elastic analysis with limited moment redisttibn allows the designer to consider the
plastic behavior of the most stressed cross-sectigthout carrying out onerous nonlinear
analyses. Simple closed form solutions can be imetded in an user-friendly spreadsheet
which allows the designer to better exploit theersgith and deformation capacity of all
component materials leading to an optimized desfigsteel-concrete composite beams. The
maximum elastic bending moments, generally at tierior supports, are reduced and the
sagging bending moments at midspan are increaseabs 90 satisfy the equilibrium with
external loads (Fig. 21). The allowable momentseitiution percentage is limited, however,
by the compatibility of the rotations in the crélccross-sections at ULS, and by the
maximum crack width in the concrete slab in thershand long-term at SLS.
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Figure 21 — Redistribution of elastic moments:fi@pped cantilever, (b) fixed-end beam.

8.2.1 Ultimate limit state

The permissible moment redistribution for a contimsi beam at ULS can be calculated as a
function of the maximum load that the beam can etpfGattesco & Cohn 1989). Such a



Analysis of composite structures 30

load depends on the type of collapse mechanismriexged by the structure. The collapse
may occur when the rotation in the most stressesisesection due to a loagh ¢ equal to its
actual rotation capacity (collapse due to “ultimaitation”). Alternatively, the collapse may
occur when the load,gleads to the formation of a number of plastic bmghat make the
structure unstable (section 7.2). The actual celtdpad will be the lesser of these two values.
In the former case, the ultimate loagi gan be determined by carrying out a nonlinear
analysis to failure. The procedure is explainedetail for two different beams subjected to
uniformly distributed loads: a propped cantilewghich represents half the symmetric two-
span continuous beams, and a fixed-end beam, wljksent the inner span of a multi-span
continuous beam.

In the first step, the geometrical and mechanicaperties of the composite beam (steel
profile, concrete slab, slab reinforcement and iskeeanection) are defined in both sagging
and hogging bending moment regions. A numericalyaisof the beam is then carried out
up to the attainment of the collapse conditiorh@itultimate uniform elongation of steel bars
in hogging moment section or critical strain in guession flange for local buckling) using
the numerical program described in Section 8.1sstoevaluate the ultimate load capacity
Jui- The expression proposed in Kemp & Nethercot (200ithe critical compressive strain
& IN the flange of steel profile to account for Ibbackling was used:

2 2
_ L L
Eqp =1330— | +660—| , (63)
by Lp

wheret; andby are the thickness and the breadth of the compredisinge L, is the yielding
length of the flange, which was assumed equal Totifnes the depth of the steel member
(Kemp & Nethercot 2001).
The elastic hogging bending moment at the suportoe calculated using the equation:
- c1u1|2
Mg = T,U
whereA is a coefficient dependent upon the type of regsat the ends of the beam amts
a coefficient dependent to the type of beam. Thie tzetween the flexural stiffness of the
cross-section under sagging and hogging bendinganbis indicated withv and the ratio
between the length of the beam subjected to hodgimgling moment and the lendtbf the
entire beam withx (Fig. 21); then, for the propped cantilever beatm8, «=0.25, i is
obtained from the equation:

, (64)

_1+k° (v -1)(6-8k +3(?)

2 (65)
1+k(v-)3B-3k +«°)
and, for fixed-end beam&=12, <=0.20, i is obtained from the equation:
20, _
_1+ v-DH(@+2«) (66)

1+2«(v -1

Egs. (65), (66) were derived by solving the beassiagithe analytical methods of the
theory of elasticity. The plastic momeMp; in hogging moment regions is evaluated
according to the Eurocode 4 (2004). The reducedginggmoment ;) due to section
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plasticization and moment redistribution is equalthe elastic moment,, in the same
section due to the ultimate loagl, multiplied by the factor (3x), wherey, is the
redistribution factor (Fig. 21). By expressing if.K64)M.; as a function oM, andy,, the
equation becomes:

Mp _agl®
1-vy, A
where the minus sign has been eliminated sinceptastic moment is always assumed
positive. The allowable moment redistribution petege due to the attainment of the
ultimate rotation capacity in the cross-sectionjactied to hogging bending moment can then
be calculated with the equation:

U, (67)

M pl i
> .
Qu1 1= H

Yy =1- (68)

Assigningq,= 4,0, obtained with Egs. (62), and substituting it i9. E68) and beingr the
ratio between plastic moments at support and migsthe maximum moment redistribution
factors for the collapse mechanism become:

2a

1+%+\/1+ aj

Y :1—i1
u max 20+a) p

(for proppedcantileves)

x|+

Yumax =1-
( , (69)

(for fixed —endbeam$

The allowable moment redistribution factorg, have to comply with the condition,

Syu,max

8.2.2  Serviceability limit state

By applying the redistribution factors to the réswf an elastic analysis, as described in the
previous Section, the compatibility of rotation athe limit equilibrium are satisfied. The
structure, however, may still fail the servicedhillimit state verifications (crack width,
deflection) in the short- and long-term. Deflectioan usually be controlled by adopting
adequate span to depth ratios and, if necessanyremambering the steel beam. The control
of crack opening of concrete slab in hogging regioray be omitted if the redistribution of
elastic moments does not exceed a value deterracemding to the following.

From the ultimate loadg,; and gy, the service load may be derived considering the
partial safety factorg, for permanent loads any for live loads, and for material, since
the ultimate loadsq;, qu2) are evaluated using the design values of the riehtgrength.
Assuming, for the sake of simplicity, that the effef the material safety factor is equal,
throughout the beam length, to the ragibetween the characteristic plastic mom€dpt, and
the design plastic momeM,, 4 at the fixed end, and denoting wifhthe live to total load
ratio, the relationship between the service andittimate load is:
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Oser = Qui 1 (Qui =0Qu1 Or Gu2): (70)

Vg
l_
Vg ( Z)+wZ

For serviceability limit states in the short-teritine rare load condition must be
considered, while the quasi-permanent load condhias to be considered in the long-term.
The service load for short- and long-teg, 1 andgser2 respectively, will be calculated using
Eq. (70) with the load combination factge1 for the rare ang= ¢ for the quasi-permanent
load condition. The{ ratio was assumed equal to 1/3 in the parametratyaes, while the
other coefficientgy, ), andys, were assumed equal to 1.35, 1.5 and 0.3, resp8ctiv

The acceptable crack openimg can be calculated as in Section 6.2 (Eq. 58). Tthen
difference of strains&r&nm) corresponding to an assigned permissible craekiog can be
calculated from Eq. (58). The value of the serWiza g, which causes the attainment of this
strain difference can be obtained from the nonlimeglysis. The corresponding ultimate load
gu can be evaluated by inverting Eq. (70) with=q.,. The permissible moment redistribution
Yer €an then be calculated by substituting the lpad Eq. (68).

