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Abstract

Aluminium-concrete composite structures are a ikadt new civil engineering solution and
are still being developed. They were first usetindges, but today they could also have new
applications in buildings. Most of the investigaoperformed on these structures to date
have focused on systems in which solid slabs amddemountable shear connectors were
used. The present dissertation discusses a nonglazite beam, in which a concrete slab is
poured into steel sheeting and connected with amiaium beam using demountable shear
connectors. A notable benefit of using the profideeting is that it acts both as a stay-in-
place formwork and a structural member which masjstetension. In this research special
attention was paid to the development of a demdlmtahear connector which makes it
possible to separate the aluminium beam from tmerete slab once the design life of the
structure is over. After disassembly, the matenads be reused or recycled.

The experimental work consisted of three main gsoop tests: materials tests, shear
connection tests and bending tests, and was fotldwetheoretical and numerical analyses.
The slip moduliky4 and kos, and the load-carrying capacity of the connectivere
determined experimentally. Furthermore, the shartbehaviour, load carrying-capacity,
mode of failure, load-deflection and load-slip @sge of the aluminium-concrete composite
beams with profiled sheeting and demountable shmmwnectors were investigated.
Furthermore, the author proposed a method for Elong the load-carrying capacity of such
beams, based on the calculation procedure for-stemrete composite elements. The results
of the experimental tests show that it is possibleensure composite action between an
aluminium beam and a concrete slab using develgtezhr connectors. The clearance
between the bolt and the hole made it easier tallldemountable shear connectors through
the holes in the aluminium beam flange. Howevenad a negative impact on the stiffness of
the connection. The results from the analyticainestions were compared with the results
from the laboratory tests. The calculated bendiagtpe resistance of the aluminium-concrete
composite beam with partial shear connection w&b limes higher than the bending
resistance from the tests.

In addition, non-linear 3D finite element (FE) mtxdef the tested composite beam and the
shear connection were developed and verified agaims experimental results. The
comparison of the numerical and experimental resdémonstrated that the adopted 3D
models adequately captured the responses of timeiralum-concrete composite beams and
joints.
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Chapter 1

I ntroduction

1.1. The motivation behind the work

Sustainable construction is a trend in modern dethignks to which new or little-known
solutions are developed. Designers should focuseduncing the consumption of natural
resources and on durability of buildings (Szumig&aeszut and Polus 2017). What is more,
structures should be designed, built and demolishead way ensuring a sustainable use of
natural sources (European Council, European Pahar2011). The materials should be
reusable or recyclable after demolition. The cohaedpcircular economy is important for
sustainable development (Ashby, Balas and Corab2®oreover, buildings should generate
the lowest possible costs during the entire lifel€pf the structure (Bonenberg and Kagki
2017). Both the durability of the new solutions g&czyiski, Ksit and Dyzman 2012) and
their energy efficiencySzczechowiak 2007Bromberek 2014) are essential for sustainable
construction. Buildings which can be used for 5@rgeare more economical than buildings
which require repairs (Brandt 2008). Furthermohe, ltfe cycle of a building should be taken
into account at the design stage. For these reabording materials engineering provides
innovative solutions for the construction of buids (Czarnecki et al. 2017). Sustainable
construction is open to new solutions which carphrelduce C® emissions. In composite
structures each component may be used efficieAtigomposite element consists of two or
more construction elements which are permanenilyeg (Jankowiak, Kkol and Madaj
2005) (Wroblewski, Bercayski and Abramowicz 2013). Composite structures domg
steel and timber (Hassanieh, Valipour and Bradf2®d6a, b), timber and glass (Rodacki
2017), timber and concrete (Lukaszewska 2009),dmamd timber (Bedon and Fragiacomo
2019), aluminium and timber (Chyiski and Polus 2019), and aluminium and concrete
(Polus and Szumigata 2019a) are relatively newcsiras. In this dissertation the author
presents an investigation of little-know composg®&uctures, i.e., aluminium-concrete
composite beams.

Aluminium-concrete composite elements are one ef mdlatively unknown solutions.
They may provide an alternative to steel-concreteposite structures (Szumigata and Polus
2015). However, the question is: do they meet ¢aggirements of sustainable construction?

Aluminium is the most common metal and the thirdstrebbundant element in the Earth’s
crust, making up 8.1% of the planet’'s mass (see Eij (Siwowski 2005). However, pure
aluminium does not occur naturally. Aluminium atofosm compounds with other metals.
For this reason, the process of aluminium prodactsocomplex and energy intensive. The
production of 1 tonne of aluminium requires abotOD0 kWh of electricity (Claisse 2016).
The aluminium production process consists of thgeBand the Hall-Héroult processes. The
Bayer process is used to extract the alumina (alwmi(lll) oxide, ALO3) from the bauxite
ore at an alumina refinery.
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Figure 1.1. Elements in the Earth’s crust

In the Hall-Héroult process, aluminium is extractad the electrolytic reduction of the
alumina dissolved in molten cryolite (Strkaljet, cRaovi and Malina 2010). The process
happens at 940-980°C. Aluminium has a much high#oglied energy (the total energy used
in the processes of obtaining a given materialjh tsiel (Broniewicz 2008). What is more,
the aluminium production process is detrimentalhbmt the environment and the human
health. The first aluminium smelters generatedrgelamount of fluorine, e.g., the fluorine
emissions factor in the aluminium smelter in Skawiwas 42.52 kg / Mg Al in 1980
(Wtodarczyk 1987). Too high concentrations of finerin water cause fluorosis. It decays
teeth and bones, and leads to mental disordersallinginium smelter in Skawina was shut
down in 1981, because of the high gas and dustsemnis and the storage of waste in sand
pits (Rajpolt and Tomaszewska 2011). What is more4 October 2010 one million cubic
metres of red mud (a waste product of the Bayecqu®) were released after the collapse of
the dam at the caustic waste reservoir in Ajka (délia 2015). It was an industrial disaster.

Despite the fact that the aluminium production psscis energy intensive and may be
a threat to the environment and human health, a@iwmi is a material which meets the
criteria of suitable construction. First of all, ntay be reused or recycled. The embodied
energy savings may be as high as 95%, becauselegcgtuminium does not require
electrolysis. What is more, aluminium smelters mase clean energy produced in
hydroelectric power plants which do not pollute 8mvironment. For this reason, aluminium
has the potential of being an environmentally fligrigreen” metal (Viami International Inc.
and The Technology Strategies Group 2013). Furtbexnthe aluminium smelter in Konin
reduced fluorine emissions thanks to the introducegrovements (Ptoszewski 1998).
Nowadays, fluorides from modern smelters are almosipletely recycled and reused in the
electrolysis.

Furthermore, aluminium-concrete composite elemargsa durable solution. Aluminium
alloys are corrosion-resistant thanks to a thinfaser layer of aluminium oxide. An
aluminium-composite beam contains an aluminiumegird concrete slab and steel sheeting,
connectors and reinforcement. Steel sheeting andembors should be galvanised to improve
their durability. Galvanisation also limits contasdrrosion between the aluminium and the
steel elements. Thanks to the above-mentionedniezds, aluminium-concrete composite
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structures offer high durability — one of the shigconstruction criteria. Furthermore, they
may also fulfil the yet another concept — thatiofildar economy.

New solutions should be easily deconstructed agétiteof the service life of a structure, so
that the building materials could be reused or ¢kt (Ataei et al. 2019). For this reason, it is
important to use shear connectors in aluminium-gEirccomposite beams, which make it
possible to separate the slab from the girder. RDevable shear connectors were originally
developed for steel-concrete composite structukezrpa et al. 2019). However, they have
not been used for aluminium-concrete structures.this reason, the author of the thesis
proposed new demountable shear connectors which beaysed in aluminium-concrete
composite beams.

1.2. Literature review
1.2.1. First applications

In the first century, a Roman goldsmith presenterig made of a shiny metal resembling
silver to Tiberius, the Roman Emperor (Pliny thedfl 77—79). This metal was a lot lighter
than silver and might have been aluminium. Howeitenas not until the 19 century that
aluminium was discovered in its purest form, whitdes not occur naturally (see Fig. 1.2).
Thanks to the developments in chemistry and thertdef electricity, aluminium began to be
used both in structural and non-structural fieklg,, to make the Sokol torpedo boat (1894),
the car body (1899), the airship of David Schwa&9Q), the cladding of the dome of the San
Gioacchino church in Rome (1897) (Stacey 2014) @kawski 2012), or the hull of the
Junkers J1 plane (1915).

1 1 1 1 1
1807 1827 1856 1886 1888

The possibility of isolating The pure aluminium was The the first industrial The electrolytic production The Bayer Process
the aluminium element produced aluminium was produced method of aluminium was for aluminium production
was predicted discovered was discovered

Figure 1.2. The history of the aluminium industdabashi 1988) (Mazzolani 2012) (Gl
2014) (web site: www.aluminiumleader.com/historgilistry _history/, 05.11.2019)

Aluminium as a structural material has been usedaiidrames since the 1930s (Alison
1984). It was first used as a building material boidges. The Smithfield Street Bridge in
Pittsburgh was re-decked with a lightweight alumami deck in 1933. The Grasse River
Bridge was erected to span the Grasse River in,iB4@emonstrate the structural properties
of aluminium for bridge-building (Kossakowski 2018he railroad bridge has six steel spans
and one aluminium span (see Fig. 1.3a), which stgsif two riveted aluminium plate girders
made of the 2014-T6 aluminium alloy (Siwowski 2Q06) 1950 the first all-aluminium
highway bridge was built in Arvida, Quebec, Canésize Fig. 1.3b).
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Figure 1.3. a) The Grasse River Bridge with a nomexled aluminium span (photo taken by
Michael Quiet in 2015); b) The Arvida Bridge (photo taken from Wikipedja

The Clive Road Bridge was the first aluminium-catercomposite bridge (see Fig. 1.4).
In the '60s of 28 century, aluminium was used as an alternative mahtéor bridge
construction. At the time, the network of roads wapanding in the USA and the amount of
steel — the traditional building material — wasuiffisient. Aluminium became a proven
construction material for which a long maintenafree- life and a light weight are required.
The “Fairchild” bridge is yet another type of th&urainium-concrete composite bridge
(Goner and Marx 1969). The Fairchild Engine andpkine Corporation suggested using
semimonocoque airframe aluminium structures for ¢bastruction of composite bridges.
“Monocoque refers to a metal structure, in whichskim absorbs all or most of the stresses
to which the body is subjectedHag-Elsafi and Alampalli 2002). It was an attentpt
drastically reduce the weight (20% to 25% the wedfta steel structure) and the initial cost
of the bridge (Alison 1984). Triangular box girderere made from aluminium sheets
stiffened by extruded angles (see Figs. 1.5 and Ti&nks to the bottom plate, which closed
the span, a trapezoidal Warren truss was creata®\(&Ski 2006). The upper flange of the
girder was made from aluminium corrugated platdsclvalso served as the centering of the
concrete slab. “Z” shear connectors were used surencomposite action between the
aluminium structure and the concrete slab (Stonehd®62). Full-scale tests of this type of
bridge were conducted at Lehigh University (Mindéind Errera 1959) (Errera and Mindlin
1959). Table 1.1 presents aluminium-concrete coitgbsdges built in the USA.

1 Web site: www.bridgehunter.com/ny/st-lawrence/msjrasse-river/ (30.08.2018)
2 Web site: www.en.wikipedia.org/wiki/Arvida, Quebn.08.2018)
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a)

igure 1.4. The Clive Rlo-ad Bﬁdge: a) view of thelge; b) aluminium welded plate girders
with cross-beams; c) piers of the bridge; d) higlrgyth friction grip bolts (photos from the
Historic American Engineering Recoid

% Web site: www.loc.gov/pictures/item/ia0410/ (29208L8)
5
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Table 1.1. Aluminium-concrete composite bridges
(Abendroth et al. 1996 & 1997) (Alison 1984) (Dasl&aufman 2007)
(Maryland Department of Transportation 2012) (Siw&in2005 & 2006) (Stonehewer 1962)

Erection/
Bridge Demolition Dimensions Construction
Year
Aluminium structure:
4 aluminium welded plate girders (965-mm-high) (508113
The Clive Road aluminium alloy) _spaced 2.6 m, trapsversally bra_mﬂh cro_ss-
7Brid o 4 spans: beams, the aluminium surfaces which were at riskcafosion
ove_g_r the Il-80 12.5m, 21.0 m, attack from wet concrete had been painted withne zhromate
highwa 21.0m, 12.5m wash primer, while the top flanges and the slabamthorages had
9 .y been additionally coated with an alkali-resistaittrbinous paint;
Des Moines, . . o o
length: an inspection of the aluminium surfaces after tamalition of the
lowa, USA 67.06 m bridge proved that this protection system was faffective
(see Fig.1.4)  1958/1993 ' gep P Y
Tune: roadway width:  Concrete deck:
_YDE. 9.14 m reinforced (0.2 m thick), compressive strength@f72ViPa
Welded
plate girder overall width: Shear connectors:
10.97 m angles
Reason for replacing:
reconstruction and extension of the highway intange
Aluminium structure:
Long Island 17 (on the westbound bridge) and 18 (on the eastbdaridge)
m aluminium riveted plate girders (1.37-m-high) (6084 aluminium
_B‘?id?y alloy), spaced 2.13 m, top flanges were paintedti wihc chromate
oveT]?eﬁc'ho to reduce the attack of corrosion on aluminium freet concrete,
. span: 23.39 m  driven cold rivets (1.9 cm in diameter) (6061-T6rainium alloy)
Turnpike,
Nassau —_— .
Country, USA  1960/199g  idth:18:59m  Concrete deck:

2 bridges

Type:
Riveted

plate girder

total width of two

bridges: 33.53 m

17.78 cm reinforced concrete slab

Shear connectors:
hot-dip galvanised steel shear connectors

Condition in 1983:
no structural damage, corrosion only on steel padfacent to the
aluminium structure, good condition of the concigek
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Table 1.1. Aluminium-concrete composite bridgesitemed
(Abendroth et al. 1996 & 1997) (Alison 1984) (Dasl&aufman 2007)
(Maryland Department of Transportation 2012) (Siw&in2005 & 2006) (Stonehewer 1962)

Erection/
Bridge Demolition Dimensions Construction
Year
Bridae over the Aluminium structure:
Abpomattox 5 triangular box girders (1.47-m-high) (6061-T6rainium alloy),
River on AN5 and AN10 aluminium bolts, 6061-T6 aluminiumets, there
C@erfi eld are no bottom plates
Avenue,
Petersburg, 1 span: 30.58 m %ﬁed%k:
Chesterfield N lightweight concrete
County, Route 1961/S.t|” n roadway width: P
! service Condition in 1983:
36, "_JSA 8.53m the condition of individual aluminium componentssamgood but
(see Fig .1.5) with slight pitting, cadmium plated steel bolts ands were rusted,
Type: steel bearing plates and rocker assemblies neededing, the
Bplted, longitudinal stiffeners of the upstream girder hagen bent by
.stn‘fened pounding from large timbers, power poles, and ofhege flood
triangular box debris, but no structural repair was required, deeese reaction
beam between the aluminium structure and the concretk decurred
Aluminium structure:
Riveted triangular box stiffened sheet girders (dn88igh) (6061-
T6 aluminium alloy) with 2.06-mm-thick side shee#s0.81-mm-
thick corrugated top sheet, a 2.59-mm-thick botstreet, the sheets
Amityville were riveted to specially designed longitudinalreséed sections
New York and to lateral extruded bulb angle stiffener beams
Bridges,
Sunrise 4 spans: Concrete deck: -
Highway, USA 914 m concrete cast on aluminium corrugated sheets
) 2x23.16 m, Condition in 1996:
2 bridges 1963/2016 9.14m Galvanic corrosion of the aluminium superstructate contact
) . surfaces with the steel bearings in the presenceoiture, limited

RT_i\\/Lthd length: 64.62 m distortion or buckling of members at some of thksmtions, and

) i damage to the bridge underside when struck by eleetaller than
s.tn‘fened width: 29.26 m the available clearance were noticed, the resthef $tructure
triangular appeared to be in good condition
box beam

Reason for replacement:
to improve the safety of motorists and pedestr{aider span with
larger shoulders and sidewalks), to reduce theilgitigsof striking
the bridge from below (increasing vertical cleagnc
Bridge over the 3 spans: AIu.minium §tructure: . . N
_g—Pata <co River 28.5 m, 5 riveted triangular box glrdgrs (1.7-.ml-h|gh) (6084 alumlnlum
—piSykesville, ' 28.7 m, alloy) transversally braced with aluminium anglesl a&losed with
Maryland at 322m a bottom plate
ROl\l:It?B r;;l;nﬂ SA 1963/(?Iosed total length: %ﬁed%ki N
o to vehicular 90.22 m lightweight concrete cast on aluminium corrugatkdgs
(see Fig .1.6) .
traffic in
] 2004 roadway width: ~ €ondition in 2004:

Iﬂ& 9.14 m poor, deterioration of the aluminium components tugalvanic action
Riveted (the aluminium structure and the steel bearing peel® allowed to
stiffened overall width:  come into direct contact, contrary to specificgtiateterioration of the
:)rlangular 11.28 m concrete bridge piers due to the leaking roadwaytsioweb site:
ox beam

www.hmdb.org/m.asp?m=115066, 31.08.2018)
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Figure 1.5. The‘bridg'e‘ over the Appomattox RiveGhesterfield Avenue: a) the bridge
under construction in 1961; b) the bridge in 19@30fos from the Virginia Department of
Transportatiofd); c-d) Steel bearings (Thompson 2012); e-f) thedarin 2017 (photos taken

by Royce and Bobette Hal&y

4 Web site: www.bridgehunter.com/va/chesterfieldappttox-river/ (30.08.2018)
8
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I-:igure 1.6. The aIurﬁinium Patapsco River Bridgeha)bridge unde construction in 1961
(photo from the Maryland Department of Transpootal); b) aluminium box girders with
a bottom plate (Maryland Department of Transparta2012)

“Historia vero testis temporum, lux veritatis, aitnemoriae, magistra vitag(Cicero 55
BC). The history of the first aluminium-concretengoosite bridges may serve as a lesson for
the future. Based on the overview of the bridges@nted above, the following advantages of
aluminium-concrete composite structures may bedist

+«» Excellent corrosion resistance eliminates the riegghint the aluminium components,
e.g., the Appomattox River bridge has never beémgxh (Thompson 2012). It reduces
the costs of maintenance during the service life aftructure (Siwowski 2009a, b).
Aluminium is the most corrosion-resistant when pieof the environment ranges from
4 to 9 (Jasiczak and Hajkowski 2008).

+ Light weight makes for convenient transport of #mire or pre-fabricated portions of
the aluminium structure to the construction sitad dor quick erection, e.g., the
aluminium structure of the Clive Road Bridge wascted in 1.5 days (Siwowski 2005).
For this reason, transportation costs are low. ihatore, light structures allow for the
use of light supports (Mindlin and Errera 1959) &mdenergy saving during assembly
(Mazzolani 2006). The lightness of a material i® af the most important design
parameters and is calculated as follows (&#&®007):

=Y (1.1)

fi
wherey is the unit weight [kN/if] andfy is the characteristic resistance of a material
[MPa].

When comparing the lightness of basic constructicaterials such as concrete
(4 =0.833 for the C30/37 concrete), stegl { 0.334 for the S235 steel), timber

® Web site: www.preservationmaryland.org/online-exation-of-marylands-historic-bridges/ (30.08.2018)
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(A =0.262 for the C22 timber) and aluminium £ 0.113 for the AW-6061 T6
aluminium alloy), aluminium alloys prove to be tightest.

% A concrete slab works efficiently with an aluminiubeam as a composite beam
because of the relative closeness of the Young'dumef the two materials (Alison
1984). What is more, the concrete slab increasesttbility and bending resistance of
I-section beams subjected to the sagging momerak{L&asza and Derlatka 2017).
Polus and Szumigata (2017b) analysed the increag®iload bearing capacity and the
stiffness of metal beams made of non-alloy stéainkess steel or aluminium alloy after
they had been joined with concrete slabs. The alwmm beam showed the highest
increase in its load bearing capacity and stiffness

s The ease of extrusion of aluminium elements makpasdsible to the design an optimal
cross-section (Das and Kaufman 2007).

% Excellent low-temperature toughness limits the (mil#y of brittle fracture
(Formisano, De Matteis and Mazzolani 2016).

+ Strengths comparable to steel, e.g., the yielchgtheof 6061-T6 aluminium alloy is
240 MPa (EN 1999-1-1) (Lacki and Derlatka 2017).

+ If the structure is located in the open air, thataction of the aluminium elements in
winter may have a positive effect of preventing thgress of road salt and moisture
into the deck (Alison 1984).

% Aluminium is more resistant to impulse loads théeekdue to its lower modulus of
elasticity. Aluminium structures may absorb mordodmation work and damped
oscillations (DokSano¥j Dzeba and Markulak 2017).

+«¢ Aluminium is fully recyclable (Gwdz 2007).

+« Aluminium is non-sparking (Skeji Boko and Tok 2015).

+« Aluminium has an attractive appearance (Zhou angng@®008).

+«+ Aluminium is non-magnetic (Jurczak 2010).

Aluminium-concrete composite structures also hameesal disadvantages, which should
be taken into account in design. Some of them neynmimized or even eliminated. The
negative aspects of using aluminium-concrete cortgesuctures are:

+«+ Higher initial cost of aluminium structural compaie over comparable steel and/or
concrete components, e.g., the cost a single ofaéhg Island Expressway Bridge was
estimated to be 18 percent higher than the coatafmparable steel structuplison
1984). However, the lack of the need for period&npng of aluminium structural
elements may result in a lower total cost overahigre life of a structure. What is more,
the difference between the prices of aluminium atekl is gradually decreasing
(Mazzolani 2003).

% Lack of design rules for aluminium-concrete comfmstructures.

% The modulus of elasticity of aluminium is three ¢snlower than that of steel. Due to
this fact, the deflection of aluminium beams ig&compared to steel beams. However,
in the case of composite beams, the transformdad aslea for an aluminium-concrete
composite beam is approximately three times latigen the transformed slab area for
a steel-concrete composite beam. This means thaeitond moment of area of an ideal
cross-section is larger for an aluminium-concredengosite beam than for a steel-

10
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concrete composite beam. For this reason, thefuseamposite construction decreases
the impact of the low modulus of elasticity of almmm on large deflection
(Stonehewer 1962).

The fatigue strength of aluminium is about threees lower than the fatigue strength of
steel (Das and Kaufman 2007) (Rom and Agerskov 2014

The thermal expansion coefficient for aluminium € 24 x 1¢ 1/°C) (Gitter 2008) is
different from the one for concrete.(= 12 x 1¢° 1/°C). Thermal stresses should be
considered when an aluminium beam is attachedctmnarete slab (Bruzzese, Cappelli
and Mazzolani 1989) (Walbridge and de la Chevret2012). Bruzzese et al. showed
that thermal effects are not negligible. Howevbkeytare offset by the low ratio (the
ratio of the modulus of elasticity of aluminiumttee modulus of elasticity of concrete).
Before the Long Island Expressway Bridges weredhutie condition of the Arvida
Bridge had been carefully studied in search of @agking in the concrete deck, which
could have resulted from the different displacemehties for aluminium and concrete.
However, only insignificant cracking discoverediédin 1984). In the Fairchild Bridge
and the lowa Bridge, heavy cross beams at the eintte bridge were used to anchor
the slab against thermal movement (Stonehewer 1962)

Aluminium expands twice as much as steel when Hedtewever, the increase of
stress induced by limited displacement is smahealuminium than in steel, because
aluminium has a lower modulus value (DokSatplizeba and Markulak 2017).
Aluminium structural elements cannot be repairedwsyding or straightening in the
heat treatment process because of the heat affectext and the reduction of strength
parameters (Okura 2003).

The fire resistance of aluminium elements is very,|because most aluminium alloys
start to lose strength when exposed to temperagxeseding 100°C (Faggiano et al.
2004) (Szumigata and Polus 2014a) (Skefiurkoviéc and Rukavina 2015) (Polus,
Chybiaski and Szumigata 2018). The bending resistanaspfotected metal-concrete
composite beams with girders made of non-alloylstainless steel or aluminium
alloy was compared in real car fires in an openpeaak (see Fig. 1.7) (Chyiski and
Polus 2018). After 15 minutes of fire, the bendiagistance of the aluminium-concrete
composite beam decreased by 99.4%, while the bgmdsistance of the steel-concrete
composite beam with the S235J2 (1.0117) steel gotldereased by 42.3%. The steel-
concrete composite beam with the girder made of IKB@oTil7-12-2 (1.4571) steel
exhibited a slight loss of the bending resistansethee temperature increased — the
bending resistance decreased by 28.9%, due tohdraical composition of said steel.
However, the fire resistance of aluminium-concretements may be increased by
concreting aluminium beams in a similar way to Isteements (ECCS 1988)
(Szmigiera 2007). Partially encased composite beaayshave increased fire resistance
(Ahn and Lee 2017). Furthermore, aluminium is a-texic material, and its products
burn without producing harmful gases (Kossakowdkijslik and Bakalarz 2017).
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Figure 1.7. Fire scenario — three cars in a rowl liye(Chybhski and Polus 2018)

+ In certain situations, aluminium may be exposeddwosion. Aluminium alloys may
corrode when they are in contact with the alkanfrwet concrete (Wang et al. 2020).
This type of corrosion may only occur when the eeteis setting, and for this reason
the amount of corrosion may not be significant (®teewer 1962). Furthermore, the
resulting corrosion products may form a protecfilre inhibiting further reaction (Pitts
1967). However, under unfavourable conditions of, uke protective film may be
attacked, or may not form at all. To prevent tlyiset of corrosion, top flanges of the
aluminium beams may be painted with one coat ofhwaismer, one coat of zinc
chromate primer, and one coat of alkali-resistanntinous paint (Stonehewer 1962).
What is more, an aluminium construction may be sgpao pitting corrosion, the most
common form of corrosion found in aluminium (Alurmim Federation of South Africa
2011). However, the rate of penetration decreasiés tvme and the pit depth is
typically limited to 0.5 mm. For example, the papdh is lower than 0.15 mm in 6061
aluminium alloy after 20 years. Although not affegt the static strength of the
aluminium members, pitting corrosion affects theigize strength (Okura 2003).
Furthermore, in composite aluminium-concrete beaheye is a risk of contact
(galvanic) corrosion between aluminium and steeimelnts (the reinforcing steel and
the steel connectors in the slab). To limit contamtrosion, aluminium may be joined
with galvanised steel (Thompson 2012). Howeves thibblem may be more difficult
to prevent in joints, because bolts may loss plati@onventional aluminium and
stainless bolts raise the problem of fatigue ared raot used. High-strength stainless
friction grip bolts may eliminate the problem ofi¢ae, however, they are expensive. In
some situations, rivets may be used instead o$ [fOlkura 2003).

1.2.2. Aluminium in composite structures

In the previous section (1.2.1) it was demonstraked aluminium and concrete composite
structures may be used in bridges. In this secteéweral other applications of these structures
are suggested. They may be used in structures wdrehocated in corrosive or humid

12



Chapter 1. INTRODUCTION

environments, e.g., in marine structures, foot degJ swimming pools, sewage treatment
plants, storage vessels and warehouses for stéentiizers or chemicals (Szumigata and
Polus 2015). What is more, they are a good solufiimnstructures which are difficult to
access, e.g., gondola lift stations in ski resoMliminium beams with connectors and
sheeting may be carried by a helicopter to inadolesplaces and concrete may be made on
the construction site. Moreover, aluminium and cetestructures may be used for structural
restoration and deck repairs. For example, thel&dwidge in France was retrofitted and the
old deck structure was replaced with a new one n@daluminium truss girders and
lightweight reinforced concrete (Mazzolani 2003).

Aluminium and concrete composite beams may be asestructural members of ceilings.
A composite beam consisting of a solid concretb aled an aluminium girder was discussed
by (Mromlinski 1975). It was characterised by lower bendimgssies and shrinkage stresses
than the corresponding steel-concrete compositenbAgprocedure for designing this type of
composite beams was presented by (Mandara and Mazi897).

An aluminium-concrete composite beam may also haedéiled sheeting. The profiled
sheeting acts as a stay-in-place formwork, a safking platform and a structural member
which may resist tension (Lawson, Popo-Ola and Bif¥l) (Hicks 2008) (Holomek, Bajera
and Vilda 2016). It can stabilise beams during toietion. Composite beams with profiled
sheeting do not need centering and they contagwarl amount of concrete than composite
beams with solid slabs. Therefore, the use of j@@fsheeting in composite beams facilitates
construction (Polus and Szumigata 2014b, c). Howeasancrete slabs with profiled sheeting
may have different modes of failure than solid cete slabs. Johnson and Yuan (1998)
presented the results of 269 push-out tests ofr sfegmectors used in the troughs of profiled
sheeting and they showed seven modes of failureoimposite beams with profiled steel
sheeting, longitudinal cracking and de-bonding leetavthe concrete and the profiled sheeting
may occur (Ranzi et al. 2009). A lot of parametese an impact on connector resistance,
e.g., the diameter of the connector, mesh positi@msverse spacing, slab depth, and the
number of shear connectors in the trough (Smith@machman 2010) (Lee, Shim and Chang
2005).

Concrete-filled aluminium alloy tubes may be usedcalumns. They have both high
strength and high stiffness (Zhou and Young 200%e concrete core improves both the
member capacity and the fire resistance of theneol{Chen, Feng and Xu 2017). The
aluminium tube surrounding the concrete core resltice construction time, because it acts
as a stay-in-place formwork. The tube may have wargg rectangular or circular hollow
section. It promotes the confinement effect, whiatreases the compressive strength of the
concrete in the column core (Oliveira et al. 2010)e rectangular or square hollow sections
present some loss of this effect compared to thmuleir hollow sections (Hu et al. 2003).
What is more, the aluminium tube can split nearcbrmer of the section and cause the failure
of the columns with square or rectangular hollowtisas (Zhou and Young 2008). The
splitting of the circular hollow section tube islikely (Zhou and Young 2009). A non-linear
finite element model of the concrete-filled alunoimi circular hollow section column was
developed and verified against experimental resylt&Zhou and Young 2012). The concrete
core may preclude or delay the inward and outwacdllbuckling failure of the aluminium
tubes. However, it cannot restrain the outward baglof the concrete-filled aluminium tube
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columns. Therefore, the concrete-filled aluminiuftoyatubes may be reinforced at their
exterior walls by the carbon fiber-reinforced pobBmwvhich has an ultra-high tensile strength,
a light weight, excellent corrosion and fatigueisesices, and is easy to produce (Chen, Feng
and Xu 2017). Concrete-filled aluminium alloy tulmsjected to bending were investigated
by Feng, Chen and Gong (2017). The ultimate stherflgixural stiffness and ductility of the
aluminium tubes increased after filling them witincrete.

Aluminium and concrete structures may be used ilitary bridges (Szelka and Kamyk
2013) (Kamyk and Szelka 2014). Hanus et al. (2@dé3ented a prototype of military bridge
system which consisted of truss support compomaatie of the 7005 T53 aluminium, a stay-
in-place-form made of pultruded glass fiber reinta polymer, reinforcement and concrete
made in field conditions.

The aluminium-concrete composite structures are thet only possible composite
structures containing aluminium elements. An aluomn beam can also be joined with
a timber slab. Aluminium-timber composite structusge a relatively new civil engineering
solution (Chybiski and Polus 2019). Saleh and Jasim suggested adiminium-timber
composite beams made of plywood slabs, hollow alium box beams, epoxy material and
self-tapping, self-drilling screws. They analysbkd structural behaviour of these beams under
static and impact loads (Saleh 2014) (Saleh andnJ&9l14a, b). Aluminium-timber
composite beams may also be made of laminated vémeder (LVL) slabs, aluminium
I-beams and hexagon head wood screws (Szumigatgbi®Gki and Polus 2017a, b).
Laminated veneer lumber has fewer defects and i® thomogeneous than solid wood. It
contains 3-mm-thick bonded veneers (Chen et al6RAQIVL X is recommended for slabs,
because 80% of its veneers are glued togethertiahgally and 20% are glued together
crosswise to improve the lateral bending strengith the stiffness of the slab (Komorowski
2017). An aluminium beam may be used for anchocmogs-laminated timber (CLT) walls,
and to increase their durability and speeding llatan (Scotta et al. 2017 & 2018).
Aluminium-timber structures are a very attractivdusion for civil engineering due to their
high corrosion resistance, small self-weight andt fassembly. Nowadays, light-weight
structures are preferred to heavy-weight ones (dsiband Garstecki 2017). On the other
hand, failure in aluminium-timber structures mayurcas a result of temperature change
causing different displacement values for aluminamd timber (Marcinowski 1997 & 2018).

Aluminium bars and plates have recently been usedtriengthen reinforced concrete
beams (Abu-Obeidah, Abdalla and Hawileh 2019) (Xing and Chang 2020) (Xu et al.
2020). Rasheed et al. (2017) proved that alumiralioy plates can be used as an external
strengthening material to enhance both the stresgtiductility of reinforced concrete beams
subjected to bending.

1.2.3. Aluminium vs. stainless steel

As has already been presented in the previousossctaluminium and concrete composite
structures may have several applications. Nowadhgsuse of innovative materials such as
aluminium alloys, stainless steels, titanium all@rsd shape memory alloys, is becoming
more and more popular, e.g., in rehabilitation wd¢Mazzolani and Mandara 2002).

Composite beams usually consist of steel girdetlscancrete slabs. The girders made of non-
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alloy (carbon) steel need anticorrosion coatingsrélduce the total cost over the entire life of
a structure and to avoid periodic painting, thedgis may be made of stainless steel or
aluminium alloy (Chyhiski and Polus 2018). It is difficult to choose beém aluminium and
stainless steel. The durability of stainless steetimilar to that of aluminium. However,
aluminium has a lower fire resistance than stamlsteel. Chylsiski and Polus (2018)
demonstrated that the bending resistance of a ceitepbeam with an aluminium girder
rapidly decreased to zero kN in fire conditions. The bending resistance ofomposite
beam with a girder made of X6CrNiMoTil7-12-2 (1.4%%teel decreased slightly as the
temperature increased, due to the chemical conmpogif said steel. Moreover, the modulus
of elasticity of stainless steel is three timeshkigthan that of aluminium. The production of
aluminium requires more energy than the produabiostainless steel. However, the recycling
of aluminium does not require electrolysis, whidmslates to energy savings. What is more,
aluminium girders are easy to transport, becausee thre relatively light compared to steel
girders. Furthermore, aluminium may have a lowghthess ratio (the ratio between
a material density and its yield strength) tharinktas steel. For example, the AW-6060
aluminium alloy has a 1.9 times lower lightnessoréttan the commonly used 304 L (1.4307)
austenitic steel (Chyhski and Polus 2019). The yield strength of seleededinium alloys

is similar to that of stainless steel, e.g., AW-BO& has a yield strength equal to 260 MPa
(European Committee for Standardization 2007). @naf that, the price of aluminium alloy
is comparable to or lower than the price of staslsteel. Before making the final decision
about which materials to use, the designers shi@kd into account many aspects. One of
them is the corrosive environment. Both materials eonsidered as corrosion resistant,
however, they may corrode under certain conditi@Reeszut, Szumigata and Polus 2015).
The use of materials which are more expensive tiaginon steel, such as stainless steel and
aluminium alloys, may lead to low maintenance casid a drastic reduction of the total cost
of a structure during its lifetime.

1.2.4. Tests of aluminium-concrete composite elementsestdgl to bending in literature

Aluminium-concrete composite elements have beesubgct of several studies:

« Test of a composite aluminium and concrete highweagige at Lehigh University
(Mindlin and Errera 1959),

+« The study of aluminium-concrete composite beamgl@&sill University (Stonehewer
1962),

% The experimental investigation on aluminium-coneretomposite beams at the
University of Naples Federico Il (Bruzzese, Cappaid Mazzolani 1989),

s The tests of a continuous span aluminium girdercie deck bridge at lowa State
University (Abendroth et al. 1996 & 1997).

The Fairchild Bridge was tested at the Fritz Engriveg Laboratory, Lehigh University
(Mindlin and Errera 1959). The 15.24-m-long and27n3-wide bridge consisted of three
hollow triangular beams and two bottom plates n&Hd®&@061-T6 aluminium alloy. Each beam
had three stiffened plates, three longitudinalweded elements, and stiffening frames (spaced
at 1.52 m). The aluminium structure of the bridgeighied 5.2 t. Reinforced concrete with
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lightweight slag aggregate was poured into 6.35demp corrugated decking which was
attached to the top plates. “Thermal beams” weed usear each end of the structure to
protect it against the stresses caused by thereliite in the thermal coefficients of concrete
and aluminium. The test programme consisted oicsfatigue and dynamic tests. The results
of these tests were compared with the resultseothiboretical analysis. The behaviour of the
bridge in static tests was similar to its theomdtibehaviour. What is more, the bridge
withstood the cyclic load without any damage. Iswdlamaged in the final static test when the
load was greater than the design live load.

Stonehewer (1962) analysed aluminium-concrete csitgpdbeams with channel shear
connectors. He conducted bond tests on aluminiws emnbedded in concrete, push-out tests
of aluminium shear connectors and static bendisgstef aluminium-concrete composite
beams. The effects of applying paint on the alunmmconcrete interface were investigated in
six bond tests: two specimens were unpainted, texewovered with bituminous paint, and
two were covered with epoxy paint. The aluminiunmsbaith the bituminous paint system
showed insignificant bond resistance (the baretiaid slip at a load of 2.2 kN). The bar with
the epoxy paint and the unpainted bar had notiegadhd resistance. The maximum value of
the bond stress was found in the unpainted bameB®wver (1962) proved that the bond
between aluminium and concrete varies dependint@treatment of the aluminium surface.
However, the bond stress was low enough to be opnaatical value in the design of
aluminium-concrete composite structures. To obtlanload-slip curve for the channel shear
connector Stonehewer (1962) conducted three pustests. The specimens were of the same
dimensions (see Fig. 1.8) but differed in the pgagatment of the beam flange (unpainted,
with a bituminous paint system or with an epoxynpalystem). The failure mode of the two
specimens with the painted beam flange was asedarth the crushing of the concrete slab.
Stonehewer (1962) received a similar load-slip edor the specimens with the painted beam
flange. Due to the fact, that the bond resistaricbeobituminous paint was lower than that of
the epoxy paint, the slip was slightly greatertfoe specimen with the bituminous paint than
for the specimen with the epoxy paint for the sémael. The test result of the specimen with
the unpainted beam flange was considered to beiainleebecause of the failure of the welds
in one connector. The results for the aluminiumaslthannel connectors were compared with
those obtained from the formula for the steel clehmmonnectors presented by (Viest et al.
1952) with further modifications. Stonehewer (1962)ggested that this formula can be
applied to aluminium channel connectors. To ingagé the behaviour of aluminium-concrete
composite beams with aluminium shear channel caareedwo T-beams of different spans
were tested in three point bending tests. The lamés of the aluminium beam were painted
using the bituminous paint system and the connecat@re painted using a zinc chromate
wash primer. The cylinder strength of the concuested in the long beam was 22.34 MPa after
the test (30 days). The concrete cylinder streofjtine concrete used in the short beam was
26.89 MPa after the test (244 days). The aluminogam was made of a magnesium-silicon
aluminium alloy with Young’'s modulug = 65.98 GPa, yield strength = 275.79 MPa,
ultimate strengtiR,, = 303.37 MPa, and elongation equal to 13%. Thieiraimode of the
composite beams was associated with the yieldintpefaluminium beam and the cracking
and crushing of the concrete slab. The longer alium-concrete beam was a full composite
beam and the shorter was a partial composite beam.
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Figure 1.8. Stonehewer’s specimens: a) push-ouspesimen; b) cross-section of the long
aluminium-concrete composite beam; c) long alumnmmzoncrete composite beam; d) short
aluminium-concrete composite beam; e) cross-sedciidie short aluminium-concrete
composite beam Stonehewer (1962)

Stonehewer (1962) showed that for simple beams withalmost complete interaction
between the slab and the aluminium beam, the tvemsid section theory may be used to
determine the strains in the aluminium beam ancctimerete slab. He also demonstrated that
the theory for incomplete interaction developed3byssi and Newmark (Stussi 1947) (Siess,
Viest and Newmark 1952) (Viest et al. 1952) maybed for aluminium-concrete composite
beams with partial shear interaction. In additioriite tests conducted by Stonehewer, Polus
and Szumigata (2019b) prepared a numerical modehefaluminium-concrete composite
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beam with zero-length springs. It adequately cagutuhe elastic response of the aluminium-
concrete composite beam from the laboratory tasfiected by Stonehewer.

Bruzzese, Cappelli and Mazzolani (1989) tested alkominium-concrete beams. Each
beam consisted of: an aluminium beam, a concrate Eingitudinal reinforcements, stirrups
(4 mm in diameter) and bolts (see Fig. 1.9).
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Figure 1.9. Details of the aluminium-concrete cosifmbeams tested by Bruzzese, Cappelli
and Mazzolani (1989): a) cross-section; b) longitabview

They had the same geometric configuration, exaapthie stirrup spacing (6.5 cm in the
first beam and 13.0 cm in the second beam). Whataee, the material parameters were
different for each beam. The Young’s modulus areldbmpressive strength of the concrete
in the first beam were 31.49 GPa and 43.3 MPaems@ly. The Young's modulus and the
compressive strength of the concrete in the setmain were 35.71 GPa and 55.7 MPa,
respectively. The 0.2% proof strength (352.3 MPal) the ultimate tensile strength (410.5 MPa)
of the aluminium alloy in the second test were higthan in the first one (339.9 MPa and
394.9 MPa, respectively). The Young's modulus & #huminium alloy was assumed to be
equal to 70.0 GPa. The longitudinal reinforcememtse used as stirrup supports. The shear
connectors (8 and 16 mm bolts) had been joineti¢aupper flange of the aluminium beam
using lock-nuts. Then, the shanks of the bolts #red lock-nuts were embedded in the
concrete slab. The beams were examined in fourtp@nding tests. They were subjected to
pure bending between the two loading points. The-spian deflection of the beams and the
strain distribution along the two sections were soead. When the load reached about 24%
(beam 1) or 35% (beam 2) of the ultimate load,likaircracks occurred in the tensioned part
of the concrete slab. When the load reached ab2ut (beam 1) or 65% (beam 2) of the
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ultimate load, the yield strength was achieved hie aluminium beams. In each beam,
longitudinal cracks occurred when the load reacsalt 85% (beam 1) or 64% (beam 2) of
the ultimate load. A plastic hinge occurred onlythe first beam. The failure mode of this
beam was associated with the damage of the congoressl tensioned edges of the concrete
slab in the mid-span. The second beam had lowadiliduthan the first beam because of the
lower number of stirrups. Due to this fact, sevemmpressive and shear stresses occurred all
around the connectors in the second beam. Whabiis,fongitudinal and transverse fractures
occurred in the beam under the ultimate load. bhtaoh to the tests conducted by Bruzzese,
Cappelli and Mazzolani (1989), a theoretical stwhs performed (Bruzzese et al. 1991).
Furthermore, Szumigata and Polus (2017) prepareduraerical model of one of the
aluminium-concrete composite beams from Bruzzesests. The results of the numerical
analysis were compared with the load bearing cépaad the mid-span deflection obtained
in the experimental study.