The allowable moment redistribution to be used hie tlesign of continuous steel-
concrete composite beams is the lesser of the valbiained for ULS and SLS verifications.
Such a value ensures that the beam designed atatdtilimit state using the moment
redistribution approach will not fail the servicddp limit state of maximum crack opening
of the concrete slab under the rare and quasi-pentdoad conditions in the short- and long-
term, respectively.

8.3 Parametric analysis

The domain of allowable moment redistribution wamputed by analyzing a wide range of
steel-concrete composite beams subjected to urifodistributed load. The control of
ultimate and serviceability limit states in the dh@nd long-term was carried out for both
propped cantilever and fixed-end beams. The coimredf beams was designed as a full
shear connection. The mechanical properties ofretecsteel profile and reinforcing bars are
reported in Table 4. Low ductility steel with thaiform elongation at maximum load
€.,=2.5% and class 1 steel sectiongil8) were used in the analysis.

8.3.1 Choice of the geometrical properties of the beams

Some non-dimensional parameters were identifigépoesent the geometrical characteristics
of steel-concrete composite beams (Johnson & Magb)l9These parameters include the

shape of the steel profile and concrete slab, dties between their cross-sectional areas and
their depths, the ratio between the span lengthta@dvhole depth of the composite beam,

and the ratio between the reinforcement and thélgrsteel areas at the hogging moment

sections (Table 5).

Table 4 — Mechanical characteristics of steel foraement and concrete.

Steel properties Reinforcement properties Congraiperties
fsy 275 MPa fy 430 MPa fex 30 MPa
&h 15 % fru 452 MPa Ecm 33.600 MPa
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£ 10.0 % &n 1.0 % o 0.20 %
Es 210.000 | MPa £ 2.5 % . 0.35 %
= 1.820 MPa E, 210.000 | MPa

Table 5 - Range of variation of the nondimensigametrical parameters in the analysis.

Parameter min. value  max. valye ! b, ’

Slab shape factor . be/he 5.80 28.0 :ﬂ ‘ i — A e .
Concrete-steel depth ratio d/h 0.11 0.40 : r r

Steel profile shape factor IJANSZ 0.15 0.19

Steel-concrete area ratio AJA 0.01 0.09 . oo h, f
Reinforcement-steel area ratio  A/As 0.04 0.50

Span-depth ratio L/h 20 1 L

The choice of the beams was done so as to andlekcencrete composite beams with
cross-sections representative of real structuresstMf the commercial rolled steel profiles
such as taper flange beams (IPN), universal bet#Piy @nd wide flange beams (HEB) with
depths B=300, 600 and 900 mm and welded steel profiles dé&pths k600 and 900 mm
were considered. The concrete slab deptlvdis assumed equal to 150, 200 and 250 mm,
while the concrete slab width was related to trendpngth in order to account for the shear-
lag effect. Three values of the concrete slab wiidtthe span were assumed: (i) the effective
width, and (ii) two values obtained by multiplyitige effective width by a reduction factor of
5/6 and 2/3, respectively, so as to include twaesagith smaller spacing between adjacent
steel profiles. The concrete slab width for thet pithe beam over the support was taken as
the lesser between the effective width at the st@oal in the span. The effective width was
calculated in accordance with provisions of Eur@dd(2004). Three values of the ratio
between the steel reinforcement @nd the concrete slab area vWere defined at the fixed
supports, namely £A=0.5%, 1.0%, 1.5%. The same cover of 30 mm fromutyeer fiber of
the concrete slab was considered in all the analyde overall number of 224 beams, for
both propped cantilever and fixed-end beams, web&imed by combining all the
aforementioned geometrical parameters. The randesvadation of non-dimensional
parameters obtained for all possible combinatidrete®| profiles are summarized in Table 5;
the combinations that do not correspond to possiaées were not considered in the analysis
(Gattesco et al. 2010). The span length-depth ddtibe composite beams was assumed 20 in
all analyses as this represents an average valmmonly used in composite floor design.

8.3.2 Outcomes of the analyses

The numerical analyses carried out using the praeegreviously described allowed the
evaluation of the ultimate load capacity that leads to the attainment of the ultimate tensi
strain in the reinforcing steel or the critical qumssive strain in the steel profile for local
buckling. With the same procedure, the service dog¢l; and @, corresponding to the
attainment of a maximum crack opening in the camcstab of 0.3 mm due to the rare and
quasi-permanent load conditions, respectively, veése evaluated. While the load gwas
calculated through a short-term analysis, the lpagwas computed at the end of the service
life by allowing for the time dependent phenometraép and shrinkage) of the concrete slab.
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In all cases analyzed, the collapse loadig| associated to the attainment of either the
elongation at maximum stresg of the reinforcing steel or the critical compressstraings,
in the steel profile in the sections of hogging diag moment, where the maximum rotation
capacity was reached. Even though the section ggisg bending moment inside the span
was only partly plasticized in most of the casealymed, the ultimate load,gcalculated
using plastic analysis was frequently lower thae ttumerical load capacity,q(limited
rotation capacity), mainly in the case of fixed-drehms

The permissible moment redistribution was evaluatéth reference to uncracked
composite sections, where the elastic internakforgere calculated by assuming the concrete
as uncracked in tension.

In Figs. 22a,b the permissible moment redistributitetermined considering ultimate
limit state requirements (rotation compatibilitydalimit equilibrium) is plotted against the
ratio A/A; of the reinforcement to the steel profile areadmpped cantilevers (Fig. 22a) and
for fixed-end beams (Fig. 22b).
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Figure 22 - Permissible moment redistribution atSUtersus the reinforcement ratig/A; for
(a) propped cantilevers and (b) fixed-end beamsifiaracked and cracked elastic analysis.

In the graphs, the limits of permissible momeniseibution suggested by the Eurocode
4 (2004) for class 1 composite sections and thoggested by AISC 360-05 (2005) are also
evidenced. It can be noted that a significant nuralbéhe analyzed beams, particularly those
with both fixed ends, showed values of the allowat#distribution ratio lower than that
suggested by the Eurocode 4, but in any case l#angarthe redistribution limit suggested in
AISC 360-05. The lower moment redistribution alldheain fixed ended beams is due to the
higher plastic rotation demand in hogging sectiovith respect to propped cantilever
(Gattesco & Cohn 1989). In summary, the resultsieagll show that the maximum
redistribution value should be limited to 30%, aggested by AISC 360-05, to avoid the
collapse of critical sections due either to loaatkling or to the rupture of the reinforcement.