A continuous span aluminium girder concrete dedttger (see Fig. 1.10) was investigated
by the researchers from lowa State University (Alveth et al. 1996 & 1997). Despite the
fact that the bridge performed well, it was decossianed in 1993 (Walbridge and de la
Chevrotiere 2012). Before the bridge was demolisstatic load tests had been conducted.
Abendroth, Sanders and Mahadevan (1996) presemectsults of field tests, finite element
analyses and load distribution studies. What isentre aluminium girders were removed
from the bridge and fatigue tests were conducteble(@roth, Sanders and Hansz 1997).
A section of the reinforced concrete deck remaiattgiched to the girders. Four long (7.9 m)
and four short specimens (4.6 m) were preparethiconstant-amplitude fatigue tests. The
long girder specimens had Category E welded dét&itsn the original bridge construction.
They also had new cover plates welded to theirobotflange and new, short, horizontal
plates welded to their web. The short girder speosndid not have any existing weld plate
attachments from the original bridge structure.yrhad new bottom flange plates and a new
short, vertical web stiffener welded to their wellhe new fillet welds were
Category E welded details, except for the filletdgebetween the vertical web stiffener plates
and the girder bottom flange plate, which were Gartg C welded detaifs
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Figure 1.10. A cross-section of the continuous sgfaminium girder concrete deck bridge
(Abendroth et al. 1996 & 1997)

® As classified by the Specifications for Aluminunm@tures (Aluminum Association 1994)
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The investigation of the Clive Road Bridge providedot of information. Some of the
conclusions are presented below. The results ofettgerimental tests revealed that the
strength properties of aluminium are sufficient Foghway bridge girders. The strains and
deflections measured in the 1993 field tests warelose agreement with the analytical
predictions of these values. The load distributstudies showed that the AASHTO LRFD
Bridge Design Specifications criteria for load dimiition (American Association of State
Highway and Transportation Officials 1994) are agille to this type of bridges. Full-size
Category E aluminium weldments tend to experieatigie fractures at a lower stress range
than small-sized specimens. Fatigue fractures fieatishe requirements specified for
aluminium structures in the Specifications for Ailamm Structures (Aluminum Association
1994).

1.3. The goals of the work

A review of the literature revealed that previoasaarch on aluminium-concrete composite
beams had been carried out using solid slabs andl@mountable shear connectors (channel
shear connectors and bolts with nuts, threads &athks embedded in concrete slabs).
However, no research on aluminium-concrete compdstiams with profiled steel sheeting
and demountable shear connectors had been donetgrtbis study. In this dissertation,
aluminium-concrete composite elements (aluminiumecete composite beams with profiled
sheeting) were subjected to bending and their lbedring capacity and stiffness were
analysed. What is more, a new demountable sheamector was proposed. The shear
connector makes it possible to connect parts oferdit materials (aluminium, steel,
concrete) in a simple way and to separate the alumibeam from the concrete slab once the
design life of the structure is over. Thanks tc tbonnector, composite action is achieved
without welding, which is beneficial because weffditauses the formation of heat affected
zones and the reduction of strength parameterkgfigium alloys. The connector fastens the
steel profiled decking to the top of the aluminilb@am when concrete is poured into steel
sheeting. The profiled sheeting acts as a stayacepformwork and a safe working platform.
It can stabilise beams during construction. Alunniniconcrete composite beams with
profiled sheeting do not need centering and theytain a lower amount of concrete than
composite beams with solid slabs. The profiledlstbeeting and the connectors should be
galvanised to limit contact corrosion between tliengnium and the steel elements.

The author examined the stiffness and the strenftthe connections used to join the
aluminium girder with the concrete slab. The slipduli and the peak load capacity per one
connector were determined experimentally in pushtests. These parameters are necessary
for designing aluminium-concrete composite beamsabge the behaviour of the beams
depends on the stiffness and the strength of te@inections.

Furthermore, the shear connection test and theitgridst were modelled in the finite
element program. Finite element analyses play aiaruwole in modern civil engineering
research, because they complement laboratory tests.

The purpose of this research work was to captwehiort-term local and global behaviour
of aluminium-concrete composite beams with profiggaeting and new shear connectors.
The author formulated the fundamental thesis offiksertation:
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Demountable shear connectors can be used to join aluminium beams with concrete
dabs in aluminium-concrete composite beams. The behaviour of such connectors can be
modelled using spring elements.

Research questions include the following:

+ How can demountable shear connectors reduce thebdcks of non-demountable
shear connectors?

« How does the stiffness of new connectors affect ghert-term performance of
aluminium-concrete composite beams?

% Can the guidelines for the design of steel-conaretaposite structures be applied for
the ultimate limit state verifications of aluminisooncrete composite structures?

% Can zero-length springs be used in the numericaleinof an aluminium-concrete
composite beam to model the connection betweenathminium beam and the
concrete slab?

1.4. Limitations

The study presented in the dissertation has cefiaitations. In the case of the shear
connectors, the effects of the hole size, the sb@anector diameter, the torque moment, and
the concrete rib width were not examined. What asenthe stress state in the connectors was
not determined in push-out tests. In the case efallaminium-concrete composite beams,
only four beams of the same geometry were testbdrefore, it would be reasonable to
perform complementary tests to identify the optigabmetry of an aluminium-concrete
composite beam. The impact of the profiled shediypg, the spacing and the diameter of the
connectors, the class of concrete, the thicknesheoklab, the type of the aluminium alloy
and the height of the aluminium beam on the restgtaand the stiffness of the aluminium-
concrete composite beam should also be investigétedt is more, no dynamic, fire or long-
term tests were performed on the aluminium-concoetmposite specimens. As for the
numerical investigation, only a static analysisthe Abaqus/Standard module was used. It
would be advisable to perform a complementary amlyn the Abaqus/Explicit module in
the future. This would allow for a more detailecalysis of non-linear problems (relatively
high deformations accompanying the cracking of cete} and for studying the post-ultimate
behaviour of composite beams.

1.5. Outline of the thesis

The dissertation consists of a preface, an abstddt of publications, a list of symbols and
abbreviations, seven chapters, a bibliography apéradices.

This section ends Chapter 1, in which the motivabehind the work, the literature review
and the limitations of the study are presented thedjoals of the dissertation are formulated.

In Chapter 2 shear connectors used in composiietstes are discussed. This includes, in
particular, demountable connectors and a new tf/paeaar connector.
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The theoretical analysis of the dowel-bolt conneatad the aluminium-concrete composite
beam is presented in Chapter 3. The model useal¢alate the load-capacity of the new shear
connector and the flexural capacity of the alunmmiconcrete composite beam is presented.

In Chapter 4 materials and methods used in thertig®n are described. In particular, the
programmes of materials test, shear connectiors,temtd bending test are presented.
Furthermore, the chapter discusses the finite elemedels of the concrete cylinder subjected
to compression, of the shear connection test atitecdluminium-concrete composite beam.

The results of the laboratory tests, and the thieateand numerical analyses are presented
and discussed in Chapter 5.

Chapter 6 presents the main conclusions of theertigg®on and provides answers to the
research questions presented in Chapter 1.

In Chapter 7 future research is discussed alorgtiv limitations of the present study.

The bibliography consists of 307 citations, inchgli24 citations of the author’s previous
work.

In appendices the composition of the concrete mextthe crack width and the cracking
pattern in the analysed beams are presented.
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Shear connectors

2.1. Shear connectors used in composite structures

Connections decide about the behaviour of compedaments. They play a crucial role in
composite beams. Most often, in a composite belaenslab is designed to resist compression,
the beam is designed to resist tension, while siseaansferred through connectors. For this
reason, the connectors which join components deereel to as “shear connectors”. There are
many types of connectors which differ in theirfsigss.

Shear connections exhibit some slip between thergipder flange and the bottom of the
slab (Kuczma M. and Kuczma B. 2006, 2011 & 2016)ey are rigid or flexible (Leskela
2017). In the rigid connection, slipping is so ltdvat its impact on the stiffness and the load
bearing capacity of a composite beam is insignificén the flexible connection, slipping is
not negligible and its impact on the stiffness dimel load bearing capacity of a composite
beam should be taken into account.

Sometimes a beam behaves like a partially compbsiéen because the number of shear
connectors is insufficient to ensure full compositgion (Nie and Cai 2003). This problem
often appears in composite beams with profiled tshgevhen the number of shear connectors
is insufficient to prevent slipping (Nie, Cai andavyg 2005). In these beams, the connectors
may be placed only in the ribs of the profiled simge To take into account the effects of
partial interaction, the effective value of the dimy stiffness should be taken into account
(Polus and Szumigata 2019b). The role of the skeanection in beams with incomplete
interaction calls for more investigation. An anadypresented by Kucharczuk and Labocha
(2013) showed that the partially composite beam lbaer resistance and stiffness than the
full composite beam.

The connection between the parts of a compositmbeay consists of several connectors
distributed along the composite beam or may beimootns. There are a lot of types of shear
connectors used in composite structures, e.g.pitudiles, corrugated strips, welded studs,
screws, bolts, block connectors, angle connectdrannel connectors, I-shape connectors,
L shaped cold-formed connectors, truss connectorgetled bars (Pashan 2006) (Biegus and
Lorenc 2014) (Siekierski 2014) (Nawrot 2012) (Titowet al. 2016) (Gluhoviet al. 2017)
(Barbosa et al. 2019).

Headed studs welded to the top flanges of steehbdmefore the casting of concrete slabs
are the most commonly used shear connectors, ledhay are economical and easy to
install (Lee and Bradford 2013). However, they mao¢ demountable or they require labour
intensive processes to separate the composite lEemponents (Nijgh, Girbacea and
Veljkovi¢ 2018). What is more, it is difficult to use them rehabilitate existing composite
beams. Pathirana et al. (2016) suggested usingl-bbits to retrofit existing composing
beams, because it is possible to attach and d#taohfrom one side of a composite beam.
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A continuous shear connection has high initialfretis, bearing capacity and ductility
(Hechler et al. 2011). Composite dowels are now riiwst commonly used continuous
connectors (Kauch and Lorenc 2019). Composite dowels consist arfciete and steel
dowels (see Fig. 2.1).
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Figure 2.1. Composite dowel (Koch and Lorenc 2019) (Seidl et al. 2013)

They come in a variety of shapes: fin, puzzle,imatal, modified clothoidal (Seidl 2009)
(Lorenc, Kauch, and Rowiski 2014a) (DudZiski et al. 2011). The clothoidal shape is
recommended for structures highly subjected t@d&tiand the puzzle shape is recommended
for structures where no fatigue occurs, e.g., ingidloor slabs (Seidl et al. 2013). The puzzle
shape has many advantages, e.g., easy productibhigim bearing and fatigue capacity. An
experimental study and theoretical investigatiohpurzle-shaped composite dowels were
performed to investigate the complex behaviourhese shear connectors (Lorenczich,
and Rowhski 2014a, b). Composite dowels are used in priefated steel-concrete composite
beams made of steel T-elements and concrete topisch®hey are not used in composite
beams with profiled steel sheeting (Biegus and hor2014). The shape of the steel element
allows for the transmission of shear between siadlreinforced concrete. The concrete top
chord is concreted in the workshop and the resittymlayer of the concrete chord is added at
the construction site. The stresses at the dowal s&im of the stresses caused by global
effects (bending moment) and the stresses causedchy effects (longitudinal shearing
force) (Kazuch and Lorenc 2019).

Despite the fact that composite dowels have afladeantages, some of which have been
listed above, they are not demountable. Similashear studs welded to a steel beam flange
and embedded in a concrete slab make the dismgrdiia deconstruction of composite
beams nearly impossible. Composite beams shoushsiéy deconstructed at the end of their
service life, so that the building materials coblel reused or recycled (Ataei et al. 2019).
Demountable shear connectors allow for the disnmandf a composite beam at the end of its
structural life. However, no design guidance formposite beams with demountable
connections is currently available. For this reasoomposite beams with this type of
connection are the subject of many studies. Denablmtbolted connections were tested in
steel-concrete composite beams (Kozma et al. 2019).

Lam and Dai (2013), Dai, Lam and Saveri (2015), Letmal. (2017) and Rehman et al.
(2016 & 2018) were the ones who modified headedisstio create demountable shear
connectors (see Fig 2.2a), which made it possineteel beams to be reused without being
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recycled. Lam et al. (2017) suggested using thenoadlst available for headed studs in the
Eurocode 4 (European Committee for Standardiz&@®d) and for bolts in the Eurocode 3
(European Committee for Standardization 2004) tedpt the shear resistance of
demountable shear connectors. Furthermore, thetstal behaviour of a demountable
composite floor system with modified headed studss veompared with the structural
behaviour of a non-demountable composite floor esysivith conventional headed studs
(Rehman et al. 2018). The composite floor systeomsisted of composite slabs formed with
steel profiled decking, steel beams and shear oborse The load-bearing capacity of both
composite floor systems was similar. However, thiial stiffness of the demountable
composite floor system was lower than the one ef lhn-demountable composite floor
system. The diameter of the pre-drilled holes m $teel beam flange was 1 mm larger than
the diameter of the connector collar. The low atistiffness could result from the clearance
between the connector collar and the hole. Rehntaal. 2018) believe that the initial
stiffness may be increased by tightening the caiongavith a higher torque. After the tests,
the moment capacity of the composite beam was leddcl using two methods: the
rectangular stress blocks method and the intelipalabethod. The results of the calculations
were very close to the experimental results. F@r tbason, Rehman et al. (2018) suggested
that the plastic flexural capacity of the demoutgalomposite floor system with partial shear
interaction might be calculated using simple desigithods for welded headed studs and Eq. 6.1
from the Eurocode 4 (European Committee for Stathdation 2004). What is more, Rehman
et al. (2018) presented that the deflection of mpasite beam with partial shear connection
may be calculated using the formula below from Bréish Standard 5950-3.1 (British
Standards Institution 2010):

5, = 0, + 0.5(1- 1)(3s - J,) (2.1)

whereds is the deflection of the steel beam acting alopés the deflection of the composite
beam with full shear connection ands the degree of shear connection.

Moynihan and Allwood (2014) tested three steel-ceteccomposite beams with profiled
steel sheeting and M20 Grade 8.8 bolts. 24 mm demiwles were predrilled through the
decking and the top flange of the steel beams.bbits were fastened to the top flange of the
steel beams using nuts and washers above and liedoflange. The composite beams had
a higher load bearing capacity than the one predliaising the Eurocode 4 (European
Committee for Standardization 2004).

Lee and Bradford (2013), Liu et al. (2016) and Buadford and Ataei (2017) used high-
strength friction-grip bolts as demountable sheamectors (see Fig. 2.2b). 24 mm diameter
holes were used in the concrete slabs and in theflanges of the steel beams. Lee and
Bradford (2013) demonstrated that the load-slipveuof pre-tensioned bolted shear
connectors had three regions: a region of “fuktattion” (held by friction), a region of “zero
interaction” (with slip equal to the clearance be#w the bolts and the surrounding concrete)
and a region of “partial interaction” (where bo$iart to bear onto the concrete). What is
more, Liu, Bradford and Ataei (2017) proposed @&lstencrete composite beam consisting of
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a steel beam, precast geopolymer concrete panélligh-strength friction-grip bolts. Chen
et al. (2019) also presented a prefabricated sta®irete composite beam and an advanced
bolted connector, which consisted of an embeddedigated pipe and a high-strength bolt.

Pavlovt et al. (2013a, b) analysed steel-concrete conmgpedetments with prefabricated
concrete slabs. The composite action between @& feam and the concrete slab was
established by high strength bolts (see Fig. 2.Plog construction costs of the bolts used as
shear connectors were expected to be higher treme tbf welded studs. However, the total
costs of the structure was expected to be loweraltles prefabrication of the concrete slabs
and the reduction of construction time. Furtherm&avlovt et al. (2013a, b) compared the
structural behaviour of bolts in push-out testshwite structural behaviour of headed studs.
The shear resistance and the stiffness of boltedrstonnectors was 5% and 50% lower,
respectively, than the shear resistance and tfieests of the headed studs. What is more, the
analysed bolted shear connections were classificoritle. Hawkins (1987) also compared
the shear resistance and the stiffness of boltegrshonnectors and headed studs. He
demonstrated that the resistance of non-preloadeioa bolts was 20% lower than the shear
resistance of headed studs and that the stiffrfessmepreloaded anchor bolts was 85% lower
than the stiffness of headed studs (Hawkins 1987).

Suwaed (2017) investigated two demountable sheamemtors for precast steel-concrete
composite structures, i.e., a locking nut sheaneotor and a friction based shear connector.
They make it possible to replace concrete slalomposite structures. In the steel-concrete
composite bridge presented by Suwaed (2017), teeapt concrete panels had several
pockets to accommodate shear connectors.

In the case of locking nut shear connectors, higdngth steel bolts were fastened to
a steel beam using a double nut configuration, aestandard lower hexagonal nut and an
upper conical nut. The upper conical nut prevethedolt from slipping within the bolt hole.
The slab pockets had the form of countersunk heids two precast concrete plugs inside
them. Each plug had a hole with a diameter thabraatodated a bolt with 10 mm clearance,
to improve slip capacity. A gap between the stedl &1d the concrete plug was filled with
grout to ensure dowel action. The dimensions of ghey limited the risk of premature
longitudinal shear failure and the risk of spligtim the concrete mass. A plate washer was
used on the upper face of the concrete plug. Thid tlut was tightened before the grout
hardened.

In the case of friction based shear connectorstidrni resistance was created at the
interface between the upper flange of the steeibaad the lower face of the concrete plug.
High-strength steel bolts with retaining washersrevpositioned through the chamfered
countersunk seat holes of the beam upper flange.widshers had radial gaps to ensure the
penetration of grout into the clearances betweenbtiits and their holes in the steel beam,
and to prevent sudden slip when friction resistdmeveen the steel beam and the concrete
slab was overcome. The pocket was the same anéhfothe locking nut shear connectors.
The concrete plug used in the friction based sheanectors did not have an enlargement in
the lower part of the central hole that was credtmdlocking nut shear connectors to
accommodate a conical nut.

The locking nut shear connectors and the frictiaselol shear connectors showed very high
shear resistance and stiffnesten compared to welded studs. The characteristgars
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resistance and the stiffness of the locking nuaskennector with an M16 bolt were 171 kN
and 100 kN/mm, respectively, while the characteristiear resistance and the stiffness of the
friction based shear connector with an M16 bolteve81 kKN and 104 kN/mm, respectively.
Furthermore, the shear connectors developed by &u2917) had large slip capacity (up to
14 mm for the locking nut shear connector and 16fomthe friction based shear connector).

Kozma et al. (2019) presented two shear connedgipes: the cylinder system and the
coupler system (see Fig. 2.2d). They suggesteddérabuntable connectors should also be
replaceable, because when thread damage occung duamnsportation, the connectors may be
replaced and the concrete slab is not lost. Thedst system consisted of a pre-tensioned
M20 Grade 8.8 bolt, and a steel cylinder weldeth®oL-profile and the top plate. The steel
cylinder prevented the loss of pre-stress in thnooglts caused by creep and shrinkage and it
protected the concrete from any damage that mighie loccurred due to bearing. What is
more, a pocket in the concrete slab ensured atoab® bolt from the top of the slab. The
coupler system consisted of a coupler, an embedbddidand a removable bolt placed
underneath the concrete slab. Two variants of eh@wable bolt were used: a pre-tensioned
M20 Grade 8.8 bolt and a resin injected M20 Gradg I&lt. The demountable and
replaceable connectors behaved similarly to theodertable connectors tested by Lee and
Bradford (2013). The initial stiffness of the contws described by Kozma et al. (2019) was
high (250-500 kN/mm for the cylinder system and I0®-kN/mm for the coupler system)
because of the pre-tensioning or the resin in thieholes. When the friction resistance had
been overcome, the stiffness was reduced to asragfl value (15 kN/mm for the cylinder
system and 30 kN/mm for the coupler system). Koetal. (2019) observed a bearing and
shear deformation and a brittle failure of the geadl systems. The demountable injected
bolt-coupler system was also investigated in pusttasts by Sarri (2019).

Kwon, Engelhardt and Klingner (2010) evaluated kiebaviour of 22 mm diameter post-
installed shear connectors (double nut bolts, kégision friction-grip bolts and adhesive
anchors) under static and fatigue loading usingdilect-shear test. The post-installed shear
connectors exhibited a higher fatigue strength thalded shear studs. Kwon, Engelhardt and
Klingner (2010) suggested a method for strengtlgemon-composite floor systems in
existing bridges and buildings. According to thigthod, an already existing concrete slab
and steel girders are joined together using battathectors, and act together as composite
elements.

Song, Uy and Wang (2019) developed a finite elemsodel of a stainless steel-concrete
composite beam with M16 stainless steel bolts asedemountable shear connectors.

Demountable connectors, e.g., screws or high-dinebglts, have also been used in
aluminium-timber composite structures, steel-timb@mmposite structures and pultruded fibre
reinforced polymer-concrete structures (Clgki and Polus 2019) (Hassanieh, Valipour and
Bradford 2016a) (Keipour 2018) (Etim et al. 2020).

27



Chapter 2. SHEAR CONNECTORS

a)
| Head | | | |
C—]
////
19 22 o o
N (o]
o ~— ~—
\ — | o o o
\ \ Shank © ©
L =
1 20 — -
o A7 Collar ™ Al
T Washer — —
| Nut
16 | |hread 20 M20 Grade 8.8 bolt
b) c)
T 1 Thread
@ut [IHead
\ \ Washers
Shank
| \
| = |
Shank JNUt
Washer
| | ‘ | Nut
1r Thread
\7 7\ 1 M16 Grade 8.8 bolt
Washer
\ \ I|:|:D‘Head
M20 Grade 8.8
\ \ high-strength friction-grip bolt
| |
d)
Steel cylinder M20 Grade 8.8 bolt M20 Grade 10.9 coupler M20 Grade 8.8 bolt
Y, / Y7 X " :

a4 Y
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2.2. Shear connectors used in aluminium-concretgosite structures

Shear connectors ensure composite action betweauminium beam and the concrete slab.
Z-type elements and angles were used in aluminioncrete composite bridges (Siwowski

2005) (see Fig. 2.3a). Aluminium-concrete compob#ams with channel shear connectors
were analysed by (Stonehewer 1962) and (Polus anchi§ata 2019b) (see Fig. 2.3b). Bolts

were used in tests of aluminium-concrete compdmtems conducted by (Bruzzese, Cappelli
and Mazzolani 1989) (see Fig. 2.3c).

?) Angle b) © @H|

bolt (J = 16 mm)

=}

1

— — — 1 (38.1x19.1x4,L=51mm bolt (J = 8 mm)
Figure 2.3. Shear connectors used in aluminium+st@composite beams

2.3. A new shear connector for aluminium-concret®gosite structures

A new type of shear connector was described inpétent specification defined with the
application number 406833 and the publication nun#82822 (see Fig. 2.4) (Polus and
Szumigata 2014a). The inventors filed the patepliegtion with the Polish Patent Office on
13 January 2014. After the patent prosecution ptitent was granted on 31 July 2019. The
aforementioned connector consists of a head, &shdiange (collar) and a threaded ending
(Polus and Szumigata 2016).

5 A-A

2 j_ |<é_\ 7 l

[ L 4 6

Figure 2.4. Shear connector for aluminium-conceetaposite beams: 1 — head,
2 — shank, 3 — flange, 4 — washer, 5 — nut, 6 mébia 7 — thread (Polus and
Szumigata 2014a)

Due to the fact that it is composed of two parésstud and a boltit can be referred to as
the dowel-bolt connector. One part of the connefttte head, the shank and the flange) is
embedded in the concrete slab. The second pasterf to the flange of the aluminium beam
with nuts. The head facilitates the cooperationveen the connector and the concrete in the
slab. The shape of the flange makes it possiblséoa wrench to hold the connector while the
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nuts are being tightened. The connector may be insgdminium-concrete composite beams
with profiled sheeting. The steel profiled deckimgy be fastened to the top of the aluminium
beam by the flange of the connector. The dowel-batinector makes it possible to separate
the aluminium beam from the concrete slab onceddsign life of the structure is over. In
accordance with the principles of sustainable dgwaknt, new solutions should be easy to
demount. After demounting, the materials may beedwr recycled. In addition, composite
action is achieved without welding, which causesftirmation of heat affected zones and the
reduction of strength parameters of aluminium a@loWhat is more, parts of different
materials (aluminium, steel, concrete) are conmeatea simple way. Demountable shear
connectors can be easily installed on the construcdite in the predrilled flange of the
aluminium beam and the profiled steel sheeting,levtiie concrete can be poured into the
steel sheeting. On the other hand, the concrete cgla be prefabricated off-site, with the
dowel-bolt connectors cast in required locationsg ahen transported to the site and
connected to the aluminium beam with predrilledeBolThis solution is similar to that
presented by Pavlaviet al. (2014) and Pavlavand Veljkovt (2017), in which bolts are cast
in prefabricated concrete slabs and connectedtertasithe predrilled top flange of the steel
beam. Demountable dowel-bolt connectors may be useduminium-concrete composite
beams as an environmentally-friendly alternativeecttannel shear connectors, or bolts with
nuts, threads and shanks embedded in concrete(sked$ig. 2.3). They make it possible to
reuse the aluminium beam after dismantling. Funttoee, the concrete from the composite
beam may be recycled by crushing the concrete shaldsusing the rubble as recycled
aggregate in new structures (Major M. and Maj@0IL5).

In order to develop the prototypes of the connegtbeaded studs (Kdster & Co. 2005)
were modified: the screw was cut and the flange wiesgled to the shank (see Fig. 2.5). The
flange was made of a nut.

Figure 2.5. Prototypes of the shear connectoraltoninium-concrete composite beams
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The composite action of aluminium-concr ete elements

3.1. The theoretical analysis of the dowel-bolt reeetor used in aluminium-concrete
composite structures

Dowel-bolt connectors were used by the presentoauth join aluminium beams with
concrete slabs. The information about their stgfies important to evaluate the behaviour of
aluminium-concrete composite beams. A shear fdipecarve determined in a push-out test
is non-linear. Furthermore, it may be used in théd element model of a composite beam,
where connectors are modelled as zero-length spribgspite the fact that it is a simplistic
method based on discrete shear connections, ipianide reasonable accuracy (Hassanieh,
Valipour, and Bradford 2016b). Non-linear discrepgings are deformable connections used
to capture the shear-slip between the layers (Kimohsia et al. 2014). For example, this
method was used in the finite element models byirQze, Vellascob, and Nethercot (2007),
Kyvelou, Gardner and Nethercot (2018), Stadki and Ciesielczyk (2019), and by Polus and
Szumigata (2019d).

Sometimes, the linear response of the connectasesl as a simplification, e.g., in the
analytical models of aluminium-concrete or timbencrete composite beams (Polus and
Szumigata 2019b) (Lukaszewska 2009). The stiffiégonnections is often described using
the slip modulky 4andky 6. The moduli are determined for the loads equdl0% and 60% of
the estimated load-carrying capacity, respectivél§hen the non-linear shear force-slip
relation is unknown, the stiffness of the connearsually determined using an approximate
method, in which the connector is assumed to aattesam (Ismail et al. 2012).

The behaviour of connectors is often describedgusin elasto-plastic model (Van der
Linden 1999). This model was also proposed fordbwel-bolt connector. The shear force-
slip relation was linear elastic up to the loadfbepcapacity of the connector and from that
point on it was ideal plastic (see Fig. 3.1). Th#ness of the connectok) was determined
from the beam model (Polus and Szumigata 2019ajhénaluminium-concrete composite
beam, one part of the connector is embedded ircdnerete slab and one is fasten to the
flange of the aluminium beam with nuts. The embeddart of the connector works like
a cantilever beam subjected to bending (see R2y. 3.
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Shear }
force

Pre T

-
Ug| Umax  Slip
Figure 3.1. The elasto-plastic theoretical modetlie dowel-bolt connector
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Figure 3.2. The beam model of the connector
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The deflection of the beam)(presented in Fig. 3.2. may be calculated asviaio

_Qp
u= 8E| (3.1)
Q=qlb (3.2)
_ xd?
1= (3.3)
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whereQ is the resultant of the uniformly distributed logy), b is the part of the connector
embedded in the concrete sldbs the diameter of the connectbrs the moment of inertia of
the connector cross-section akdis the Young's modulus of the material of whicke th
connector was made.

The connector stiffness may be calculated as:

k = Q (3.4)
u
By combining Egs. (3.1) and (3.3) one obtains:
Ed*
k=" 3.5
8b3 ( )

Eq. (3.5) demonstrates that the stiffness of theneotor depends on its diameter, the
Young's modulus of the material of which it is maded on the length of the connector
embedded in the concrete slab. The beam modelednrther developed, as there are other
parameters which can have an impact on the std#foéshear connections. Pavioat al.
(2013a) demonstrated that connector-to-hole cleasarninfluence the stiffness of shear
connections. Kozma et al. (2019) showed that tketgmsioning of connectors increases their
initial stiffness. Leskela (2017) presented that shear stiffness of the connection is smaller
in composite beams with profiled steel sheetingy imacomposite beams with solid concrete
slabs. Furthermore, Leskela (2017) showed thatstiear stiffness of connections also
depends on the Young's modulus of concrete. Howévend Cederwall (1996) proved that
the strength of concrete has no impact on connstifimess. The strength of concrete has the
greatest impact on the load-carrying capacity efdbnnector. The push-out tests done by Li
and Cederwall (1996) showed a 34% increase in taeimum shear load upon replacing
normal strength concrete with high strength comcridbwever, the tests also showed that the
amount of slip at the maximum load was the samsgecimens using both types of concrete.
What is more, the shear force-slip curves for pdicsmens were overlapping for as long as the
elastic load was applied. For this reason, theagtreof concrete does not have an impact on
the slip moduli of the connectors.

No design guidelines for demountable connectorscareently available. For this reason,
the methods available for headed shear connectmrsbalts are used to predict the shear
capacity of demountable connectors.

The design resistance of the demountable connéatoaluminium-concrete composite
structures Prg.e9 Mmay be calculated using the following formulasganted in the Eurocode 3
(European Committee for Standardization 2005), Eanle 4 (European Committee for
Standardization 2004) and Eurocode 9 (European Gtiesnfor Standardization 2007).
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o =il 08K A, KO0.2908d% [TuEom ayfuA kuy furdl (3.6)
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= wbo(he _1J 67)
ne by (b

whereAg. is the cross-sectional area of the connedtds the ultimate strength of the steel
used in the shear connecthg,is the height of the section of the connector aidkd in the
concrete slabd is the diameter of the connectgy,is the partial factork: is the reduction
factor (it cannot be greater than the valu& gfxgiven in the Eurocode 49,is the coefficient
and is equal to 1.0 fony/d > 4, and 0.2/d + 1) for 3< hJd < 4; f« and E¢, are the
cylindrical compressive strength and the mean genadulus of concretay, is the number of
connectors in one rib at the beam intersectipnis the width of a concrete rilly, is the
overall depth of the profiled steel sheeting, Ansl the coefficient recommended by (Nie, Cai
and Wang 2005}, is the coefficient from the Eurocode 8,s the tensile stress area of the
connector or the gross cross-section area of theemtor,y; is the partial safety factof is
the ultimate strength of the aluminium in the befange, and,, oy are the coefficients from
the Eurocode 9.

The coefficients recommended by (Nie, Cai and Wang 2005) was atmdtl). (3.6). It
should be used when the transverse spacing ofdheectors ¢) is smaller than d and is
calculated using the following formula:

$=0.9%/4d (3.8)

The American Institute of Steel Construction (20Bpkecifies the design strength of
a headed stud shear connecRyy(asg as Eq. (3.9):

I:>Rd,AISC = mln(Rg Rpfu&c’ O'5Asc‘\/ fckEcm) (3-9)

whereRy andR, are reduction factors.

However, Rehman et al. (2016) demonstrated thatStiecification for Structural Steel
Buildings (American Institute of Steel Constructid®16) overestimated the shear resistance
of demountable shear connectors. Ellobody and Yd@0@6) also proved that the design
rules specified in the American specification oefimated the capacity of the shear
connection in a composite beam with profiled sgadeting. For this reason, the author of the
dissertation used the aforementioned Eurocodeseidiqh the shear capacity of the analysed
connector.
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3.2. The theoretical analysis of the aluminium-getee composite beam

Composite beams with profiled sheeting are oftertigdacomposite beams, because the
number of shear connectors is insufficient to emgul composite action (shear connectors
may only be placed in the ribs of the profiled simegp (Nie, Cai and Wang 2005). The
problem of slipping is inherent in partial compesiiteams. It has an impact on the bending
stiffness (Pengzhen 2014) and the elastic andipltksxural capacities of composite beams.
Partial composite beams fail as a result of theaslsennection failure (Stark 1989). The
ultimate load of the partial composite beam depeardsumber of shear connectors and the
type of shear connectors, i.e., ductile or non-tkishear connectors.

3.2.1. The effective stiffness of the aluminium-caate composite beam with partial shear
interaction

The slip reduces the stiffness of composite beavns énd Cai 2003) (Nie, Cai and Wang
(2005) (Jarek and Rafda2009) (Kisata and Furtak 2016). The author of tissertation
suggests calculating the effective stiffness of dheninium-concrete composite beam with
partial shear interaction using the model for tteelsconcrete composite beam with partial
shear interaction presented by Nie and Cai (2003) A&lie, Cai and Wang (2005)
(see Fig. 3.3). The following assumptions were made

% the beam is simply supported,

% the shear stress at the interface is proportiantde slip,

+« the aluminium girder and the concrete slab haveséimee curvature,

+ the profiled sheeting is not taken into accountmvb&culating stiffness.

wdx
M V Ve +dVe (Mc+dM¢ .
concrete =
C+dC
- -}
[}]
7 tdx *de $*ds
. - _
Ma Ma+dMﬂ
= Va + dV,
T l aluminium T+dT i
- =
Va

‘ dx ‘

Figure 3.3. Deformation of finite length (Nie andiQ003) (Nie, Cai and Wang 2005)
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The effective stiffness of the aluminium-concretemposite beam with partial shear
interaction may be calculated using the followingrulas:

(El), = (1(5'15 | (3.10)
(E1), = (B}, + ETp(1-w,) 311)

where(El)e is the weighted mean stiffness of the transforsextion of the composite beam,
&s is the parameter for the slip effe(fEl); is thestiffness of the transformed section of cross-
section 1-1 (see Fig. 3.3EI); is thestiffness of the transformed section of cross-sack-2
(see Fig. 3.3), andv,, is the ratio of the mean width of the ritv,Y to the width of one
wavelength of the profiled sheeting,) (see Fig. 3.4).

1 o
Figure 3.4. The cross-sections (1 — 1, 2 — 2) efalaminium-concrete composite beam

The parameter for the slip effect may be calculatdg the following formulas, proposed
by (Nie and Cai 2003) for a two-point load:

_ [ o5-pu-eatbitq) \ o1

. ""{4(2(0.5— b/L) +3(0.5- b/L)(1- b/L)byL) (3.12)

ne = 24EeB1 / (L°h) (3.13)

de=(hc+e&)/2+y (3.14)
K

0 = E.I,Ap (3.15)
_ Adcp

P = K (3.16)
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A = | i (3.17)
dc|:dc Cep(l_wrw)i|pb +1g
21,
- AA
A, = m (3.18)
lo=la+lc/n (3.19)
.= ) (3.20)
(1_Wrw)|1+wrw|2
_ 1
A: - Wiw + (1_Wrw) (3'21)
Ar Ao

wherelL is the span lengthp; is the distance between one of the two loadingtpaind the
middle of the beamh is the depth of the entire sectidn,is the thickness of the concrete slab
in a section where there is no riy,is the height of the profiled sheeting,is the distance
from the top of the aluminium girder to its neutaais, p is the longitudinal spacing of shear
connectorsn is the modular ration(= E; / E), A4 is the area of aluminium sectiof, is the
equivalent concrete aredg; is the area of the concrete slab section withrithe)., is the area
of the concrete slab section without the fiis the moment of inertia of aluminiury,is the
moment of inertia of concretg, is the moment of inertia of the concrete slabiseatith the
rib, 1, is the moment of inertia of the concrete slabisactvithout the rih K is the shear
stiffness of the connector.

The effective stiffness of the aluminium-concret@mposite beam with partial shear
interaction has an impact on deflection (Nie and2Z0a3):

f = 12(EP|)eﬁ {2(%—@)3 +3b1(%—b1j(L —bl)} (3.22)

whereP is the total load.

3.2.2. The elastic flexural capacity of the alummiconcrete composite beam with partial
shear interaction

Slip reduces the elastic flexural capacity of cosifgobeams. The elastic flexural capacity
corresponds to the first yielding of the extrem@diof the cross-section. The author of this
dissertation proposes to calculate the elasticufixcapacity of the aluminium-concrete
composite beam with partial shear interaction udimg calculation model for the steel-
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concrete composite beam with partial shear intemagiresented by Nie and Cai (2003) and
Nie, Cai and Wang (2005). It may be calculatedofiews:

My rk= ¢ Mel (3.20)
h
=1- G(aE%e &lea + AJ2e, + 1) (3.21)

whereMg is the elastic flexural capacity not taking intwaunt the slip effecty, is the height
of the aluminium beant, is the Young’s modulus of aluminiumy; is the area of the top
flange of the aluminium bearA,, is the area of the web of the aluminium beam.

3.2.3. The plastic flexural capacity of the aluramiconcrete composite beam with partial
shear interaction

Slip reduces the plastic flexural capacity of cosifg beams. Because of the slip,
a composite beam has two plastic neutral axes.alitieor of this dissertation proposes to
calculate the plastic flexural capacity of the alliobm-concrete composite beam with partial
shear interaction using the calculation model tog steel-concrete composite beam with
partial shear interaction presented by Nie and(2203) and Nie, Cai and Wang (2005). The
reinforcement, the profiled sheeting and the caedrethe ribs were not taken into account in
the bending capacity calculations. The plastic Utek capacity of the aluminium-concrete
composite beam with partial shear interaction ddpesn the location of the plastic neutral
axis of the aluminium beam.

a) Case 1 (the plastic neutral axis of the aluminiwarb was located in its flange)

From section equilibrium (see Fig. 3.5):

Ny = Npe + R (3.22)
My = Ng(dy = 2) + F(h - );C +h, + ;) (3.23)
Na = Afy (3.24)
F = fhuee = yRy (3.25)
N, = 2ab; f, (3.26)

whered; is the distance between the neutral axis of tamlium beam and its top, is the
height of aluminium subjected to compressibg,is the tensile force capacity of the entire
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aluminium sectionNgc is the double compression force of aluminiljs the compression
force of concrete equal to the shear force suppiiedll the connectorgy, is the cross section
area of the aluminium beary,is the yield strength of aluminiurbes is the effective width of
the composite slaly is the width of the top flangey is the number of connectors in the
shear sparP is the shear capacity of a connector accountinghie effect of the profiled
sheeting and connector spacimxg,is the height of compressive concrdteis the cylinder
compressive strength of concrete.

From Egs. (3.22)—(3.26),

Ay 2F, ., 1 1
My =— > (dbd, —A +—°)+F(h +h) - F +
L™ (dbed; - A 3 )+ F(hy +hy) - K (2fcbeff 4fybf) (3.27)
| beff |
<] I IS S R Q{ &
SQ Ti’:'i“. ':I Nac
—_— = e
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Figure 3.5. The model for calculating the plasiéxtiral capacity of the aluminium-concrete
composite beam with partial shear interaction flastic neutral axis of the aluminium beam
is located in its flange)

b) Case 2 (the plastic neutral axis of the aluminiwarb was located in its web)

From section equilibrium (see Fig. 3.6):

. a t
Mui = Nac (dl —t _E] + ZfYAﬁ[dl __;j + Fc(hc + hp _% + dlj (3.28)
N, =Ny —F —nyAﬂ (3.29)
N, = nytwa' (3.30)

whereN,¢ is the double compression force in the welis the thickness of the aluminium
flange, a’ is the height of the web subjected to compressignis the thickness of the
aluminium web.

N4t andF. are calculated using Egs. (3.24) and (3.25).
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From Egs. (3.24), (3.25) and (3.28)—(3.30),

1 1
My =My +(h +h, +d)F, - + FZ (3.31)
t e p - mle Aft, 2fdy ) ©

whereM, is the ultimate flexural capacity of the aluminilo@am.
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Figure 3.6. The model for calculating the plasiéx@iral capacity of the aluminium-concrete
composite beam with partial shear interaction fastic neutral axis of the aluminium beam
was located in its web)

For simplification, the plastic flexural capacititbe aluminium-concrete composite beam
with partial shear interaction may be calculateihgisthe following formulafrom the
Eurocode 4 (European Committee for Standardiz&t@ii):

M ¢ :Ma+(M pl _Ma)rl (3.32)

whereMy, is the ultimate flexural capacity of the full congite beam ang is the degree of
composite action.

Mandara and Mazzolani (1997) pointed out that tlress block method presented
in Figs. 3.5 and 3.6 may lead to overestimatingltiagl-bearing capacity of the aluminium-
concrete composite beams due to the limited dtycoh both concrete and aluminium alloys.
In aluminium alloys which are not ductile enougherpature collapse of the section may
occur due to excessive strain. For this reasonigees should evaluate the deformation
limits of the aluminium alloy which they intend tgse in aluminium-concrete composite
beams. Mandara and Mazzolani (1997) presented lzochédr designing aluminium-concrete
composite beams in which the limit values of ssawere applied.