In Figs. 23a,b and 24a,b, the permissible momedistrébution evaluated so as to
comply with the serviceability requirement of canttin the short-term of the maximum crack
opening due to the rare load condition is plotteghiast the ratio #A; and A/A.,
respectively. A maximum crack opening of 0.3 mmijchtis a reference value for most of the
codes of practice for reinforced concrete slabs assumed. Figs. 23a, 24a refer to propped
cantilevers, while Figs. 23b, 24b refer to fixedleheams. The moment redistribution
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percentages refer to internal forces calculatechgqusin elastic analysis with uncracked
section. In Figs. 23a,b and 24a,b both the perblessnoment redistribution suggested by the
Eurocode 4 (2004) and that suggested by AISC 36(2065) are also reported. The results
show that limited redistribution values are allowedlow values of the ratio fAs but only
for beams with a reinforcement percentage lowean th@% (Figs. 24a,b).

In order to draw a permissible moment redistributiomain, the moment redistribution value
y=30%, that fulfils the ultimate limit state reg@iments, has to be reduced in the case of
reinforcement ratio AA; less than 1.0 % to satisfy the serviceability fistate of 0.3 mm
crack opening. In particular considering the twavdst limits of permissible moment
redistribution for beams with 0.5% and 1.0% reinénent ratio respectively (Figs. 24a,b),
the following line can be obtained:
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Figure 23 - Permissible moment redistribution atSStersus the AA¢ for (a) propped
cantilevers and (b) fixed-end beams for uncrackastie analysis.
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Figure 24 - Permissible moment redistribution atSSkersus the AA. for (a) propped
cantilevers and (b) fixed-end beams for uncrackastie analysis.



Analysis of composite structures 36

9 Response of bridges to moving loads

Bridges are subjected to very complex loading domaé concerning mainly cyclic loads of
different magnitude. Cyclic loads produce a progiresdamage, more or less pronounced, in
all parts of the structure. Actually the parts the¢ more sensitive to damage are bolted or
welded joints and all parts where stress conceotraiccurs. Among these parts particular
attention has to be paid to the connection betwbenconcrete slab and the steel beam,
because the presence of damage cannot be survéheaimy inspection method.

The loads acting on a bridge are moving commenadlicles with different size and
weight. For fatigue checks, most of codes of pcactuggest to subdivide the variable cyclic
stresses due to moving loads in a certain numbeslaifks of constant amplitude cyclic
stresses according to an assumed cycle countititpee (e.g. rainflow, reservoir, etc.).
Then the damage caused by a block of constant @melstresses is assumed proportional to
the fraction of life used up by the event (ratitvzEen the number of cycles and life to failure
for the event); the total damage is obtained byreation of damage fractions due to each
block of constant amplitude stresses (Miner’'s rule) the procedure the damage varies
linearly with the number of cycles and the conrattiehavior is considered linearly elastic.

Actually, the various types of vehicles crossing liidge produce significantly different
damage levels, which are not varying proportionalith the number of cycles and depend on
the sequence of loading events. Particularly, tbstrheavy vehicles, even though they cross
the bridge only few tenths of times per year, mayse the most part of the damage
accumulated in the connection and moreover theypcavoke the connection failure due to
low-cycle fatigue (Gattesco et al. 1997).

These aspects are not yet a known cause of failurgsrvice, probably because of some
over-conservative points of the design, and becausst composite bridges are still within
the first third of their design life. However it isandatory to develop numerical tools, able to
simulate the actual behavior of composite bridgelegs subjected to cyclic loads, which
allow to preview the actual life to failure for ndwidges and to assess the remaining life for
existing bridges. It is, then, necessary to developumerical procedure able to study the
structural behavior of composite beams subjectaddeing loads and considering the actual
cyclic relationship between the shear load andlipeof the connector.

A numerical tool able to simulate the behavior nfipe-type composite beams subjected
to a particular non frequent fatigue loading models presented in (Gattesco & Pitacco
2004). The procedure aims to determine the oscdlogof the slip, at steel-concrete
interface, of each stud connector and to evallgelamage caused by each slip cycle on the
basis of slip-life fatigue curves.

9.1 Load-slip model for connectors

The constitutive relationships for concrete anctlstge assumed linear elastic, whereas for
the connection a nonlinear load-slip relationskipdansidered. In fact, the stresses in the steel
member are normally below yielding and in the ceterslab are rather limited. On the
contrary the load-slip curve of the connection dimlinear even for very low values of the
shear force and moreover the unloading curve isaydwdifferent to the monotonic one
(Gattesco 1997).
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Figure 25 - Cyclic load-slip relationship of thencectors.

The cyclic load-slip relationship is derived fromnge experimental results (Gattesco &
Rigo 1999) and it is illustrated in Fig. 25. Themotonic curve is described by the function

_Bs
Q=all-e 9 |+y(% (72)

whereQ is the shear forces,is the slip between the concrete slab and thé lsézen and the
coefficientsa, B, yare constants experimentally determined (TabThg unloading curves
refer to a local axis with the origin in point®;(s) where the unloading starts (B in Fig. 25)

71z

Q=QUi-e 4 +S7) with 7, ==t (73)

Sli
wheres;; is the slip, referred to the local axis, correspog to a zero value of the load (point
C) and it depends to the shear load éol[Q,S +C [Q ), 17 has the expression

n=bQ -b, (20,

The coefficientsl (Eq. 73),cy, ¢, andb,, b, have to be experimentally determined (Table
6). The value of coefficiend is obtained by Eq. (73) imposin@; = Q, for z = 1 &} = s}).
The value of the slip at the end of the unload#gvaries with the number of cycles
according to the relationship (Gattesco 1997, Gatt& Giuriani 1996)

H &
sj =sf Eéu p -0 SJ, (74)
25+ (j -1
where p and £ are constants (Table 6) apds the cycle number. At the first cycle the
unloading curve ends at the intersection with thearse monotonic curve (point E); a further
increase of the negative load follows this curvatlie-F). From point F, the reloading curve
has the same expression as Eq. (73) (path F-Gand)it ends at the intersection with the
first branch of the unloading curve of the precgdaycle (point I); an increase of the load
follows this last curve up to point J and then staight line J-K. A further increase beyond
point K follows the monotonic curve. The new unlimagdcurve follows a path similar to the
reloading one with changed sign. If the unloadimghp(B-C-D) stops before point E, the
reloading curve coincides with the unloading oneaupoint J.
Thes j which defines point J is derived from the equation
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_GlE

-3 @ +c5 =0 (c3=%J, (75)
ul

C4, Cs are constantss'y; is the slip corresponding to the beginning of thlwading curve,
referred to the local axis. The increment in Agg at the end of the reloading curve (Fig. 25),
which represents the damage at each cycle (crusticgncrete beneath the stud), may be
determined in this way