David and Meyerhof (1958) developed a method fécutating stresses in metal-concrete
composite beams that result from shrinkage, creepthermal expansion or contraction.
They presented expressions for calculating thesstieat the interface between the concrete
slab and the metal beam. Furtak (2017) analysedntpact of concrete shrinkage on the
deflection of the aluminium-concrete composite beard pointed out that the curvature of
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aluminium concrete beams depends not only on thany's moduli but also on the
geometrical characteristics of the cross-sections.

Stonehewer (1962) calculated the stresses at #iebglam interface in the aluminium-
concrete composite beam (ACC) and the steel-cancoeimposite (STC) beam. The
composite beams were made from identical conctabe @and from I-beams having identical
cross-sections, presented in Figure 1.8. The siges$ the slab-beam interface for the
composite beams mentioned above are presentedla 34.

Table 3.1. Stresses at the slab-beam interfacenpaosite beams (Stonehewer 1962)

STC beam ACC beam
Effect Stress in the Stress in the Stress in the Stress in the
beam [MPa] slab [MPa] | beam [MPa]| slab [MPa]

Thermal Contraction

39.3 2.3 48.3 4.6

(100°F temperature change)
Creep 26.2 15 10.3 1.0
Shrinkage 13.1 0.8 4.8 0.5

The above table indicates that thermal effects rae negligible. However, they are
relieved by the Young’'s modulus of aluminium whishthree times lower than that of steel.
Nevertheless, the effects of the different valuethe thermal expansion coefficient, and the
influence of concrete shrinkage and creep on thd-hlearing capacity of the aluminium-
concrete composite beam still require further asialy

41



Chapter 3. THE COMPOSITE ACTION OF ALUMINIUM-CONCRE ELEMENTS

42



Chapter 4

M aterials and methods

The experimental work consisted of three main gsonftests:

% materials tests,

% shear connection tests,

+ bending tests.

Aluminium-concrete composite elements consistedcohcrete slabs made of C50/60
concrete (beams) or C30/37 concrete (models ofgpif.7 mm-thick T55P profiled sheeting
made of S320GD steel, shear connectors made ofJ3238el, reinforcing meshes made of
6 mm round bars (S235JRG2 steel), and aluminiunmbemade of AW-6060 T6 alloy.
Aluminium-concrete composite elements were madeseferal different materials. The
mechanical properties of each material were ingattd in the materials tests. The behaviour
of aluminium-concrete composite elements was ingatgd in the shear connection tests and
the bending tests.

4.1. The materials test programmes

The tests of materials were conducted both on #lsand the concrete.

The tensile tests of the metals were carried oahiinstron Satec testing machine (Instron,
Grove City, PA) at room temperature and accordiagthe EN ISO 6892-1 standard
(European Committee for Standardization 2009 arfldbP0rhe maximum machine capacity
was 300 kN. The uniaxial tensile tests were diviod four groups.

In the first group, the ultimate strength, the Ygisnmodulus and the 0.2% proof strength
of the AW-6060 T6 aluminium alloy were determingtie tensile tests were carried out using
four flat samples and an extensometer (Epsilorkstdag WY, USA) with a 50 mm gauge (see
Figs. 4.1a, 4.1b and 4.1d). The initial stress Ratéf 2.0 MPa/s was used up to 0.2% of the
nominal elongation (in the elastic range). In thasfic range, the strain rage= 0.03 mm/s
was used. The samples were prepared in accordatitehe rules presented in the EN ISO
6892-1 standard (European Committee for Standardiz2009 and 2016). The samples were
cut out from the web of the I-beam using waterjdting to limit the influence of heat on the
strength parameters of the aluminium alloy. In thesile tests, the tensile direction was
parallel to the direction of extrusion°jpbecause in the bending tests of the composdambe
the aluminium beams were subjected to tension laadensile direction was also parallel to
the direction of extrusion. The tensile strengtlpedels on the tensile direction, i.e., the
ultimate tensile strength is higher in thé @rection than in the 45or 90 directions
(Snilsberg et al. 2010).
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Figure 4.1. Metal specimens: a) the geometry ofldtesamples; b) flat samples; c¢) round
samples; d) tensile test on the flat sample; ejilertest on the round sample
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In the second group, the ultimate strength, theng®imodulus and the yield strength of
the S320GD steel were determined. The tensile wsis carried out using six flat samples
and an extensometer (Epsilon, Jackson, WY, USA) @wib0 mm gauge (see Figs. 4.1a and
4.1b). The initial stress rafeof 2.0 MPa/s was used up to 0.2% of the nomiraigtion (in
the elastic range). In the plastic range, therstraie¢ = 0.35 mm/s was used. The samples
were cut out from the sheet using waterjet cutttfymit the influence of heat on the strength
parameters of the steel.

In the third group, the ultimate strength, the Ygismrmodulus and the 0.2% proof strength
of the S235J2 steel were determined. The tensdis twere carried out using three round
samples ¢ = 19 mm,| = 190 mm) and an extensometer (Instron, HighWyamb
Buckinghamshire, UK) with a 50 mm gauge (see Fijcy# The author used 19 mm headed
studs (Koster & Co. 2005) made of the same stetlead6 mm headed studs from the shear
and bending tests. The 16 mm headed studsl60 mm) were too short to be properly fixed
in the clamps of the testing machine and thereavsigp in the initial part of the stress-strain
curve. For this reason, the longer samples werd. U8ee heads of the studs were cut off to
prepare round samples. The initial stress Ratef 6.0 MPa/s was used up to 0.2% of the
nominal elongation (in the elastic range). In thasfic range, the strain ratée= 0.5 mm/s was
used.

In the fourth group, the ultimate strength, the Ngs modulus and the 0.2% proof
strength of the S235JRG2 steel were determinedtdisle tests were carried out using five
round samplesg( = 6 mm,| = 300 mm) and an extensometer (Instron, HighWyamb
Buckinghamshire, UK) with a 50 mm gauge (see Hgsc and 4.1e). The initial stress rate
R of 6.0 MPa/s was used up to 0.2% of the nominahgation (in the elastic range). In the
plastic range, the strain rate= 0.5 mm/s was used.

The mechanical properties of the concrete elemegats obtained from the tests according
to the EN 12390-3, EN 12390-6 and EN 12390-13 staisd (European Committee for
Standardization 2011 and 2013).

The strength parameters of the concrete used ialtlreinium-concrete composite joints
were obtained from the cubic (150 x 150 x 150 maorjceete specimens (see Figs. 4.2a—c).
The concrete compression machine Matest CO89-1@e@¥aTreviolo, Italy), with capacity
equal to 3000 kN, was used. The stress rate waal ¢égu.6 MPa/s. The concrete mixture
consisted of cement (CEM 1 42.5 R), fly ash, gra2el8 mm and 8-16 mm), sand (0—2 mm),
water and plasticizer. The compressive cubic sttefigu,e was evaluated on the basis of
4 cubic specimens in accordance with the EN 123%faBdard (European Committee for
Standardization 2011) and 28 days after the casfitige joint samples. The compression test
was repeated using 12 cubic specimens 70 daystlaéteasting to evaluate the strength of the
concrete during the shear connection tests.

The strength parameters of the concrete used ialtlreinium-concrete composite beams
were obtained from the cubic (150 x 150 x 150 mmgl &ylindrical ¢ = 150 mm,
| =300 mm) concrete specimens (see Fig. 4.2d). diherete mixture consisted of sand (0—2 mm),
gravel (2-8 mm), cement (CEM IlI/A 42.5N-HSR) andter. The compressive cubic strength
fc.cunewas evaluated on the basis of 4 specimens in aagoedwith the EN 12390-3 standard
(European Committee for Standardization 2011) #hdd/s after the beam casting (Ziski
2010). The concrete compression machine Matest c08@atest, Treviolo, Italy) was

45



Chapter 4. MATERIALS AND METHODS

used. The stress rate was 0.6 MPa/s. The compeessiic strengtif cupewas also evaluated
on the basis of 8 specimens, 196 days after thangas

b)

d)

Figure 4.2. Cubic concrete specimens: a) compressst on the cubic sample
b) cubic sample, ¢) C30/37 concrete samples d)8D5€dncrete samples

The tensile splitting strength was tested using 3 cylindrical specimens, 269 d#tgs the
casting, in accordance with the EN 12390-6 standé@diropean Committee for
Standardization 2011) (see Figs. 4.3a and 4.3b)lnamon 8505 Plus test machine (Instron,
HighWycombe, Buckinghamshire, UK) and hardboargpstwere used in the test. The stress
rate was equal to 0.05 MPa/s. The compressivedsiistrength; was evaluated on the basis
of 5 specimens and in accordance with the rulesemted in the EN 12390-3 standard
(European Committee for Standardization 2011), Aags after casting (see Fig. 4.3c).
A stress rate 0.6 MPds was used.

The initial and the stabilized secant moduli ofsétaty of the concrete were tested using
4 cylindrical specimens, 314 days after the castingccordance with method A described in
the EN 12390-13 standard (European Committee fandatrdization 2011 and 2013) (see
Figs. 4.3d—f). The value of the compressive sttemgtconcreteff) obtained in the previous
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tests was used to determine the nominal uppersstgethe nominal lower stress, and the
preload stress,.

a)

Figure 4.3. Cylindrical concrete specimens: a)tspgj test of the specimen; b) a longitudinal
view of the specimen in the splitting test; c) coagsive strength test; d) the extensometer
and the strain gauge located on the lateral sudatiee specimen; e) elastic modulus testing,

f) the location of extensometers
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The Poisson’'s ratio of the concrete was also datednn these tests. Every cylindrical
specimen had two strain gauges (Hottinger, Darmst@drmany) and two extensometers
(Instron, HighWycombe, Buckinghamshire, UK) with@& mm gauge. The extensometers and
the strain gauges were located on the lateral surdd each specimen. The extensometers
were parallel to the vertical axis of the specimevhereas the strain gauges were
perpendicular to the vertical axis of the speciméme strain gauges were used to obtain the
Poisson’s ratio. Each specimen was placed cenirallye testing machine. Three preloading
cycles were carried out to check the wiring stapiéind the positioning of the specimens.
Then, loading cycles were applied (see Fig. 4.4)erAhe loading cycles, the compressive
strength of the specimens was additionally detesthirDuring the tests, the stress was
increased at a rate of 0.6 MPa/s. The average wvabfiestrain obtained from the two
extensometers were used to determine the non-lisieass—strain relationships from the
laboratory tests of concrete.

a)
A
b <20s
Op {f L L
<20s <20s <60s
0 -
b)
c [MPa] A
-
t[s]

Figure 4.4. The loading cycles during the elastodoius testing:
a) described in the EN 12390-13 standard; b) aghjnti¢he tests
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4.2. The shear connection test programme

The shear connection test programme was used &stigate the stiffness, resistance and
ductility of the new type of shear connector depebb for aluminium-concrete composite
structures. In addition to the investigation of thechanical properties of the connector, the
tests were conducted to capture connection modédailafe. On top of that, the load-slip
model obtained from connector tests was used inntimaerical analysis of aluminium-
concrete composite beams. After the tests, posgibil separating the aluminium beam from
the concrete slab was evaluated.

The ductility of the connection may be evaluatedoading to the suggestion made by
(Deam et al. 2008). A connection may be definedwagile if it withstands a relative slip of
10 mm without a reduction in strength exceeding 2fi%he peak value. What is more, the
connectors are deemed to be ductile if they hasleagacteristic slip capacity exceeding 6 mm
(Johnson 2012). Shear connectors should have erstipgtapacity to redistribute shear force
to adjacent shear connectors after yielding (Kwioal.€2010). The ductility of the dowel-bolt
was evaluated in the push-out tests. The slip ¢gpata specimer, corresponded to the
maximum slip measured at the characteristic loaelland it was taken from the falling
branch of the load-slip curve (Johnson 2012).

The characteristic resistance of the connectomrahted from the push-out tests may be
calculated using the following formula presented(bghnson 2012) and in the Eurocode 4
(European Committee for Standardization 2004):

I:)Rk,test = 0'9Pmin (4-1)
wherePn,n is the lowest resistance measured per connector.

The push-out test specimen consisted of: an alumifieam, concrete slabs, steel profiled
sheeting, shear connectors and reinforcing meshas.aforementioned elements and the
formwork for the concrete slabs were prepared enworkshop of the Institute of Structural
Engineering of the Poznan University of Technolpggr to the assembly of the specimens.

4.2.1. The making of the shear connectors

The prototypes of the connectors were made of liksiels (Kdster & Co. 2005) and nuts
in several steps (see Fig. 4.5). The making ofstiear connectors was time-consuming. The
total of 136 shear connectors were created fotdsts: 32 for the push-out tests and 104 for
the bending tests. In the future, the connectomulshbe produced by screw and bolt
manufacturers, in an automated—, and thus lessdimsuming —process.
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Figure 4.5. Steps of the production process: adehﬂaatu b) foring trds b utting;
c¢) stud with threads; d) enlarging a hole in thebwdrilling; e) welding a nut to the shank;
f) shear connectors after welding

4.2.2. The assembly of the specimens

Each specimen consisted of two concrete slabs raa@80/37 concrete, two steel sheets
made of 0.7 mm-thick S320GD steel, eight shear ectaons, two reinforcing meshes made of
6 mm S235JRG2 round steel bars, and an aluminivamb®made of AW-6060 T6 alloy.
18 mm holes were drilled in the aluminium beams anthe profiled sheeting using hole
saws (ProFit HM Endura and ProFit Bimetal Pluspeesively) (see Figs. 4.6a and 4.6b). The
shear connectors (non-preloaded demountable davitetbnnectors) made of S235J2 steel
were used to join the aluminium beam first with {h®filed sheeting and then with the
concrete slabs (see Fig. 4.6¢). The reinforcinghmesvere welded from 6 mm round bars
made of S235JRG2 steel. The formwork for the cdacstabs was made of 12 mm-thick
OSB boards (see Fig. 4.6d). The concrete slabs wiemaltaneously cast in the vertical
position (see Figs. 4.6e and 4.6f). Due to this, feach slab was made of the same concrete.
Furthermore, 16 cubic concrete samples were prédaretesting the material compressive
strength. The concrete was bought from the “Lafdfgeszywa i Betoii company and the
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precise proportion of the ingredients was a tragleres. However, it was known that the
concrete was composed of cement (CEM | 42.5 Rpgdly, aggregate: gravel (2—-8 mm and 8—
16 mm in diameter), sand (0—2 mm in diameter), watel plasticizer. A handheld concrete
vibrator was used to consolidate fresh concretthenformwork and a vibrating table was
used to consolidate fresh concrete in the cubes. chimcrete was cured for 28 days. The
aluminium-concrete composite joint specimens wereered with wet cloths to keep them
damp during the curing process. As for the cubitcoete specimens, they were subjected to
immersion curing. Four specimens were assemble& @nthem had a rubber element
between the aluminium beam flat and the profilegesing to prevent contact corrosion (see
Figs. 4.6g and 4.6h). After the test, the stiffnasthe connection with the rubber element was
compared with the stiffness of other connections.

4.2.3. Test set-up

The tests were conducted 70 days after castinigeitaibboratory of the Institute of Structural
Engineering of the Poznan University of Technoloflge specimens were put on a 12 mm-
thick OSB board placed on the base of the Inst&d68lus test machine (see Fig. 4.7). The
load ranging between 30 kKN and 70 kN was appliediagily 25 times in accordance with
the principles set out in the Eurocode 4 (Europ@éammittee for Standardization 2004), and,
subsequently, failure load was applied. The lomtyital slip between the concrete slabs and
the aluminium beam and the horizontal displacememse measured continuously during
loading using Linear Voltage Displacement TransdaicgVDTs). The location of the
LVDTs is presented in Figure 4.7. Measurements aése made when the load decreased.
Displacement control was used. The vertical disgteent was kept constant (constant
displacement control) and the piston velocity antedrio 0.5 mm/min.
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a)

Figure 4.6. The assembly of the épeciens
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Figure 4.7. Push-out test set-up (dimensions in,drg — LVDT
4.3. The bending test programme

The bending tests were performed in the laborabdtpe Institute of Structural Engineering
of the Poznan University of Technology. Four beavase tested in an attempt to capture the
short-term local and global behaviour of aluminiaoncrete composite beams, including the
mode of failure, level of composite efficiency ftire proposed type of connectors, load-
deflection and load-slip response. Moreover, tmacsiral response of the tested elements
was used to validate a non-linear finite elemerf)(ifodel of the aluminium-concrete
composite beam.

4.3.1. The assembly of the specimens
Each of the specimens consisted of a concretenséate of C50/60 concrete, 0.7 mm-thick

T55P profiled sheeting made of S320GD steel, 2@rsbennectors, two reinforcing meshes
made of 6 mm S235JRG2 round steel bars, and anralumbeam made of AW-6060 T6
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alloy. 18 mm holes were drilled in the aluminiumabes and in the profiled sheeting using
hole saws (ProFit HM Endura and ProFit Bimetal Phespectively) (see Fig. 4.8a). Metal
cutting foam (ProFit) was used for a smoother cut @ longer life of the hole saw. The shear
connectors (non-preloaded demountable dowel-baihectors) made of S235J2 steel were
used to join the aluminium beam with the profildégtating and next with the concrete slab.
The shape of the connector flange made it possibiese a wrench to hold the connector
while the nuts were being tightened (see Fig. 4.8bg degree of the shear connection was
0.79, as calculated in accordance with the priesiget out in the Eurocode 4 (European
Committee for Standardization 2004). The profiladeting was placed in an upward position
and was used as a lost formwork. The sheets wareddogether by overlapping and secured
with self-tapping screws (see Fig. 4.8c). Self-tagpscrews were also used to join the
profiled sheeting and the concrete slab, and tegmtethe separation of these elements (see
Fig. 4.8d). Reinforcing meshes were made of 6 mnmB53RG2 round steel bars
(reinforcement ratio~ 1.0%). The spacing between the round bars was 8110 in

a transverse direction and 117.5 mm in a longitalddirection. 104 shear connectors were
used in four beams (see Fig. 4.8e). The formworkHe concrete slabs was made of 12 mm-
thick OSB boards (see Figs. 4.8f-h). The concréabsswere simultaneously casted in
a horizontal position (see Figs. 4.9a and 4.9b)e Thbic and the cylindrical concrete
specimens were made at the time of casting. Therets was bought from “Stanbud”
company and its composition is described in AppeddiThe concrete mixture was prepared
according to (EN 206-1, European Committee for &Gadization 2003). The maximum
aggregate size was 8 mm. A surface concrete vibrass used to consolidate the fresh
concrete in the formwork. The concrete was theedadior 28 days. The aluminium-concrete
composite beams were covered with wet cloths tp kieem damp during the curing process.
As for the cubic and cylindrical concrete specimehsy were subjected to immersion curing
(see Fig. 4.9c). The U-shape of the formwork préserthe bending of the profiled sheeting
during the casting (see Fig. 4.9d). Each beam Ihadrsions determined before the casting
(see Fig. 4.9¢e). The total of four aluminium-comereomposite beams were assembled (see
Fig. 4.9f). In each beam, three strain gauges wkeied onto the upper surface of the concrete
slab and four strain gauges were glued onto thenialum beam (see Figs. 4.9g-h). Strain
distribution was measured along cross-section 3e@ (Fig. 4.10). The cross-section was
located between the two loading points and it wegexted to pure bending.
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a)

Figure 4.8. The assembly of the specimens (part 1)
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Figure 4.9. The assembly of the specimens (part 2)
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4.3.2. Test set-up

Four aluminium-concrete composite elements wergestddl to four-point bending tests. The
geometrical configurations and the details of tearbs are presented in Fig. 4.10.
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Figure 4.10. Bending test set-up (dimensions in n&h)}-3 — strain gauges on the aluminium
beams, B1-3 — strain gauges on the concrete sl8b; LVDT and 9 — inclinometer (Polus
and Szumigata 2017a) (Polus and Szumigata 2019a)

In each test, the mid-span deflection, the defdectunder loads, the deflection of the
supports, and the slip between the aluminium beadththe concrete slab were measured
using LVDTSs. Furthermore, the development of cramkghe surfaces of the tested elements
was tracked. The specimens were located on rallgpats (see Fig. 4.11). The aluminium-
concrete composite elements were symmetricallyddgch two places on each beam) using
a spreader beanhs & 900 mm). Due to this fact, the beams betweenloeloading points
were subjected to pure bending. The spreader beas placed on two steel plates
(8 mm x 80 mm x 210 mm) (for beams 3 and 4) to gméwthe crushing of the concrete
subjected to compression. The bending tests weferpeed 100-192 days after the casting,
using the Instron 8505 Plus test machine.

Figure 4.11. The specimen with the spreader beam |
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LVDTs 5 and 6 were used to measure vertical digptent of the supports. LVDTs 7 and
8 were used to measure the horizontal displacewnfethe aluminium beam and the concrete
slab (see Fig. 4.12a). The slip of the aluminiumezete composite beam was calculated as
the difference between these displacements. Sthiatnbution was measured along cross-
section 3-3 using strain gauges glued onto the inlum beam (see Figs. 4.12b and 4.13c)
and the concrete slab (see Fig. 4.12d). Strain massured taking into account the
temperature compensation of strain gauges. Ond¢i@ukliconcrete beam and one aluminium
additional beam with strain gauges were used sglocess.

b)

aluminium beam; d) strain gauges glued onto thermete slab
4.4. The finite element modelling of the concretincler subjected to compression

This section presents the main outcomes of the nmeahanalyses described in (Polus and
Szumigata 2019c).

The behaviour of structural elements is often eat&ld using numerical simulations. Concrete
elements are difficult to model, because of thedrteeidentify a number of parameters. The
fracturing of concrete depends on the loading (ypenotonic or cyclic), the loading velocity

(quasi-static or dynamic) and the moisture levethef concrete (Marzec 2008) (Marzec and
Tejchman 2013). Crushing appears in concrete sidojeéo compression whereas the cracking
appears in concrete subjected to tension. The lpmitasf concrete may be presented using
two models: the concrete damaged plasticity (CDPygradient damage-plasticity (GDP)

(Wosatko, Pamin and Polak 2015). The present auwthose the CDP model to reflect the
behaviour of the concrete cylinder subjected to m@ssion. This model is available in the
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Abaqus program and it reflects the cracking phemmmethe crack closing effect and the
different types of behaviour for tension and comspi@en (Wosatko et al. 2018). The CDP
may be used in conjunction with adaptive meshinglltov for the completion of the analyses
even with relatively high deformation rates (Mar&@10). For example, the impacted zone of
a concrete slab may be re-meshed regularly durisgile impact analyses in order to avoid
heavy distortion of elements. When the CDP modeisid in a finite element analysis, the
failure mode of a structural element must be deffing the user based on the state of damage
determined in the analysis. The model was thea@lgticlescribed by Lubliner et al. (1989)
and Lee and Fenves (1998) and was implementeceiAltaqus program. The use of the CDP
model requires the knowledge of material constgdBisczecina and Winnicki 2017). The
constitutive parameters of the CDP model were dised by Jankowiak and todygowski
(2005 & 2010), and Kmiecik and Kanski (2011). Many tests are required to identify the
properties of concrete. For this reason, Gajewski Garbowski (2014) developed a simple
procedure for estimating concrete properties, @uce the number of tests to one. The
procedure combines a standard uniaxial test, dligitage correlation measurements and an
inverse analysis.

The compressive stress-strain diagram for the aisalpf concrete subjected to
compression was adopted from the Eurocode 2 (Earo@mmittee for Standardization
2004) (see Fig. 4.13). To present this relationghi¢p compressive stress was calculated using
the concrete parameters obtained in the laboratesys {., Ec, ¢1) and the following
formulas:

2

=1 Ko = 11e (4.2)
1+ (k - 2)77e
K = 1.05EC% (4.3)
fo =& (4.4)
€c1

where f. and E; are the compressive strength and the Young's musdwif concrete,
respectivelyg. is the compressive strain ang is the strain at compressive strength.
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Figure 4.13. The stress-strain relationship forceete (Polus and Szumigata 2019c)

The tensile stress-strain diagram for the analg$isoncrete subjected to tension was
adopted from (Kmiecik and Kamski 2011) and (Wang and Hsu 2001). To show this
relationship, the tensile stress was calculatedguiie concrete parameters obtained in the
laboratory testsf{, Ec) and the following formulas:

o, = E& if & <eg

My
4.5
o, = fc{ﬁj if & >e. (4.5)

&

wheren,, is the rate of weakeningy is the cracking strain assumedfas E, f; is the tensile
strength of concrete andis the tensile strain.

The inelastic compressive straia) was calculated using the following formulas
(Kmiecik and Kamiski 2011):

8i: =g — eil (4.6)
el _ O
e = Ei (4.7)

wheree. is the total compressive straig® is the elastic compressive straigjs the stress for
uniaxial compression arig} is the initial Young’s modulus for undamaged ceter

The plastic compressive strain®) was calculated as follows (Kmiecik and Kaski
2011):
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c e (4.8)

gh———c ¢
¢ ¢ (1-D,) g
whereD. is the concrete compression damage parameter.

The stress for uniaxial compressian)(and the effective compressive strea$™| were
calculated using the following formulas (Kmiecikdaliaminski 2011):

Oc = (1_ DC)EO(‘C"C - 8(?') (4-9)
7 = oy = Bl ) (4.10)

In the case of compression, the material was defaselinear elastic to the point where the
stress reached 0f4, (mean value of the concrete cylinder compressnangth) according to
the Eurocode 2 (European Committee for Standardiz@004). After this point, the material
was defined as non-linear elastic. The value ofcbrecrete compression damage parameter
D. was assumed as 0.0 for the strain lower thanThe value of this parameter started to
increase after the point where the compressivengiine of concrete was reached (see
Fig. 4.14).

In the case of tension, it was assumed that thekicrg appeared when the stress was equal
to f... The cracking strairef") was calculated as follows (Kmiecik and Kaski 2011):

& =g —&! (4.11)
P Ot (4.12)
'K

whereg; is the total tensile straif,e' is the elastic tensile strain, amnds the stress for uniaxial
tension.

The plastic tensile strain{) was calculated using the following formula (Kmileand
Kaminski 2011):

pl — cr D, Oy

& St _mg (413)

whereD; is the concrete tension damage parameter.

The stress for uniaxial tensios)(and the effective tensile stresg™() were calculated as
follows (Kmiecik and Kamiski 2011):
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o = (1= D)Ey(e — 8tpl) (4.14)

o = O =By — ) (4.15)

The concrete tension damage paramBtaras increasing in proportion to the increase in
the width of the crackv (see Fig. 4.14), which was calculated as followsng the formula
presented by Hordijk (1991), Wittmann et al. (198Bnkowiak (2012), and Jankowiak and
Madaj (2014):

W =516, /f, (4.16)

whereGe is the fracture energy.

Fracture energy is the energy released in the psoafecrack formation (Jankowiak 2018).
It depends on the maximum aggregate size and #ss cf concrete (Jankowiak and Madaj
2015).The crack propagates when the stress at the amodaches the tensile strength of the
concrete (Hillerborg, Modéer and Petersson 1976heWWthe crack opens, the stress
decreases, and the crack width increases. Thdegestiess-crack width relationshig—w) is
presented in Fig 4.14. The value of the fracturergy (Gr) was calculated using the
following formula proposed by Bazant and Becq-Gil@u (2002) and Comite Euro-
International du Beton (1991):

f 0.7
Ge = (0.04691a2 - 0.5, + 26) E(lgj (4.17)

whered, is the maximum aggregate size [mm].

The influence of the maximum aggregate size onfréngure parameters of concrete was
investigated by Golewski (2007). In his research, dalculated the value of the fracture
energy to be 78.03 N/m.

The data containing inelastic (crushing) strainueal calculated from Eq. (4.6) and the
cracking strain values calculated from Eq. (4.1&yeventered into the Abaqus program. The
crushing and cracking strain values were then aatically converted into the plastic strain
values using the relationship from Egs. (4.8) and.J) (Dassault Systemes 2013). The
parameters of the concrete used in the numericdyses are presented in Tables 4.1-4.3.
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Table 4.1. Concrete parameters used in the fitet@ent modelling of the concrete cylinder
subjected to compression and the aluminium-conc@tgosite beam (Polus and Szumigata
2019a) (Polus and Szumigata 2019c)

Parameter Value
Young’s moduluss, [MPa] 37 306
Poisson’s ratio [-] 0.19
Compressive strength [MPa] 61.8"
Tensile strength, [MPa] 4.61
Largest nominal maximum aggregate sizémm] 8.0/
Fracture energ®e [N/m] 89.58
Rate of weakeningy [-] 0.7
Dilatation angley [°] 40.0
Eccentricityes [-] 0.1°
Ratid” foo/feo [-] 1.16
Parametek [-] 0.667F
Viscosity parametew, [-] 0.000F *, 0.00001

2pased on own laboratory testsalculated®based on (Kmiecik and Karski 2011);

9a ratio of the concrete strength in the biaxialesfio) to the concrete strength in the uniaxial
state {.o); ©used in the finite element modelling of the corereylinder;” used in the finite
element modelling of the aluminium-concrete comigolseam

5 1 , 80.0
ot -w — D t-w / —o_c-D_¢
4 \ —--02511t 08 / 60.0
w3 o\ 014w 06 w
a : = / o
=3 \ i o / =400
g2 0.4 o
1.15 \\ /
e 02 200
0 : 0 0.0
0 0014 gps 0.1 0 0.05 0.1 0.0 0.5 10
w [mm] w [mm] De []

Figure 4.14. Parameters of concrete: a) tensisstcrack width relationshipHw);
b) concrete tension damage parameter—crack wildtioreship D—w); ¢) compressive stress—
concrete compression damage parameter relatiofaghi) (Polus and Szumigata 2019c)

63



Chapter 4. MATERIALS AND METHODS

Table 4.2. Material parameters used in the CDP irfodeoncrete subjected to compression
in the finite element modelling of the concreteimgér (Polus and Szumigata 2019c¢)

Concrete compression hardening Concrete compredainage
Stress Crushing ('|nelast|c) D, Crushing ('|nelast|c)
(MPa] strain [ strain

[-] [-]

26.14 0.0 0.0 0.0

48.25 0.00010655 0.0 0.00010655
50.86 0.00013648 0.0 0.00013648
53.28 0.00017155 0.0 0.00017155
55.48 0.00021250 0.0 0.00021250
57.43 0.00026020 0.0 0.00026020
59.09 0.00031572 0.0 0.00031572
60.41 0.00038037 0.0 0.00038037
61.33 0.00045575 0.0 0.00045575
61.79 0.00059349 0.0 0.00059349
61.65 0.00064730 0.002 0.00064730
60.83 0.00076929 0.016 0.00076929
59.15 0.00091414 0.043 0.00091414
56.41 0.00108756 0.087 0.00108756
52.32 0.00129733 0.153 0.00129733
46.46 0.00155435 0.248 0.00155435
38.26 0.00187438 0.381 0.00187438
33.01 0.00206496 0.466 0.00206496
26.82 0.00228101 0.566 0.00228101
19.48 0.00252762 0.685 0.00252762
10.77 0.00281133 0.826 0.00281133
0.35 0.00314071 0.994 0.00314071

The concrete cylinder was placed between two steeld plates. The steel used in the
round plates was model as an elastic material. itneng’'s modulus of stedts and the
Poisson’s ratio were equal to 210 GPa and 0.3, respectively.

The discrete model of the concrete cylinder subptd compression was built in the Abaqus
6.13 environment (Dassault Systemes 2013) and é¢Ramined using the Abaqus/Standard

finite element code. The Newton-Raphson method wssesl as a numerical technique for

solving the non-linear equilibrium equations. Thisthod uses a tangent stiffness matrix and
solves the non-linear equation incrementally aedatively (Tan 2010).

The steel plates were modelled using 4-noded dtethents with reduced integration
(S4R), whereas the concrete cylinder was modefieskveral variants which used different
finite elements (see Table 4.4 and Fig. 4.15). (B@Ements with hourglass control are
often used to prepare concrete models. Howevey, sheuld be used with reasonably fine
meshes to prevent uncontrolled distortion of thesiméhourglassing) (Dassault Systémes
2013). In the case of a concrete slab subjecté@dmnoing, no less than four C3D8R elements
should be used through its thickness (Szewczyk 2&18019). What is more, C3D8I
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elements may be used instead of C3D8R elementsaubecthey are enhanced by

incompatible modes to improve their bending behavio

Table 4.3. Material parameters used in the CDP ifodeoncrete subjected to tension in the

finite element modelling of the concrete cylindeolus and Szumigata 2019c)

Concrete tension stiffening Concrete tension damage
Stress Cracking strain D: Cracking strain
[MPa] [-] [-] [-]

4.6 0 0 0
3.279224 0.0001121 0.05360 0.0001121
2.805008 0.0001748 0.07284 0.0001748
2.468921 0.0002338 0.08648 0.0002338
2.216381 0.0002906 0.09673 0.0002906
2.018599 0.0003459 0.10475 0.0003459
1.144254 0.0008693 0.14430 0.0008693
1.101756 0.0009205 0.17608 0.0009205
1.062899 0.0009715 0.20514 0.0009715
0.935546 0.0011749 0.30037 0.0011749
0.800255 0.0014785 0.40155 0.0014785
0.704371 0.0017811 0.47325 0.0017811
0.60251 0.0022338 0.54943 0.0022338
0.504445 0.0028865 0.62276 0.0028865
0.301483 0.0060419 0.77454 0.0060419
0.205641 0.0104445 0.84622 0.0104445
0.107348 0.0264471 0.91972 0.0264471
0.052517 0.0734486 0.96073 0.0734486

Table 4.4. Finite elements used in the finite elehmeodelling of the concrete cylinder
subjected to compression (Polus and Szumigata 2QZ@mkiewicz, Taylor and Zhu 2005)

Size

No. FE Description No. of FEs
[mm]
1 5 51 840
2 8-node linear brick elements with reduced 10 7200
C3D8R : .

3 integration and hourglass control 20 900

4 40 160

5 C3D8 8-node linear brick elements 10 7200
6 C3D8I Incompatible mode 8-node linear brick 10 7200

elements

The upper steel plate was used to compress theaetenzylinder. During the analysis the
vertical displacement (downward movement) was eireg. The boundary conditions for the
support and the contact between the concrete &liadd the steel plates are illustrated in
Fig. 4.16.
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a)_ b)

Figure 4.15. The mesh used in the numerical cdionlst a) concrete cylinder (10 mm mesh),
b) steel plates (10 mm mesh), c) concrete cylifd@nm mesh), d) steel plates (5 mm mesh)

Normal behaviour: “hard” contact
Tangential behaviour: friction (u =0.3)

e =
S =

us>0

@
]

ur=u2=u3=0 z
X<—LY

Normal behaviour: “hard” contact
Tangential behaviour: friction (u =0.3)

Figure 4.16. Boundary conditions for the suppod #re contact between the concrete
cylinder and the steel plates (Polus and Szumiz@atfc)

z

b x

z
X 1Y

Friction and surface-to-surface “hard” contact weefined between the steel plates and
the upper and lower surfaces of the concrete ogtinthe friction coefficient: was equal to
0.3. The same value of the friction coefficientvizen a steel element and a concrete element
was used by Guezouli and Lachal (2012).

Two reference points (RPs) were located on thedhserface of the concrete cylinder to
record displacement (see Fig. 4.16). What is mtre, initial distance between the RPs
(bg = 50 mm) was the same as the measuring base sfrthe gauge in the laboratory tests of
the concrete cylinders. After the numerical anaysbe strain was calculated from the
equation:

e =—— (4.18)

whereby is the relative vertical displacement betweenRIRs andy is the initial distance
between the RPs.
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The non-linear stress-strain relationship for ceteifrom the laboratory tests (the elastic
modulus testing) was used to validate the numenadel of the concrete cylinder subjected
to compression.

4.5. The finite element modelling of the shear @mtion test

The discrete model of the specimen from the pugshtest was built in the Abaqus 6.13
environment (Dassault Systemes 2013) and then eeaimising the Abaqus/Standard finite
element code. The Newton-Raphson method was usadnamerical technique for solving
the non-linear equilibrium equations. The specinmaa two axes of symmetry. For this
reason, only ¥ of the specimen was prepared imptbgram and the finite element (FE)
model consisted of % of the aluminium I-beam, “thefsteel plate, 2 of the reinforcing steel
mesh, %2 of the profiled steel sheeting and % ottrerete slab (see Fig. 4.17).

Figure 4.17. The discrete model of the specimem fitee push-out test: a) complete model;
b) ¥4 of the model; 1 — concrete slab, 2 — aluminngam, 3 — steel plate, 4 — steel mesh,
5 — profiled steel sheeting, 6 — connector

The validation process of a FE model should corgishany aspects (Petka-Sawenko,
Wréblewski and Szumigata 2016). The most challeggaspects in the finite element
modelling of the shear connection test included: thodelling of the behaviour of the
concrete and the modelling of the connection betwtee aluminium beam and the concrete
slab. Many parameters, e.g., the damage paramatersyitical for the accurate definition of
the concrete model (Genikomsou and Polak 2015).tlkierreason, some parameters were
taken from the literature and some of them wereaiobtd from material tests. The rule
presented by Kwéiewski, Szmigiera and Siennicki (2011), accordiagvhich one should
begin with the simplest model and then build a numplex one, was used. The author of
this dissertation analysed a number of FE modelsesof which are presented in Table 4.5.
The model of the connection between an aluminiuamband a concrete slab has an impact
on the behaviour of aluminium-concrete compositanie When the shear connectors are
modelled as beams and are tied to an aluminium pgamimpossible to take into account
the slip resulting from the clearance between theas connectors and the holes in the
aluminium beam (Szumigata and Polus 2014b). Wréskewet al. (2013) compared two
connection modelling technigues. In the first motled authors used beam elements, while in
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the second model they used spring elements. A cosopaof the two models revealed that
the model with spring elements better reflectedabieaviour of the real structure. Ding et al.
(2016) used spring elements or beam elements toelmomhnections in steel-concrete
composite beams. They observed that the end shpefam obtained by using beam elements
was lower than that obtained by using spring elémdfurthermore, spring elements provide
faster computational speed than beam elementsi®dinese facts, the implicit modelling of
connectors was used to take slip into account énRE model. The shear connectors were
modelled by zero-length springs. Two points on ¢bacrete slab were connected with two
points on the aluminium beam using zero-length sviflehese connections were axial and the
orientation of the connectors was specified using local coordinate system in which
x direction was parallel to the length of the bedime connectors enabled the slip between the
concrete slab and the aluminium beam direction. Four models of the shear connector were
used (see Figs. 4.18 and 5.10). In the first m{iéet 1), the response of the connector was
non-linear to reflect the average shear force-@lifve for the three specimens from the push-
out tests. In the second (F-sy2= 1.25) and third models (F-s;3,= 1.0), the response of
the connector was also non-linear to reflect tlastelplastic theoretical model for the dowel-
bolt connector presented in Section 3.1. In thé masdel (F—s 4k = 5.5 kN/mm), the
response of the connector was linear to reflecy tmé first branch of the shear force—slip
curve for the dowel-bolt connector presented inti8ec3.1. The data containing forces and
displacements were used in the program. Howevdid stements (shear connectors) were
added (see Fig. 4.17) and embedded in the corgledien the FE model. It was done because
these elements reinforced the concrete ribs. Ttieaof this dissertation emphasizes the fact
that they were not used to join the aluminium beamd the concrete slab, because this
connection was modelled by the zero-length spritegxribed above. The skin of the concrete
slab represented the profiled steel sheeting. $tassumed that the profiled steel sheeting was
perfectly bonded to the concrete slab. There waselative slip between the profiled steel
sheeting and the concrete slab (Wang 2009).
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Figure 4.18. Models of shear connectors used iffEhanalyses
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Table 4.5. Finite element analyses of the sheamexiion test

FEA FES® Mesh size | -0 crete modé Connectclon
[mm] model

1 1: 2355 C3D8R,; 2, 3, 5: 890 S4R 20 | A
4:195 T3D2; 6: 1104 C3D10; Total: 4544

5 1: 2355 C3D8R; 2, 3, 5: 890 S4R 20 " A
4:195 T3D2; 6: 1104 C3D10; Total: 4544

3 1: 2355 C3D8R,; 2, 3, 5: 890 S4R 20 I 5
4: 195 T3D2; 6: 1104 C3D10; Total: 4544

4 1: 5200 C3D8R,; 2, 3, 5: 1567 S4R 15 I 5
4: 252 T3D2; 6: 1104 C3D10; Total: 8123 =

5 1: 2355 C3D8R; 2, 3, 5: 890 S4R 20 " c
4:195 T3D2; 6: 1104 C3D10; Total: 4544

6 1, 6: 2531 C3D8R2, 3, 5: 890 S4R 20 " c
4:195 T3D2; Total: 3616

- 1: 2355 C3D8R,; 2, 3, 5: 890 S4R 20 I D
4: 195 T3D2; 6: 1104 C3D10; Total: 4544

8 1: 2355 C3D8R,; 2, 3, 5: 890 S4R 20 " D
4:195 T3D2; 6: 1104 C3D10; Total: 4544

9 1: 2355 C3D8R; 2, 3, 5: 890 S4R 20 v D
4:195 T3D2; 6: 1104 C3D10; Total: 4544
1: 2355 C3D8R; 2, 3, 5: 890 S4R

10 4: 195 T3D2; 6: 1104 C3D10; Total: 4544 20 v D

1 1: 2355 C3D8R,; 2, 3, 5: 890 S4R 20 Vv E
4: 195 T3D2; 6: 1104 C3D10; Total: 4544

12 1: 2355 C3D8R; 2, 3, 5: 890 S4R 20 " E
4:195 T3D2; 6: 1104 C3D10; Total: 4544
1: 600 C3D8R; 2, 3, 5: 412 S4R

13 4:124 T3D2;6: 1104 C3D10; Total: 2240 0 v E

14 1.16 170 C3D8R,; 2, 3, 5: 3497 S4R I 10 Vv E
4: 376 T3D2; 6: 1272 C3D10; Total: 21 31b
1: 2355 C3D8; 2, 3, 5: 890 S4R

15 4: 195 T3D2; 6: 1104 C3D10; Total: 4544 20 v E
1: 2355 C3D8I; 2, 3, 5: 890 S4R

16 4:195 T3D2; 6: 1104 C3D10; Total: 4544 20 v E

2Finite elements used to model the: 1 — concretg &la- aluminium beam, 3 — steel plate,

4 — steel mesh, 5 — profiled steel sheeting, 6nnector

® Concrete model: | — elasti€f= 32 GPay = 0.2), Il — CDP (rate of weakenimg = 0.7), Ill — CDP (rate of
weakeningn, = 1.0), IV — CDP (rate of weakenimg = 1.2), V — CDP (rate of weakening = 1.5)

¢ Connection model: A — shear force-slip curve foe @onnector from the laboratory tests (see F—$ 1 i
Fig. 4.18), B — shear force—slip curve for one @mtar from the theoretical analysis € 1.25) (see F—s 3 in
Fig. 4.18), C — shear force-slip curve for one amtor from the theoretical analysig € 1.0) (see F—s 2 in
Fig. 4.18), D — shear force—slip curve for one @mar from the theoretical analysis £ 5.5 kN/mm) (see
F—s 4 in Fig. 4.18), E — shear force—slip curvedioe connector from the theoretical analykis 6.5 kN/mm)
(see F—s 4 in Fig. 4.18), with friction modelling< 0.3)

The concrete slab was modelled with C3D8R elem@atsde linear brick elements with
reduced integration and hourglass control) (FEA4)-C3D8 elements (8-node linear brick
elements) (FEA 15), or C3D8I elements (incompatinlede 8-node linear brick elements)
(FEA 16). The reinforcing mesh was modelled witrDB3elements (2-node linear 3D truss
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elements), and the aluminium beam, the steel @atk the profiled steel sheeting were
modelled with S4R elements (4-node shell elements veduced integration). The shear
connectors were modelled with C3D10 elements (Idenguadratic tetrahedron elements)
(FEA 1-5, 7-16) or C3D8R elements (FEA 6). For paepose of the analyses, four mesh
sizes (10 mm, 15 mm, 20 mm or 30 mm) were choserfa&-to-surface “hard” contact was
defined between the edge of the concrete slab ldlange of the aluminium beam. The
tangential behaviour between the aluminium beam tedconcrete slab was taken into
account in the connection model (zero-length cotmmgc The load-slip curve from the
laboratory tests took into account the impact @fifsn on the behaviour of the connection.
However, the theoretical shear force—slip curvesrdit take such impact into account. For
this reason, friction/( = 0.3) was defined in connection model E to ingasé this impact
(see Table 4.5). The same value of the frictionffmyent between a steel element and
a concrete element was used by Guezouli and La@l2). The reinforcing mesh was
embedded in the concrete slab. The displacemenap@ied to the steel plate to move down
the aluminium beam. The boundary conditions awvstitated in Fig. 4.19.