: ) -

ps) =2 Eﬁ” _”+yj, (76)
S| i

where v and i are constants. The coefficientgandc, vary with the number of cycles as

follows

. j _ j
_ 1 AS; As:: _C 1
dod{2h-) gy o
Sui Sui C3

Table 6 - Load-slip relationship coefficients fd& fhm stud connector$,£350 MPaf=450
MPa) embedded in concrete with compressive strefpg®0 MPa (Gattesco 1997).

a =82 kN A =090 Cy =23 £=085
B =230 kN/mm|b = 0054kN™'| c5=04 | p=031
y=5kN/mm b, = 134

v = 116010 *mmikN
4= 1700 mmkN

¢, = 92007 mm kN3
¢, = 90010 *mnykN

9.2 Numerical model

The model of the composite beam consists of twodimensional elements, for steel beam
and concrete slab, coupled by lumped springs, e connectors (Fig. 26). The main
assumptions are: 1) linear behavior of the beaoth, imechanically and geometrically; 2) the
elements can slip along the connection without isejoen (i.e. uplifts neglected); 3) nonlinear
behavior of lumped springs.

U

o

Figure 26 - Finite element considered in the nuoa¢rodel.
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The symbol v ¢ )is used for the transverse displacement of theneés, « ¢ for

section rotations,u Z )for the axial displacements ang(z) = w(z) +Vv'(z) for the shear
strain, whereV(z) means the first derivative of with respect taz. A subscriptc or s is
placed on the above symbols to refer them to cemanesteel element. The kinematics of the
problem is described by the six fieltlg(z) , ag(2) ,us(2) ,Ve(2) , ac(2) ,uc(2) .
By assumption (2), the unknown fields are reduaedivie by letting v =V, =V with the
further consequence thaiy — a. = 5 — ). . As expected, and verifiea posteriorj the shear
strains y are more than one order of magnitude smaller tlwgations ¢«.. Hence the
approximation

bg=bc=0 = VYs=Vc =V (78)

may be done, which allows to reduce the numbemé&hawns fields to four. By the above
assumptions the shear slip of the i-th connectulte

S =Uc(z) —us(z) +a(z)h, (79)

whereh is the distance between the centers of gravithetwo beams.

To develop a finite element formulation of the gesb, it is temporarily assumed that
the shear responsg is an external given quantity and that externatderare constant in
time. Then the total mechanical energy is

1L ' 2 2
J(V,w, ug,Uc) =—J[ECACUC + EcAls }d”
29

\ (80)

1 L 2 * * L c
51 (BB’ + GoA + G2 dz-] pwiz- Y Qs
0 0 i=

where p g )s the transverse load, and G, the elastic constants\, J, the area and the
second moment of the area of the sections,éﬁmlhe shear area. Introducing a finite element
mesh of N;; beam elements witlN,, nodes of coordinateszj,j =1...Npno, and four
associated degrees of freedom

d =[ue(2)).us(z)). Wz)). Xzl (81)
the energy functional could be written as

J=%KD[D—FED+QED, (82)

where DOO" is the generalized displacement vectdrthe total number of degrees of
freedom, K is the stiffness matrix formed by assembling theccete and steel beam
elementsF is the external load vector, made by the contidoubf the elements and node
loads, andQ is the load vector formed by the connector contidms. WhileK andF are
standard quantities to forr® requires some further remarks. The connectorplaced at the
nodes of the mesh so that the dipf the connector placed at nogedepends only on the
degrees of freedom of that node by the relatior —b @' whereb =[-110,-h] (see Eq.
79). Called withB' the vector of 0" such thatB' D = -b @' for everyDOON, B'is a
vector with at most 3 components not zero) one gets
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s =B'D, (83)
N, .
Q=2Q8', (84)

and, finally, from the minimization of the totalengy (Eq. 82), the equilibrium equation

KD+Q=F. (85)
Now the static assumption can be removed allowirgexternal forcé to vary with
timet O [0,T] where T is the time a moving load needs to crbssbeam. Furthermore the
connector respons® =Q (p',t) depends on the local shear slip histeryr), r0[0,T],
through a set of local state parametels Neglecting inertia and damping forces, equilibriu
Eq. (85) reads
KD(t) +Q(P,D(t)) =F(1)., (86)
whereP is the complete set of state parameters of theesdors.
The nonlinear set of Egs. (86) are solved by thelifieel Newton Raphson algorithm.
Starting from a uniform discretization of the tin#®main into N time steps of size
AT =T/N, the algorithm consists in the repetition of thidwing procedure, untit, 2T .

Let t, =nAT, D",P" be an estimate oD(t,),P(t,), and X = F(t,.1) - F(t,),
Ip= D", solve iteratively for m=1,2,...,the problem:
1) F=F(tge) = Fltn) |
2) evaluate MS=0Q/aD(MD),
3) solve lmS+ KJSD:mdF ,
4) evaluate M™1p="p + D and ™F =F(t,.,) -K "D -Q(™D),
5) evaluatd"le :‘ m+1d:—mdFH / HldFH and return to step 1 [F*1e > g,

Dn+l

6) update with the last evaluated'D and stop the procedure.

In step 5&; is the required maximum equilibrium error. Theeraf convergence of the
above procedure is slowed-down, if not broken-dow,very frequent changes in the
loading-unloading condition of some connectors,chiifiroduces a strong variation in a few
components of"'S. To overcome this difficulty, a variable time stpategy was introduced
after step 4. Letu be the subset o made by that boolean parameters describing the
loading-unloading state of the connectors. If pag§iom ™D to m*lp jt produces a change
inu, ™D is rejected, and the procedure is repeated, kgdpi@ connector state frozen,
with an increasingly smaller time stéf¥ / a, a =10+100. In Figure 27a, the thick solid line
represents the load-slip path of a connector thssipg from time, (point A) to t.1 (point B)
changes its state from a loading to an unloadimglition.
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(a) (b)
Figure 27 - The variable time step size procedure.

Dotted lines A-D and A-Brepresent the path the Newton Raphson procedutgdwo
follow without the variable step size strategy depieg on the last updated tangent stiffness
™S, In Figure 27b the thick line represents the dgath followed by the variable step size
procedure. After the trial step of Figure 27a hasrbperformed the procedure assumes a
prediction of unloading, freezes the connectorhia bbad state and proceeds with reduced
time steps along the curve A-E until a new unlogdiondition is detected. Then, the system
is reset to the last known load (point),Ethe connector is unfrozen, the tangent stiffness
matrix updated, and the original procedure resdasti¢h the original time step size.

9.3 Fatigue damage

At the end of the structural analysis both the slipl shear force oscillograms of each
connector is obtained. It is then possible to eat&lithe damage occurred in the connectors
due to the cyclic loading pattern considered.

For such a goal it is necessary to adopt one ofrtbnods available for fatigue studies:
stress-life approach, strain-life approach or frectmechanics (Bannantine et al. 1990). The
former, which is considered as common method fogdi@ checks in most codes of practice,
assumes that the endurance depends only on the cdnipe cyclic load and it is simply
needed to compare the acting stress rdx@ewith the resistance randwwg, corresponding
to the number of cycles considered. The resistaange is given by codes of practice for
each detail class (Wohler curves). For stud commgthe fatigue resistance curve is given by

AQg =a NP, (87)

where AQg is the shear force rangh, is the number of cyclef§i=-0.20 anda, for stud
connectors 19 mm diameter, is equal to 413 kN.tBetresistance curve described with Eq.
(87) can be used only for values of the shear fardbe connector not greater than 50% of
the monotonic shear capacity (0.5 (Mainstone & Menzies 1967).

In bridges the live loads are due to vehicles whidhcharacterized by different weights
and axle distances. Some of these vehicles mayeheheavy to cause values of the shear
load in the connection larger than 0.5 &o that a different approach, able to consider th
actual nonlinear behavior of the connection, isleeeto evaluate the damage caused by these
cyclic loadings. The approach proposed in Gatte&cGiuriani (1998) considers fatigue
resistance curves, in terms of maximum slip andmimim to maximum slip ratio, and the slip
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cycles of the connectors are evaluated throughchcayonlinear analysis of the structure, as
described in the preceding section.
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Figure 28 — Maximum slip versus number of cyclesfalure: experimental results of
Gattesco et al. (1997) (symbols) and theoreticalezi(Eq. 88) (solid lines).

The fatigue resistance curve in terms of slip maydpresented in a log-log diagram by
two straight lines with different slope. The formersteeper and concerns the cases when
significant inelastic slip is involved; the latteas a smaller slope and refers to cases when the
connector behavior may be assumed as elastic. fteeséction of the lines represents the
separation between low-cycle and high-cycle fatiffeig. 28). The curves are described by
the expression

4 B
sR—EEN , (88)
where sz is the maximum slipN is the number of cyclesy/(1-<) is the intercept on the
ordinate axis and is the ratio between minimum and maximum slips.

The values of the parameteye Swere determined from the experimental results of
Gattesco et al. (1997), carried out at constantimax slip and with a minimum to
maximum slip ratio equal to 0.5 (Fig. 28). In peutar, for the low-cycle fatigue curye11l
mm and$=-0.33, while for the high-cycle fatigue curye3.3 mm, £=-0.20. Actually the
number of tests considered is rather limited, bubther experimental results are available,
up to now, for low-cycle fatigue; whereas for higycle fatigue similar values were derived
considering also other experimental results avkdldb the literature (e.g. Mainstone &
Menzies 1967).

As stated above, bridges are subjected to complad histories due to the transit of
vehicles of different weight. To account for théigae damage, it is necessary to identify the
cycles with the corresponding maximum slip and mimin to maximum slip ratio. Provided
that numerous cycles with different characteris{&s, Smin/Snay Can be obtained, the total
damage may be determined by summation of the dardageto each block of cycles.
Assuming that the damag®;, due to a block of cycles with same charactesstis
proportional to the ratio between the actual nunmdfezyclesn; and the life to failure\; for
that event (Miner’s rule), the total damage is étma
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This assumption considers that the damage variesady with the number of cycles,
therefore the sequence of the events (occurrenddooks of cycles) do not influence the
level of damage. The collapse for fatigue occursmib~1.

9.4  Analysis of a bridge girder

The numerical procedure was used to simulate thawer of a single span simply supported
composite bridge (40 m) subjected to a particuladeh of moving loads, which represent the
transit of a non frequent very heavy vehicle (abmarvehicle in EN 1991-3, 1998). The
bridge deck carries a three-lane motorway and maswerall width of 11 meters. Two
longitudinal steel girders placed at 5.5 m spadngport a concrete slab, 220 mm depth,
connected to them through 19 mm headed stud. Toes @ection of the bridge girder is
illustrated in Fig. 29. Stud connectors were areahmn nine blocks of equally spaced studs

(Table 7) designed according to the longitudinatashcaused by the loading model 1 (EN
1991-3 1998).

Table 7. Distribution of stud connectors along kphn.

Abscissa [m] Studs per grouq Spacing [mm]
0.00 +4.00 3 200
4.00 +10.00 3 250
10.00 +13.50 2 250
13.50 +16.50 2 300
16.50 +20.00 2 350
0,'2,5 10.50 O|215
022 | ]
540x25 mm
2210x12 mm
2.30 E—
670x65 mm
T 275 5.50 — 275

Figure 29 - Cross section of the bridge girder.
| Fatigue model 1 plus a heavy vehicle 3600 kN |
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Figure 30. Moving load pattern: fatigue loadingdeabl plus a heavy vehicle 3600 kN.

The numerical simulations consider a combinatiorfadigue loading model 1 and a
heavy abnormal vehicle weighting 3600 kN. In pai@c it consists of a vehicle with 15 axles
equally spaced (1.50 m), weighting 240 kN eachfrdmt of and behind such a vehicle, an
unloaded zone of 25 m is considered; outside e zhe fatigue loading model 1 is added,
as shown in Fig. 30. This type of loading was coesd with the main purpose to assess the
effect on the shear connection of the occurrencgewéral very severe loading events on the
structure.

The numerical simulation shows that significanp slalues are obtained at the interface
and the range of the shear force in all connedsatather large; moreover the maximum shear
force is greater than 50% of the stud capacityzitn 31a,b are plotted the oscillograms of the
slip near to mid-span (23.15 m far from left sugpand close to the right support (40.00 m),
respectively, caused by the transit of the loadilugk illustrated in the top-right window of
the figures (40 np;, 2 P;, 25 m unloaded, 15 axles 240 kN). The abscissarayiresents the
distance of the loading block from left suppot}. (The corresponding oscillograms of the
shear force are plotted in Fig. 32a,b. Two majarley occur, at each transit of the loading
block, in the connectors near the midspan (Fig, 32a).