Figure 4.19. Boundary conditions: 1 — displacem2nt,displacement ir, y, z directions
(fixed), 3 — displacement idirection (fixed), 4 — displacementzrdirection (fixed),
5 — connector (zero-length spring) (Polus and Sgafai2019a)

The results of the static tensile tests describefdction 4.1 were used to define material
models in the FE analysis. The stress—strain oglshiips for metals are presented in Fig. 4.20.
In Figure 4.20, the dotted lines represent the mednes of the engineering stress—strain
curves (ESS) from the static tensile tests of tletaia. The error bars reflect the distance
between the mean value and the max/min test vallles. non-linear curves from the

70



Chapter 4. MATERIALS AND METHODS

laboratory tests were then approximated using piseelinear functions (PLF). Next, the

engineering stress—strain relationship was congertethe true stress—strain relationship
(TSS). The true stressw(,s) and the logarithmic plastic straip®" (see Table 4.6) were

used in the Abaqus program and they were calculaed) the following formulas (Dassault
Systemes 2013):

Otrue = O-eng(1+ geng) (4.19)

glﬁlaStiC - In(1+ geng) _ O'trEue (4_20)

whereoengandeeng are the engineering stress and strain, respegtivel

These equations were used up to the ultimate &ssiéngth point. After the maximum
tension stress there is the necking region whergetequations cannot be used.

Table 4.6. Metals parameters used in the finitsmelg modelling of the shear connection

test and the aluminium-concrete composite beam

Metal
AW-6060 T6 S320GD S235JRG2 S235J2
E [MPa] v [ E [MPa] v E [MPa] v [ E [MPa] v [
62 900 0.3 193 590 0.3 207 28( 0.3 206 50p 0.3
Girue 8Inplastlc Girue 8lnplast|c Girue 8Inplastlc Girue 8Inplastlc

[MPa] [-] [MPa] [-] [MPa] [-] [MPa] [-]

153.95 0.0 351.13 0.0 564.92 0.0 423.99 0.0
166.79 0.00333 381.52 0.06942 600.36 0.00309 432.22 0.00389
181.26 0.00509 388.10 0.07681 644.55 0.00486 437.57 0.00585
190.37 0.00692 394.46 0.08414 671.43 0.00671 442.49 0.00781
199.66 0.01663 400.07 0.09142 698.33 0.01447 459.57 0.01561
204.67 0.02436 405.49 0.09866 706.79 0.02226 476.18 0.02336
209.25 0.03204 410.51 0.10584 713.27 0.02999 492.04 0.03105
213.27 0.03967 415.31 0.11297 506.85 0.03869
216.69 0.04725 419.73 0.12005 521.02 0.04627
219.48 0.05478 424.09 0.12708 534.54 0.05379
221.67 0.06226 428.05 0.13407 547.3 0.06126
223.34 0.06970 431.85 0.14100 558.75 0.06868
435.37 0.14789 570.08 0.07605
438.66 0.15474 580.36 0.08337
441.99 0.16153 589.96 0.09063
445.05 0.16829 598.81 0.09785
607.31 0.10502
615.25 0.11213
622.34 0.11920
628.84 0.12623
634.83 0.13320
640.20 0.14013
644.93 0.14702
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Figure 4.20. Stress—strain relationships for méRtdus and Szumigata 2019a)

The concrete damaged plasticity (CDP) model, wischffered in the Abaqus program,
was adopted to represent the behaviour of concgeteeral researchers used this model for

concrete modelling, e.g., Szewczyk and Szumigda5§22018).

The compressive stress—strain diagram for the sisalgf the concrete subjected to
compression was adopted from the Eurocode 2 (Earp@mmittee for Standardization
2004), whereas the tensile stress—strain diagrarthéanalysis of the concrete subjected to
tension was adopted from (Kmiecik and Kaski 2011) and (Wang and Hsu 2001) (see

Fig. 4.21).
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Figure 4.21. Stress—strain relationship for comc(Eblus and Szumigata 2019a)
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The author evaluated only the strength of the aecused in the push-out tests.
Therefore, other strength parametefg, (= 38.0 MPa,E. = 32.0 GPa,ec; = 2.2%q
foe=2.9 MPa) were adopted based on the this streagth the Eurocode 2 (European
Committee for Standardization 2004) (Pyrak 2012gxtN the inelastic (crushing) strain
values and the cracking strain values were caledl&dbm Eqgs. (4.6) and (4.11). These data
were entered into the Abaqus program. The crushimd) cracking strain values were then
automatically converted to plastic strain valuemgighe relationship from Egs. (4.8) and
(4.13) (Dassault Systemes 2013). The parametetheofconcrete used in the numerical
analyses are presented in Fig. 4.22 and Tabled9..7—
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Figure 4.22. Parameters of concrete: a) tensisstcrack width relationshipw);
b) concrete tension damage parameter—crack wildtioreship D—w); ¢) compressive stress—
concrete compression damage parameter relatiofaghi) (Polus and Szumigata 2019a)
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Table 4.7. Concrete parameters used in the fitetaent modelling of the shear connection
test (Polus and Szumigata 2019a)

Parameter Value
Young’s moduluss, [MPa] 32 00CF
Density [t/mnf] p 2.4-10°°¢
Poisson’s ratio [-] 0.2°
Compressive strengfh[MPa] 38.0°
Tensile strengtffy [MPa] 2.9¢
Largest nominal maximum aggregate sigémm] 16°#
Fracture energ®e [N/m] 76.4°
Rate of weakening, [-] 0.7;1.0;1.2;1.5
Dilatation angley [°] 40.0°
Eccentricitye, [-] 0.1°
Ratid foo/feo [-] 1.16°
Parametex [-] 0.667°
Viscosity paramete, [-] 0.00001

2pbased on own laboratory tesPscalculated;® based on literature (Kmiecik and Kafrski
2011) SEuropean Committee for Standardization 2@G#&nikomsou and Polak 2015) (Pyrak
2012);" a ratio of the concrete strength in the biaxiates§,o) to the concrete strength in the
uniaxial statef(g)
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Table 4.8. Material parameters used in the CDP ifodeoncrete subjected to compression
in the finite element modelling of the shear cotioectest
(Polus and Szumigata 2019a)

Concrete compression hardening Concrete compredaimage
Stress Crushlgtgrja(il:elastlc) D, Crushlgtgrja(il:elastlc)
[MPa] [-]

[-] [-]
11.700 0.00000000 0.000 0.00000000
15.024 0.00003050 0.000 0.00003050
28.233 0.00021773 0.000 0.00021773
37.979 0.00096315 0.000 0.00096315
37.917 0.00111510 0.002 0.00111510
37.477 0.00127883 0.014 0.00127883
36.657 0.00145447 0.035 0.00145447
35.451 0.00164217 0.067 0.00164217
33.854 0.00184207 0.109 0.00184207
23.466 0.00276670 0.382 0.00276670
15.802 0.00330618 0.584 0.00330618
11.335 0.00359578 0.702 0.00359578
4.708 0.00400287 0.876 0.00400287
1.104 0.00421551 0.971 0.00421551

Table 4.9. Material parameters used in the CDP irfodeoncrete subjected to tension in
the finite element modelling of the shear connectest (Polus and Szumigata 2019a)

Concrete tension stiffening Concrete tension damage
Ny Stress Cracking strain D¢ Cracking strain
[MPa] [-] [-] [-]
2.9 0.000000 0.000 0.000000
1.6663 0.000148 0.079 0.000148
1.2545 0.000261 0.106 0.000261
1.0257 0.000368 0.121 0.000368
0.8774 0.000473 0.130 0.000473
0.7723 0.000576 0.137 0.000576
0.6933 0.000678 0.178 0.000678
0.7 0.6314 0.000780 0.251 0.000780
' 0.5814 0.000882 0.310 0.000882
0.5401 0.000983 0.359 0.000983
0.5052 0.001084 0.401 0.001084
0.4066 0.001487 0.518 0.001487
0.3325 0.001990 0.606 0.001990
0.2503 0.002992 0.703 0.002992
0.1681 0.005295 0.801 0.005295
0.1465 0.006445 0.826 0.006445
2.90000 0.000000 0.00000 0.000000
1.31406 0.000159 0.10208 0.000159
0.87604 0.000273 0.13028 0.000273
0.65703 0.000379 0.22063 0.000379
0.58403 0.000432 0.30722 0.000432
1.0 0.47784 0.000535 0.43318 0.000535
' 0.40433 0.000637 0.52038 0.000637
0.32852 0.000790 0.61031 0.000790
0.25030 0.001042 0.70310 0.001042
0.16426 0.001595 0.80516 0.001595
0.08343 0.003147 0.90103 0.003147
0.04075 0.006449 0.95167 0.006449
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Table 4.9. Material parameters used in the CDP ifodeoncrete subjected to tension in
the finite element modelling of the shear connectast, continued
(Polus and Szumigata 2019a)

Concrete tension stiffening Concrete tension damage
Nw Stress Cracking strain D¢ Cracking strain
[MPa] [-] [-] [-]
2.90000 0.000000 0.00000 0.000000
1.58411 0.000100 0.08470 0.000100
1.12166 0.000165 0.11447 0.000165
0.68953 0.000278 0.18208 0.000278
0.57308 0.000332 0.32021 0.000332
0.48823 0.000385 0.42086 0.000385
1.2 0.37354 0.000488 0.55691 0.000488
0.33317 0.000540 0.60480 0.000540
0.24945 0.000692 0.70410 0.000692
0.16259 0.000995 0.80713 0.000995
0.08307 0.001747 0.90146 0.001747
0.04183 0.003099 0.95038 0.003099
0.01736 0.006449 0.97940 0.006449
2.90000 0.000000 0.00000 0.000000
1.36186 0.000107 0.09901 0.000107
0.88456 0.000172 0.12973 0.000172
0.63294 0.000230 0.24921 0.000230
0.48149 0.000285 0.42885 0.000285
15 0.38209 0.000338 0.54676 0.000338
' 0.31274 0.000390 0.62903 0.000390
0.17023 0.000595 0.79807 0.000595
0.07912 0.000998 0.90615 0.000998
0.04100 0.001549 0.95137 0.001549
0.02510 0.002149 0.97023 0.002149
0.01644 0.002849 0.98049 0.002849

4.6. The finite element modelling of the aluminiweoncrete composite beams

This section presents the main outcomes of the nmeahanalyses described in (Polus and
Szumigata 2019a).

The discrete model of the aluminium-concrete contpdseam was built in the Abaqus
6.13 environment (Dassault Systémes 2013) and é¢kemined using the Abaqus/Standard
finite element code. The Newton-Raphson method wsesl as a numerical technique for
solving non-linear equilibrium equations. The alomm-concrete composite beam had two
axes of symmetry. For this reason, only %1 of thecspen was prepared in the program. The
finite element (FE) model consisted of % of thendhium I-beam, % of the profiled steel
sheeting, ¥ of the reinforcing steel meshes, Yhefconcrete slab, %2 of the steel plate, and
6Y2 shear connectors. In the place of the shedtd@etonnection the thickness of the profiled
steel sheeting was doubled (see Fig. 4.23). Thaitsety of the model to various parameters
was investigated. A number of FE models were aedlysome of which are presented in
Table 4.10. The FE model of the aluminium-concoeteposite beam used the same type of
connection (zero-length springs) as the FE modethef aluminium-concrete composite
connection presented in Section 4.5. Figure 4.24gnts the boundary conditions used in the
computer model.
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Figure 4.23. The FE model of the aluminium-concoeteposite beam in the Abaqus
environment: a) complete model; b) ¥ of the motlel;concrete slab, 2 — aluminium beam,
3 — steel plate, 4 — reinforcing steel mesh, 5easbonnector, 6 — profiled steel sheeting
(0.7 mm), 7 — profiled steel sheeting (1.4 mm) f@euhickness in the place of the sheet-to-
sheet connection) (Polus and Szumigata 2019a)

Seven points were selected on the aluminium beaintlzan same number of points was
selected on the concrete slab. The locations optirets corresponded to the locations of the
connectors in the beam tested in the laboratoey kg 4.10). Zero-length wires were created
between the points. An axial connection was sedefrde each wire and the position of each
connector was specified using the coordinate systewhich x direction was parallel to the
length of the aluminium beam. The connectors edathie slip between the concrete slab and the
aluminium beam ix direction. Three models of the shear connectoewsed (see Fig. 4.25).
In the first model (Fs 1), the response of the connector was non-liteeeeflect the average
shear force-slip curve for the three specimens frioenpush-out tests (see also Fig. 5.10). In
the second (B 5,k = 5.5 kN/mm Py = 43.4 kN) and third models {& 6,k = 12.5 kN/mm,

Put = 43.4 kN), the responses of the connectors wise ron-linear to reflect the elasto-
plastic theoretical model of the dowel-bolt conoegresented in Section 3.1 (see also Tables
5.4 and 5.6). The data containing the values afef®rand displacements were used in the
program. In the FE model of the aluminium-concreeam steel solid elements (shear
connectors) were added (see Fig. 4.23) and embeddtte concrete slab to increase its
stiffness. It was done because the stiffness ofléxeiral member depends not only on the
second moment of area, but also on the Young's tlaedf the material. The author of this
dissertation emphasizes the fact that these elesmeare not used to join the aluminium beam
and the concrete slab. They were only used to atdouthe fact that the slab was made not
only of concrete but also of steel (in shear cotorel. When the steel elements were
embedded in the concrete slab, the stiffness ofatheninium-concrete composite beam
increased slightly. What is more, a tie functionsvemalysed as a connection between the
aluminium beam and the concrete slab, to inve&igst impact on the behaviour of the
computer model. A continuous “tie” type contactused to model full composite action in
composite beams (Aliawdin and Uftska 2011). The behaviour of the numerical modeh wit
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discrete springs was compared with the behaviotlehumerical model with the continuous
“tie” type contact between the concrete slab aedalhminium beam.

X
t“z

Figure 4.24. Boundary conditions: 1 — displacem2nt,displacement ip direction (fixed),
3 — displacement ir direction (fixed) and rotation arourycandz axes (fixed),
4 — displacement indirection (fixed) and rotation arouxcandy axes (fixed), 5 — connector
(spring), 6 — predefined field (temperature), 7ead load (Polus and Szumigata 2019a)

50

— -5 1 O
l 7
- =<Fs5 ! /
; ’
30 ————=iFss6 Ty
’
w10 ’
o) I"/
e
L
= 15 10 5 A ) 10 15
§ 10 S
[}
v/
-30 7 T
/ /
_-/--- -ﬂ’
-50 -
Slip s [mm]

Figure 4.25. Models of shear connectors used ifrEhanalyses of the aluminium-
concrete composite beam
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Table 4.10. Finite element analyses of the alumiraoncrete composite beam

Mesh size Connection
Concrete modél .
[mm] model

FEA FEs®

1: 3006 C3D8R,; 2, 3, 5: 1794 S4R

1 4: 664 T3D2; 6: 3990 C3D10, 10 C3D8R 20 I C
Total: 9464

1: 3006 C3D8R,; 2, 3, 5: 1794 S4R

2 4: 664 T3D2; 6: 3990 C3D10, 10 C3D8R 20 Il
Total: 9464

1: 3006 C3D8R,; 2, 3, 5: 1794 S4R

3 4: 664 T3D2; 6: 3990 C3D10, 10 C3D8R 20 Il
Total: 9464

1: 3006 C3D8R,; 2, 3, 5: 1794 S4R

4 4: 664 T3D2; 6: 3990 C3D10, 10 C3D8R 20 Il
Total: 9464

1: 3006 C3D8R,; 2, 3, 5: 1794 S4R

5 4: 664 T3D2; 6: 3990 C3D10, 10 C3D8R 20 Il D
Total: 9464

1: 3006 C3D8R,; 2, 3, 5: 1794 S4R

6 4: 664 T3D2; 6: 3990 C3D10, 10 C3D8R 20 Il D

Total: 9464

1: 852 C3D8R; 2, 3, 5: 878 S4R

7 4: 462 T3D2; 6: 3990 C3D10, 6 C3D8K 30 Il D
Total: 6188

1: 7878 C3D8R,; 2, 3, 5: 3520 S4R

8 4: 866 T3D2; 6: 3990 C3D10, 14 C3D8R 15 Il D

Total: 16 268

1: 3006 C3D8; 2, 3, 5: 1794 S4R

9 4: 664 T3D2; 6: 4085 C3D10 20 Il D
Total: 9549

1: 3006 C3D8I; 2, 3, 5: 1794 S4R

10 4: 664 T3D2; 6: 4085 C3D10 20 Il D

Total: 9549

® Finite elements used to model the: 1 — concrete, & — aluminium beam, 3 — steel plate, 4 — stesh,

5 — profiled steel sheeting, 6 — connector

P Concrete model: | — elasti&{= 37.3 GPay = 0.2), || - CDP (viscosity, = 0.00001), Ill — CDP (viscosity

w, = 0.0001)

¢ Connection model: A — tie function, B — shear &rslip curve for one connector from the laboratests

(see F-s 1 in Fig. 4.25C — shear force—slip curve for one connector frdra theoretical analysis

(k=5.5 kN/mm and?,; = 43.4 kN) (see F—s 5 in Fig. 4.25), D — sheacdeslip curve for one connector

from the theoretical analysik € 12.5 kN/mm andP,; = 43.4 kN) (see F—s 6 in Fig. 4.25)

>

[os]

(@]

The concrete slabs were modelled with C3D8R elesn@vnode linear brick elements
with reduced integration and hourglass control) AFE-8), C3D8 elements (8-node linear
brick elements) (FEA 9) or C3D8I elements (inconigat mode 8-node linear brick
elements) (FEA 10). The shear connectors were reatelith C3D8R elements and C3D10
elements (10-node quadratic tetrahedron elemerig) reinforcing mesh was modelled with
T3D2 elements (2-node linear 3D truss elements)eidéresearchers used these elements for
modelling reinforcement bars, e.g. Ciesielczyk, Bigata andScigatto (2016) and Jankowiak
and Madaj (2017). The aluminium beam, the stedepad the profiled steel sheeting were
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modelled with S4R elements (4-node shell elemeritis educed integration). These shell
elements were also used by Ciesielczyk and Sigkiz(2017) to model thin-walled Z-beams
and steel facings of a sandwich panel.

Depending on the FEA, the size of the mesh wa2530 mm and the total number of all
elements was 6188, 9464, 9549 and 16 268 (sed R2ig).

z-—}

Figure 4.26. The mesh used in the numerical cdionlst a) ¥ of the model,
b) aluminium beam with steel meshes and conneatprsinnector, d) profiled steel sheeting
(Polus and Szumigata 2019a)

The surface-to-surface “hard” contact and theibrci{u = 0.3) were defined between the
flange of the aluminium beam and the edge of theciee slab. The same value of the
friction coefficient between a steel flange andamarete slab was used by Guezouli and
Lachal (2012). The perfect bond was assumed tot da@sveen the concrete and the
reinforcement. The reinforcing steel meshes wereegitied in the concrete slab.