The numerical simulation considers 1000 transitghef loading model (Fig. 30). As
evidenced in Fig. 32, this moving load causes, @stnconnectors of the beam, a shear force
larger than 50% of the monotonic shear capacitthefstuds, so that the evaluation of the
damage due to fatigue needs to follow the stréndpproach. The oscillograms of the slip,
evaluated considering the actual cyclic behaviothef connectors, are available from the
numerical simulation (Fig. 31). The number and ahteristics of each single cycle are
determined using the rainflow cycle counting teqguei. Actually almost all cycles are
different one another, however, in order to evidetiwir characteristics they are grouped in
discrete arrays considering five classes for marinslip and each class has five sub-classes
for different values of the slip range. In Tablett& blocks of cycles belonging to a
combination of maximum slip class and slip range-class are summarized, for a stud
connector near to mid-span (23.15 m). The dimensfamaximum slip class and slip range
sub-class are 0.075 mm and 0.11, respectively. Eaokit of the loading model causes two
main cycles of different maximum slip and slip rango that a number of cycles close to the
number of transits is present in two cells of Tahlén Table 9 the percentage of total damage
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due to each combination of maximum slip and sligeaclasses is reported. It is evident that
most of the damage is due to cycles with the highakimum slip $,,,=0.42+0.495 mm,

Smin/Sma=-0.23+-0.12).
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Figure 31 - Oscillograms of the slip: a) near ta+span (23.15 m); b) close to support (40.00
m).

Using Eq. (88) the life to failure correspondingetach cycle is calculated; the inverse of
this number represents the fraction of damage calbg®ne cycle. The total damage caused
by the transit of 1000 times the load configuratioh Fig. 30 is obtained through the
summation of the damage of each single cycle. €hel lof damage occurred in a connector
near the mid-span (23.15 m) after 1000 transitshef loading model is equal to 16.1%
(D=0.161), the damage accumulated in a connectdnirdt$pan (13.80 m) is equal to 7.54%
(D=0.0754), while the damage in a connector cloghdgsupport (40.00 m) is equal to 2.5%.

These results evidence that the connectors closgdepan may reach the collapse for
fatigue after several thousands of transits olahding model considered.

The results show that, except for the first cytilmjted variations of the slip and the
shear force at the increase of the number of cymtesr. Actually, a progressive increase of
the slip has to be awaited due to the stud stiffndscrement with the damage of the
connector shank. The cyclic load-slip relationgifiphe stud do not include such a damage.
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Figure 32 - Oscillograms of stud shear force: arre mid-span (23.15 m); b) close to right

support (40.00 m).

Table 8 - Number of cycles per each class for aeotor near to mid-span (23.15 m), due to
1000 transits of the loading model

Maximum slip class Slip range clas¢(class dim. 0.1t

(class dim. 0.075 mm) -0.39 -0.28 | -0.17| -0.07 0.04
0.160 mn 0 0 0 0 1
0.235 mn 2 1 0 0 0
0.310 mm 0 1 1 17 0
0.385 mn 0 0 1 17 961
0.460 mn 0 4 991 0 0

Table 9 - Percentage of total damage due to thekldbcycles of each class for a connector
near to mid-span (23.15 m), for 1000 transits efldading model

Maximum slip class Slip range clas¢(class dim. 0.1t

(class dim. 0.075 mm) -0.39 -0.28 | -0.17| -0.07 0.04
0.160 mn 0.0C 0.0C 0.0C 0.0C 0.0C
0.235 mm 0.01 0.00 0.00 0.0( 0.0
0.310 mn 0.0C 0.0z 0.01 0.1: 0.0cC
0.385 mn 0.0cC 0.0C 0.0¢ 0.37 | 1237
0.460 mm 0.00 0.45 86.59 0.00 0.0
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10 Concluding remaks

The main aspects that have to be considered irahéysis of the behavior of composite
constructions are evidenced and discussed. Incpéatj the attention is devoted to
continuous composite beams evidencing and facimigth all the peculiarities that influence
the structural behavior both at ultimate and atiseability limit state level.

An equivalent width of the slab has to be used valuate correctly the maximum
stresses in the concrete because of the shear flagt. eMoreover steel elements in
compression may buckle locally so in the structaralysis this occurrence has to be taken
into consideration. To simplify this problem a siviglon of the sections in 4 classes is done.

The expressions of the resistance of sections, botbagging and hogging moment
regions, are presented for the cases when theigpksalysis is possible (class 1 and 2),
considering also the influence of a partial sheamnection on the resistance of sections
subjected to positive bending moment.

For serviceability limit states in all sections dod ultimate limit states in class 3 and 4
sections the elastic analysis has to be adoptethelse cases both the construction method
and the time-dependent effects (creep and shrinkegeto be considered. In the first case the
superposition of the effects related to the diffénghases need to be considered; in the latter
the evaluation of creep and shrinkage effects nede done.

Besides the calculation of stresses in serviceynass great importance the correct
evaluation of the deflection and the crack openkhgy. the calculation of the deflection in
continuous beams the procedure has to accounhéocantribution of tension stiffening of
the concrete in tension among two consecutive stabloreover, in case of partial shear
connection, the deflection has to be corrected wadiog for the slip at steel concrete
interface. For evaluating the crack opening, tracedure of reinforced concrete members is
used (Eurocode 2-2004).

The global analysis of the structure may be cardedby using linear elastic analysis,
rigid-plastic analysis or nonlinear analysis. Thenments calculated for ultimate limit states
through linear elastic analysis are normally reitisted to account for the inelastic behavior
of materials and the cracking of concrete in hoggmoment regions. The permissible
redistribution values are limited by the ultimat#ation of sections, which are obtained by
crushing of concrete in compression, by bucklingtekl parts of the steel member or by the
attainment of the ultimate uniform strain in thenfercement.

A broad numerical study permitted to determine anaim of permissible moment
redistribution for sections in class 1 taking istnsideration both the rotation compatibility
(ULS) and the maximum allowable crack opening (SL&)wide range of sections was
considered and two static schemes: propped castiland fixed-end beam. The results
evidenced that a moment redistribution percentdd@®, which is the value suggested by
the AISC 360-05, can be used when the reinforcerpententage AA. is greater than
0.875%. Otherwise, a linear relation with zero s&ibution, for A/A:=0.5%, and 30%, for
A/A=0.875%, should be employed to limit the concreaeking (w<0.3 mm).

It is also presented a numerical procedure ab&ntoilate the actual behavior of bridge
type composite girders subjected to moving loadsel on a special finite element made by
two unidimensional elements connected at the epd®/® nonlinear springs, which simulate
stud connectors.
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The fatigue analysis of the connection under thetreevere moving loads can be carried
out using the strain-life approach, in order tocant for significant nonlinear deformations
of the connectors. The numerical procedure allowsluating correctly the actual slip
oscillograms of the connectors per each transihefloading model considered. From the
oscillograms the number and characteristics ofesyere derived by means of the rainflow
technique. In the hypothesis of damage varyingalityewith the number of cycles (Miner’s
rule) and considering the slip-life curve proposeGattesco and Giuriani (1998), the fatigue
damage caused by an assigned sequence of loada®gswan be calculated.

The numerical simulation of the behavior of a siyglipported bridge composite girder
with a 40 m span subjected to a severe cyclic fmpdatigue model 1 of ENV 1991-3 (1998)
and heavy abnormal 15 axles vehicle (3600 kN), @gased out. The results show that both
slip and shear force are large enough to causesilgp® stud collapse after a few thousands of
cycles. In fact the damage accumulated, after 1@0Bits of the loading model considered, is
16% in the studs near the mid-span.

Further experimental fatigue tests on stud conmedietween two fixed values of the
slip need to be carried out so to confirm the vglidf the slip-life curve proposed for low-
cycle fatigue. Moreover different sequences of a@cttommercial vehicles need to be
considered so to evaluate the response of thegteun a true loading history.
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Research associatelnstitute of Theoretical and Applied Mechanicstioé University of Udine,
involved in research on concrete structures unlderdirection of prof. Giandomenico Toniolo
(full professor of Structural Design).

Oct. 1983 - Sept. 1984
Research fellow Institute of Theoretical and Applied Mechanicstbé University of Udine —
involved in research on the nonlinear behaviorafarete structures under the direction of prof.
Giandomenico Toniolo.

Oct. 1983
Award; won a one year fellowship offered by the IndadtAssociation of the Province of Udine;

spent in carrying out research at the InstituteTbEoretical and Applied Mechanics of the
University of Udine.

Jul. 1983 — up to now

Consulting _engineer besides the academic activity various structdesigns of concrete and
steel buildings, or special constructions, wereiedrout as self-governing professional engineer.
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Scientific Associations Memberships:

1986-present Member of the Association for the IndustrializatwiBuildings CTE, Italy.

2006-present Member of the National Association for Earthquak®giBeering ANIDIS, Italy.

2005-present Member of the Structural Timber Committee of thadiéin Council of Research CNR.

Research activity :

The main fields of research are the following:

Theoretical and numerical modeling of structurdidegor
Structural analysis

Nonlinear analysis of structures (concrete, conippsic.)
Fatigue in steel concrete composite bridges
Time-dependent behavior of concrete structures
Testing methods in civil engineering

Monitoring of structures

Diagnostics of structures.

Mechanical joints in timber structures.

Strengthening of ancient wooden floors.
Rehabilitation techniques for existing masonry cutes
Durability of concrete structures

Earthquake engineering

Seismic vulnerability of existing constructions

The research is normally carried out with the psgp®f understanding the local or global
structural behavior through specific experimentaveistigations, which allowed setting up
numerical and/or analytical models able to simulh&eactual behavior.

Specifically in the research activity the followipgojects may be evidenced:

1.
2.

steel-concrete composite structures: cyclic loadslinear behavior, diagnostics;
strengthening and stiffening of wooden floors arasanry walls to improve the resistance
of ancient masonry buildings to earthquakes;

experimental and numerical investigation on theav@r of mechanical joints in glued
laminated timber structures;

nonlinear analysis of concrete structures concgriioth normal and high performance
concrete;

effects of creep on the behavior of concrete stinest

Research projects granted by Public Institutions

The applicant partecipated in the following reshgymojects either as coordinator or as member ef th
research group.

“Innovative techniques and numerical models for design of reinforced and prestressed
concrete structures”. Coordinated by Prof. Pierr@m Malerba. Project financed by the
Italian Ministry of University and Research (MIUR)1995.

“Resisting mechanisms, cracking, damage and camos NSC and HSC structures”.
Coordinated by Prof. Pier Giorgio Malerba. Projéicanced by the Italian Ministry of
University and Research (MIUR) — 1996.



54

“HSC Benefits on durability behavior of reinforcadd prestressed concrete elements made
with high strength concrete”. Coordinated by PRier Giorgio Malerba. Project financed by
the Italian Ministry of University and Research (BR) — 1997.

“Providing new didactic tools to teach structurablysis according to the new university
schedules”. Coordinated by Prof. Pier Giorgio Miad¢erFinanced by the Friuli Venezia Giulia
Region, Italy — 2000.

“Durability and reliability analyses on reinforceed prestressed concrete structures with or
without damage”. Coordinated by Prof. Pier Giorpalerba/Prof. Gaetano Russo. Project
financed by the Italian Ministry of University aftesearch (MIUR) — 2000.

“Innovative connection techniques for timber mensb@xperimental investigation to define
connection characterized by effectiveness even gyitiic loads, easyness to apply and good
esthetic aspect”. Coordinated by the applicantaf@ed by the Friuli Venezia Giulia Region,
the firm Stratex S.p.A., Sutrio, Udine and the gmtise Plus s.r.l., Cassacco, Udine — 2002.
“Inverse problems in structural diagnostics: gehaspects and applications”. Coordinated by
Prof. Antonino Morassi. Project financed by thdidtia Ministry of University and Research
(MIUR) — 2003.

“Assessment and reduction of the seismic vulneitghiff masonry buildings”. Coordinated
locally by the applicant. National coordinators fPraSergio Lagomarsino and Guido
Magenes. Financed by the European Community andN#imnal Department of the Civil
Protection — 2005-2007 RELUIS.

“Study of high reversibility techniques for strehgning and stiffening of wooden floors of
ancient buildings”. Involved five Italian Universs: Bologna, Napoli I, Napoli Il, Trento,
Trieste. The Unit of Trieste was coordinated by dpplicant. Project financed by the Italian
Ministry of University and Research (MIUR) — 2006.

“Analysis of the seismic scenarios concerning thiicational buildings aimed to the
definition of an intervention priority so to redudbe seismic risk”. Structural group
coordinated by the applicant. Involved in the peoje Universities of Trieste, Udine and the
Experimental Geophisic Observatory of Trieste (OGSP008-2010. (ASSESS Project),
financed by the Friuli Venezia Giulia Italian Regio

“Study of new intervention techniques to improvee theismic resistance of the ancient
buildings of the Province of Trieste by using inative materials”. Coordinated by Prof.
Claudio Amadio. Financed by the Province of Tries@009-2010.

“Assessment of the seismic vulnerability of masoboyldings, historical centers, cultural
heritage”. Coordinated locally by the applicant. tiNmal coordinators Proff. Sergio
Lagomarsino, Claudio Modena and Guido Magenes.rieé by the European Community
and the National Department of the Civil ProtectioR010-2012 RELUIS.

“Innovation in codes and technology concerning re@isengineering. Timber structures.”.
Coordinated locally by the applicant. National ainator Prof. Paolo Zanon. Financed by
the European Community and the National Departroéhe Civil Protection — 2010-2012
RELUIS.

Requests of financing research projects proposals ublic Institutions in progress.

The financing of the following project proposalsre/eequested to public institutions:

“Compatible Materials and Techniques for Protegtiiistorical Masonry Bridges

MATEMA”. Seventh Framework Program Proposal by fieiversities (Imperial College

London UK, CTU Prague CZ, Salerno IT, Trieste ITeBen D), two research centers (ZAG
Ljubliana SLO, EMPA Zurich CH), six enterprises fFéNet Udine IT, Maurer Soehne
Engineering D, Boviar S.rl. IT, SM7 a.s. CZ, S&Plee@r Reinforcement CH,

MaterialTeknic am bau CH). The project leader foe tUnit of Trieste is the Applicant.

(November 2010).
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“Strategies for the assessment and reduction sfrseirisk of existing reinforced concrete
buildings in the Friuli Venezia Giulia and Goriskeegions through innovative techniques -
VALRICA". INTERREG European Project for Italy andoSenia. Involves four Institutions:
Universities of Trieste and Udine (Italy), ZAG Natial Research Institution Ljubljana and
RRA Regional Research Agency Nova Gorica (Sloveriiag lead partner is the University
of Trieste and the team manager is the Applicaray([2011).

International cooperations

Prof. Miha Z. Cohn, University of Waterloo, Ontgridanada. Cooperation in research on the
moment redistribution on reinforced concrete framEs months visiting professor at the
University of Waterloo (1989-1990).

Prof. R.P. Johnson, University of Warwick, CoventtdK. Cooperation in research on the
cyclic behavior of steel-concrete composite stmegu Two months visisting scholar at the
University of Warwick (1992).

Prof. Miha Tomazevic, ZAG Ljubljana, SLO. Membertbe Lecturers Board of the Master
Program in Earthquake Engineering of the Universityrieste.

Prof. Miha Tomazevic and Dr. Marjana Lutman, ZAGulljana, SLO. Cooperation in a
pending across border lItaly-Slovenia research ptajealing with the development of new
strategies to assess the structural vulnerabifignaient masonry buildings located in seismic
prone areas and to reduce the seismic risk - VAIRIC

Prof. Vladimir Kristek, Prof. Alena Kohoutkova, DiLukas Vrablik, Czech Technical
University of Prague, CZ. Cooperation in a pendikig7 EU Research Project proposal
dealing with “Compatible Materials and TechniquesProtecting Historical Masonry Bridges
— MATEMA”". In 2007 it was signed a research agremimbetween the Department of
Concrete and Masonry Structures of the CTU Pragud the Department of Civil and
Environmental Engineering of the University of Tte. Moreover, Prof. Kristek was invited
to take short courses and seminars at the Facuipgineering at the University of Trieste.
Prof. Bassam Izzuddin, Dr. Macorini, Imperial CgieLondon, UK. Cooperation in a pending
FP7 EU Research Project proposal dealing with “Catibfe Materials and Techniques for
Protecting Historical Masonry Bridges — MATEMA”.

Prof. Lucio Colombi Ciacchi, University of BremeD, Cooperation in a pending FP7 EU
Research Project proposal dealing with “CompatN&erials and Techniques for Protecting
Historical Masonry Bridges — MATEMA”.

Industrial partners supporting research projects

Stratex S.p.a., via Peschiera, 3/5, Sutrio, Uditady — Industry of Glued Laminated Timber

Structures — Financed various research projectscitmstudy the behavior of joints in timber
structures. (Research projects 2002-2004, 2010-Zibhced by Stratex and the Region
Friuli Venezia-Giulia).

Euroholz s.r.l., via Divisione Julia, Villa Santinddine, Italy — Industry of Glued Laminated

Timber Structures — Financed various research piogmed to study the behavior of joints
in timber structures.

Plus S.r.l., viale Udine, 8, Cassacco, Udine, Italuilding enterprise of timber dwellings —

(Research project 2002-2004 financed by Plus aadRétgion Friuli Venezia-Giulia aimed to

study the behavior of wooden panels when subjdactetiear).

Cimolai Costruzioni Metalliche, viale Venezia, Pentbne, Italy — Industry of Steel Structures
— Partly financed research on steel-concrete stwarection.

Precast S.p.a., via Martiri della Liberta, 12, Sgidmo, Udine. — Agreement for a study
concerning the non-destructive testing techniqoesdncrete structures (2006).
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* Spav Prefabbricati S.p.a., via Spilimbergo, 231, rtidaacco, Udine, Italy — Industry of
Prefabricated Concrete Structures — Financed amasgroject on the study of multistorey
buildings subjected to earthquake (2006-2008).

» Fibre Net s.r.l., via Zanussi, 311, Udine, Italyndustry of Glass Fibre Polymeric Products —
Financed a research project aimed to study thetefémess of a strengthening technique for
existing masonry walls by using GFRP meshes (20id8progress).

» MEP S.p.a., via Leonardo Da Vinci, 20, Reana dehRoUdine, Italy — Industry producing
electronic wire bending machines — It is in progras agreement for studying an adequate
shape for stirrups in reinforced concrete elemémas can optimize the time of production
and installation.

Teaching and student training activity

* Involved in teaching in the field of structural émgering at the University of Udine,
Italy, (1984-2002) and at the University of Triedtaly (1999-present). In particular
the teaching activity concerned the courses ofc8iral Design, Theory of Steel
Structures, Computational Mechanics, Structural h@dics, Structural Analysis,
Timber and Masonry Structures, Structural Behawfokncient Buildings.

» Lectures on specialistic topics (seismic vulneigbibf buildings, strengthening
techniques, structural behavior of reinforced cetettanks) in the two Master and
two PhD programs of the University of Trieste, ytal

» Lectures to specialistic topics of the structuragieeering for Advanced Professional
Training at The International Center of Mechanigalences (CISM), Udine, Italy or
for Professional Engineer Associations in Italy.

e Supervisor of 38 Laurea Theses, for the degreeiaf Engineer, and 21 Laurea
Theses, for the degree of Architecture.

e Supervisor of 10 Master Theses and 2 PhD Theses.

Consulting activity, technical or architectural redizations

In the consulting activity many structural analysesl design on special constructions and many
assessments of the seismic vulnerability of impdr@ncient masonry buildings were carried out.
Various technical advices were given for the strening procedure of both masonry and reinforced
concrete structures. Five technical advices warengfor the Court of Justice and six expert opiisio
concerning structural problems of buildings weneegiin justice procedures.

Publications

13 papers in International Journal with “Impact &t 4 papers in International Journal with “rewie
board”, 10 papers in Italian Journals or sciensicies with “review board”, 1 book, 9 parts of ko

28 papers in the proceedings of International Qemiges, 42 papers in the proceedings of Italian
Conferences, 10 scientific reports, 18 reportspeclistic courses, 11 reports to technical stjdi®
reports of seminars. 105 international citationsnain papers, h-index 4.