The analysis was divided into three steps. In stegy the concrete slab was cooled down
(4T = =23.4 K) to take into account the shrinkage afarete, which, along with the ratio of
girder stiffness to concrete deck stiffness, thhergjth of concrete and the diameter of the
shear connector, have influence on the adhesi@aaincrete slab to a metal girder (Furtak
2015). Adhesion has a strong impact on the loadrixpaapacity of the flexible connection.
What is more, shrinkage has an impact on the ulért@ad capacity and serviceability limit
states of structural elements (Flaga 2015). Thal ®ftrinkage strain was the sum of drying
shrinkage strain (0.140%0) and autogenous shrinkarige (0.094%o) according to (Puchalska
and Kuczma 2017) and the Eurocode 2 (European Cteamior Standardization 2004).
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Drying shrinkage is the result of the loss of dapyl water from the hardened cement mixture
(Raczkiewicz 2012). Autogenous shrinkage is thelted the uniform reduction of internal
moisture due to cement hydration (Jianxia 2012k fidationship between temperature, the
linear coefficient of thermal expansion (10°10K) and strain was taken into account. In step
two, the dead load of the aluminium-concrete contpdseam was applied. In step three, the
load was applied in the form of displacement.

The models of the metals used in the numerical Isition are presented in Fig. 4.20. The
parameters of the metals used in the finite elenmemdelling of the aluminium-concrete
composite beam are listed in Table 4.6.

The behaviour of concrete was described using aretmdamaged plasticity model. The
same concrete was used for the cylinders and tm@iium-concrete composite beams.
Therefore, the parameters of the concrete usedhenfinite element modelling of the
aluminium-concrete composite beam were the santieeggarameters of the concrete used in
the finite element modelling of the concrete cyindubjected to compression (see Section 4.4).
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Results and discussions

This chapter presents the main outcomes of theyaesldescribed in (Polus and Szumigata
2017a) (Polus and Szumigata 2019a) (Polus and S@ien2019c).

Measurement uncertainty was calculated for eachusisg a statistical method called
Method A (Stowik and Bartkowiak 201@nd the results were presented with a confidence
interval. According to Stowik and Bartkowiak (201%) each test the sample sizevas very
small (s < 10) or small (10 s < 30). For this reason, the author of this dissemnaassumed
that the random variable in each test had the 8tuddistribution with (s — 1) degrees of
freedom (Ramachandran and Tsokos 2015). The atithmeans, the standard deviations,
and the 95% confidence interval for the populatimean were calculated. The 95%
confidence interval for the population mearwas calculated as (Ziékki 1972):

PR B (5.1)

Jng-1"" ng-1

where:

X — sample mean

S — standard deviation
ts— value fromt table
ns— sample size.

5.1. Properties of the materials

The mechanical properties of the metals were obtafrom the uniaxial tensile tests and are
presented in Table 5.1.

Figure 5.1 demonstrates the types of fractures twhiere observed in the metal
specimens. In the first, third and fourth groupstests, ductile cup and cone fractures
occurred, while in the second group of tests, sfraatures were observed. In the case of cup
and cone fracture, the outer regions of a specii@ém shear, while the interior regions falil
in tension (Roylance 2001).
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Table 5.1. Metal specimens, measured mean valwhss(Bnd Szumigata 2019a)

f Rm E

. . :
No. Material Specimens [MPal] [MPa] [GPa]
. S s 153.26 207.68 62.87
4 specimens of 1 +9.31 +10.55 +7.14
1 AW-6060 T6 Sy | 607%  508%  11.36%
aluminium alloy - a a a
- \Wﬂ 5.85 6.63 4.49
2 ‘ir’;;—'%—i":\t ;-
ospecimensof || S04 Tag s
2 sszg?etélgra € g =1 0.98%° 0.26%° 6.40%°
- % 3.282 0.912 11.80°
5 specimens of 562.11 689.88 207.28
3 $235JRG2 grade £739  *14.95 238
steol 1.31% 2.17% 1.15%
5.952 12.042 1.922
4 3 specimens of +9.40 +4.72 +19.43
e S
S235J2 grade steel 2.23%° 0.85%° 9.41%"
T 3.79% 1.90% 7.82%

@ Sample standard deviation

P Measurement errors were calculated accordingudesit’s t-distribution using 2 degrees

of freedom and a confidence level of 0.95.

¢ Measurement errors were calculated accordingudesit’s t-distribution using 3 degrees

of freedom and a confidence level of 0.95.

4 Measurement errors were calculated accordingudesit’s t-distribution using 4 degrees

of freedom and a confidence level of 0.95.

® Measurement errors were calculated accordingudesit’s t-distribution using 5 degrees

of freedom and a confidence level of 0.95.
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a)

Figure 5.1. Types of fractures observed in the hsgtacimens: a) ductile cup and cone
fracture in the AW-6060 T6 aluminium alloy specimbhshear fracture in the S320GD steel
specimens, c) ductile cup and cone fracture irSR@5JRG2 steel specimen, d) ductile cup

and cone fracture in the S235J2 steel specimen

Additional tensile tests of the AW-6060 T6 alummualloy were conducted by
(Chybiaski et al. 2019). It was found that the strain reg@sitivity of the alloy was low at
room temperature. The size of the sample did nglashthe tensile strength when the flat
samples were proportional and prepared in accoedanth the EN ISO 6892-1 standard
(European Committee for Standardization 2016).

The mechanical properties of the concrete wererméted in compressive and splitting
tests. The results of said tests are shown in TaldeThe types of failure of the concrete
specimens are presented in Fig. 5.2. The failureoatrete cubes may be explosive or non-
explosive (Neville and Brooks 2010) (Subramaniai30 Some authors also distinguish
a third type — semi-explosive failure of concretdbes (Hamad 2017). In the compressive
tests, the non-explosive failure of concrete culwas observed. In the splitting tests, the
concrete cylinders were split into two parts. Dgrthe compressive tests the cone failure of
the concrete cylinders was observed.
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Table 5.2. Set of concrete specimens, measured vadags (Polus and Szumigata 2019a)

Quantity/ fc,cube fe v Ec,o Ec,s fet
age [MPa] [MPa] [-] [GPa] [GPa] [MPa]

No. Specimens

Concrete from the shear connection tests

4 34.33
1 +2.65
o4C - - - -
28 days 7i7é6/§
43.46
X 2 x209 . . ) B
0,
70 days 4é8619{f
Concrete from the bending tests
56.63
3 4 +2.12
04C - - - -
28 days 3i7§3/;§)
8 65.71
4 +1.67
048 - - - -
196 days 22530/2
4.61
. 3 B ) B B _ z075
0
269 days 1%13%3/0
5 61.82
6 * 3.85d _ _ 3
0,
274 days 652120/2
4 0.19 33,51 37.33
. _ _ +0.03  £153 +1.44
314 days 15.24% 4.58%° 3.86%°

0.02% 0.96% 0.91*

¢ Sample standard deviation

® Measurement errors were calculated accordingudeit’s t-distribution using 2 degrees of freedom
and a confidence level of 0.95.

¢ Measurement errors were calculated accordingudesit’s t-distribution using 3 degrees of freedom
and a confidence level of 0.95.

4 Measurement errors were calculated accordingudesit’s t-distribution using 4 degrees of freedom
and a confidence level of 0.95.

® Measurement errors were calculated accordingudesit’s t-distribution using 7 degrees of freedom
and a confidence level of 0.95.

" Measurement errors were calculated accordingudedit’s t-distribution using 11 degrees of freedom
and a confidence level of 0.95.
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Figure 5.2. Types of failure of the concrete spetis a) non-explosive failure of the cube
made of concrete from the shear connection testsiexplosive failure of the cube made of
concrete from the bending tests c) concrete cytisgbt into two parts d) cone failure of the
concrete cylinder

5.2. The results of the shear connection test

The shear force—slip curves for all the specimeageesented in Figs. 5.3-5.6. Each curve
represents the mean value of the slip measuredwbyltvDTs. The curves reflect the
behaviour of the specimens when the cyclical load the failure load were applied. The
dotted lines illustrate performance of the conmedifor the slip moduky 4 andky e. The slip
moduluskp 4 is calculated as the secant value at 40% of thdé-daarying capacity of the
connection and is suggested for serviceabilitytlstate calculations (Lukaszewska, Johnsson
and Fragiacomo 2008). The slip modulkgg is calculated as the secant value at 60% of the
load-carrying capacity of the connection and isgested for the ultimate limit state
calculations (Ceccotti, Fragiacomo and Giordano720@zumigata M., Szumigata E. and
Polus 2018).
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Figure 5.3. The shear force—slip curve for specithen
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Figure 5.4. The shear force—slip curve for specithen

The shape of the shear force—slip curves obtairted the tests is not as regular as the
one shown in Fig. B.2 of the EN 1994-1-1 standaElr¢pean Committee for
Standardization 2004). For each specimen the doeece—slip relationship was linear
elastic up to the first crack. Beyond this poihg turves were bumpy. During the tests,
premature concrete-related failure modes occumedti@ey had a negative impact on the
margin of scatter of test results and on the mawrirshear force.
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Figure 5.6. The shear force—slip curve for specithen

Figure 5.7. presents the shear force—slip curvegh® specimens 1-3 and the mean shear
force—slip curve for the analysed connection.
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Figure 5.7. The shear force—slip curves for speesrie-3 and the mean shear force—slip
curve for the analysed connection (Polus and Szatan2016)

For each specimen, a sharp fall of the load-sliwewat the peak load was recorded (see
Figs. 5.3-5.7). The sudden drop from the peak \aslalso observed by Etim et al. (2020) in
the push-out tests with 19 mm bolts used as slorarectors. However, the cause of the sharp
fall observed by Etim et al. (2020) was differdmn in the tests presented in this dissertation.
In the test conducted by Etim et al. (2020), theédsu fall from the peak load resulted from
the bearing failure. In the push-out tests presketehis dissertation, cracks in the concrete
slabs were observed (see Figs. 5.8 and 5.9). Teepiemature cracks were the result of
tension in the concrete slab. They appeared inrithless section of the slab, where the
stiffness of the slab was the lowest. This typé&dtire is known as the back-breaking failure
(Hicks 2008). The aforesaid tension occurred indbecrete slab because the slab was not
thick enough and it bent towards the aluminium heBath crack caused the decrease of the
load. Afterward, rib-shearing caused by a longiatiforce appeared in the concrete ribs. The
rib-shear failures also caused the decrease olodte The connectors were bent, but they
were not cut off. The failure mode of the connediovas associated with the concrete
cracking and the formation of a plastic hinge witlihe connector. Mirza, Uy and Krezo
(2008, 2009 & 2011) also observed concrete danrageeithin layer of the concrete slab (the
ribless section of the concrete slab). They coratlugush-out tests of 19 mm headed stud
shear connectors used in solid slabs or slabs prifiled steel sheeting. For the slab with
profiled steel sheeting, the failure mode was cetecfailure, and for the solid slab, the failure
mode was stud fracture (the shear connectors We@ad off). According to Mirza and Uy
(2009), the back-breaking failure was not the primeause of the sample damage. The
authors suggested that this type of failure had e@cerbated by the concrete tensile and
compression failure in the specimen, which had tjiean rise to large deformations and the
bending failure of the slab.
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Figure 5.8. Failure modes of specimens 1-3: aptbBled sheeting separated from the
concrete slab, cracks in the concrete slabs cawseghsion, rib-shear failure in specimen 1;
b) the profiled sheeting separated from the coraletb, a crack in the concrete slab caused
by tension in specimen 2; c) cracks in the conaleties caused by tension in specimen 3;
d) the profiled sheeting separated from the coraiatb, cracks in the concrete slabs caused

by tension, rib-shear failure in specimen 3 atehe of the test
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b)

Figure 5.9. Failure modes of specimen 4: a) ritaslfalure; b) the profiled sheeting
separated from the concrete slab, cracks in theretsslabs caused by tension, rib-shear
failure at the end of the test

The cracks caused by tension might have been pexvdry using thicker slabs and two
reinforcing meshes in both concrete slabs. If #msibn-induced cracks had not occurred, the
maximum shear force of the tested specimens caud heen higher. The reason why thicker
slabs with two reinforcing meshes were not usethéshear connection tests was that the
author of this dissertation was trying to reflebe tbehaviour of the connections in the
aluminium-concrete composite beams with profilegeksheeting. The author used the same
thickness of concrete slabs in the shear connetggis as in the bending tests. What is more,
only one reinforcing mesh was used in each conalate which is usually the case in steel-
concrete composite beams. Kim, Wrigth and Cairfd012 also used one reinforced mesh
placed on top of the profiled sheeting in the pash+tests. However, the push out test is
mainly suitable for solid slabs and connectors sm@bugh for shank failure to occur. The
test is not comprehensive, especially when profgadeting is used (Johnson 2012). It is
difficult to prepare a correct model in which thteeagth is the result of the shearing of the
steel connector. What is more, the stress statieeironnector is impossible to determine in
the traditional push-out test. For this reason, rniests of shear connectors or improved
standard push tests are proposed. A new sheawasspresented by Lorenc et al. (2010). It
can be used to determine stresses in a steel donn@wder conditions similar to those
occurring in a composite beam subjected to thetigesbending moment, where the metal
beam is under tension and the concrete slab isrwaepression. A tension tie may be used
between concrete slabs as a modification of thedsta test (Roik and Hanswille 1987)
(Smith and Couchman 2010). An improved standardh pest was presented by Smith and
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Couchman (2010), and Hicks and Smith (2014). Hotiaigacks which applied lateral load to
the push-out specimen were added to more accuregéict the conditions that exist in
a composite beam subjected to bending. Thanksetdhdiizontal jacks, compression force
occurs at the interface between the flange of thel 9eam and the concrete slab, which
represents the floor loading in real composite l®am

Table 5.3 presents the calculation of the loadyaagrcapacity of the shear connector used
in aluminium-concrete composite joints.

Table 5.3. The load-carrying capacity of the sloesunector used in aluminium-
concrete composite joints

Parameters Value
Shank diameted [mm)] 16.0
Partial factor, [-] 1.0
Reduction factok; [-] 0.52
Coefficienta [-] 1.0
Cylindrical compressive strength[MPa] 30.0
Mean secant modulus of concréig, [GPa] 32.0
Coefficientf [] 0.74
Ultimate strength of the steel

used in the shear connectpfMPa] 557.2
Cross-sectional area of the shear connekfdicm?] 2.0
Coefficientay [-] 0.6
Gross cross-section area of the conne&tfmm?] 2.0
Partial factormy [-] 1.0
Coefficientay, [-] 1.0
Coefficientk; [-] 1.4
Ultimate strength of the steel

used in the shear connect@{MPa] 207.7
Load-carrying capacity from EQ. (3.B);: [KN] min(46.4, 28.0, 66.9, 46.5) = 28.0

The maximum shear force (per one connector) wighctbrresponding slip, and the secant
slip moduliko 4 kos andky g obtained in the laboratory tests and calculatethentheoretical
analysis are reported in Table 5.4. It is worthhmag that the maximum shear force, the slip
capacity and the stiffness of the specimens froentéists might be undervalued, because of
the problem of concrete slab bending and premattaeks. The stiffness per one 16 mm
shear connectok{ 4= 5.9 + 1.8 kN/mm) from the presented tests wagith8s lower than the
stiffness per one 16 mm bolt (13.8 kN/mm) from tix&t conducted by Etim et al. (2020). The
stiffness of the connectiorko(s = 5.9 £ 1.8 kN/mm) obtained in the tests preserethis
dissertation was similar to the stiffness of thareection k4 = 5.8 kN/mm) for the timber-
concrete composite beams tested by Szumigata Mmigata E. and Polus (2018), and Polus
and Szumigata (2014d). The stiffness of one 16 meaisconnectoikf,= 5.9 + 1.8 kN/mm)
was low when compared with the stiffness of onenifd shear connector (100.0 kN/mm)
recommended by the European Convention for Cornginat Steelwork (1999).

The stiffness of specimen 4,4 = 3.6 KN/mm) was 1.64 times lower than the mean
stiffness of specimens 1-8y4 = 5.9 kN/mm). A rubber element between the alunmmiu
beam and the profiled sheeting had a negative ihgrathe connection stiffness.
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Table 5.4. The maximum shear force with the comadmg slip, and the secant slip moduli
(per one connector), the characteristic resistaheeslip capacity of the connector and the
ductility of the connection

Specimen Mean (M) e
4 1 2 3 1-3 T ™
Secant slip 59+138 0.93°
moduluskg 4 3.6 5.3 5.7 6.7 (31.1%) 9 150
[KN/mm] 0.74% '
Secant slip 6.9+2.2 c c
modulusk ¢ 4.7 6.4 6.3 79  (31.5%) 152'55d 2'2&
[KN/mm] 0.91% ' '
Secant slip 7.1+26 0.77¢
modulusko 4.8 6.1 6.9 8.2 (37.3%) 176
[kN/mm] 1.06° '
Maximum 22.2+3.3 ( 2_8'30) ( 1_'2160)
shear force  18.5 226 233 20.7 (20.9%) yvz‘z A yvl‘o .
a : .
Fmax [KN] 1.35 (»w=1.25) (»=1.25)
Corresponding 4123 ( 5111 0 ( 1_'2510)
SIip Semax 3.8 3.7 3.4 51  (55.4%) y“; N yvl_od
[mm] 0.91% ' '
(w=1.25) (y,=1.25)
Characteristic 8.0
resistance 0.9 x 18.5 0.9x20.7=18.6 B from.E 0.66
Pre =16.7 from Eq. (4.1) a '
[KN] (3.6)
Slip capacity 42+2.0
S 3.8 4.0 35 51  (48.4%) - -
[mm] 0.82%
Ductility
according to Brittle Brittle  Brittle Brittle — - -
(Deam et al.
2008)
Ductility
according to Brittle Brittle  Brittle Brittle - - —
(Johnson
2012)

® Sample standard deviation

® Measurement errors were calculated accordingudesit’s t-distribution using 2 degrees of
freedom and a confidence level of 0.95.
¢ For a shank diameter of the connector equal tmi6
4 For a mean diameter of the connector taking intmant its head, shank, flange (nut) and weld

® Theoretical
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The failure mode of the specimens was brittle beedbe slip capacity was below 6 mm
and the premature cracks and longitudinal cracksezhthe decrease of the load in the shear
force—slip curves. Brittle failure was also obseray Pavlow et al. (2013a) in their push-out
tests. They used M16 bolts with embedded nuts e&r sfonnectors in concrete slabs.

The bolted connections tested by Pauost al. (2013a) could not be classified as ductile
because the characteristic ultimate slip was Idh&n 6 mm, just like in the tests presented in
this dissertation. Hicks and Smith (2014) compatedslip in the composite beam with the
slip of the companion push-out tests. The slip capanvestigated in the push-out tests was
lower than 6 mm and it suggested that the conneetere not ductile. However, the slips
measured in the beam were well over the levelseaeli in the push-out tests. Hicks and
Smith (2014) demonstrated that the brittle behavafuhe push-out specimen was a result of
a deficiency in the standard specimen rather then shear connection. The improved
standard push test presented by Hicks and Smithk4j2@ay eliminate the problem of the
concrete slab bending thanks to the compressiare fatr the interface between the flange of
the metal beam and the concrete slab, which présgkslements together.

The mean shear force—slip curve for specimens las8 a@mpared with the shear force—
slip curve from the theoretical model of the cortiec(see Fig. 5.10).
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Figure 5.10. The shear force—slip curve for onenector from the laboratory tests and the
theoretical analysis

The theoretical stiffness of the connector (5.5rki) was 1.07 times lower than the mean
stiffness of the specimens 143 { = 5.9 £ 1.8 kN/mm), and it was calculated for filfemm
connector. However, the connector consisted ofaalha shank, a flange (nut) and a weld,
which all had different diameters. To take thistfao account, a mean diameter (19.7 mm)
of the connector was determined using the AutodResiot Structural Analysis program and
the beam model presented in Fig. 3.2. Two cantilbeams subjected to a uniform load were
modelled in the program. The first beam had a @msiross-section with the mean diameter.
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The second beam had a variable cross-sectionkéoitiéo account the specific parts of the
connector. The deflections at beam ends were efjhaltheoretical stiffness of the connector
with the mean diameter (12.5 kN/mm) was 2.11 tifmigber than the mean stiffness of the
specimens 1-3 (5.9 kN/mm). The slip modutus 12.5 kN/mm was 1.76 times higher than
the slip moduluso gsfrom the laboratory test&ys = 7.1 + 2.6 kN/mm).

The model presented in Fig 3.2. takes into accthentiameter of the connector. However,
the stiffness of a connection in a composite bekwm @epends on the moment of tightening
torque, the concrete in the slab, and the clearaolee The clearance between the bolt and the
hole made it easier to install demountable sheamectors through the holes in the
aluminium beam flange. However, it had a negatmpact on the stiffness of the connection.
Clearances often appear at structure joints assatref cyclic loading or manufacturing
tolerances and they influence the structural respdRzeszut and Garstecki 2011).

The pre-tensioning of shear connectors may incréasanitial stiffness of a connections.
Kozma et al. (2019) recorded that pre-tensionedodetable shear connectors, which were
the object of their studies, had the initial s&#ffs equal to 250 kN/mm. When the friction
resistance was overcome, the stiffness decreasksikN/mm.

The maximum shear force from the theoretical amalyss 1.26 times (28.0 kN, = 1.0)
and 1.01 times (22.4 kNy = 1.25) higher than the mean maximum shear farcegecimens
1-3 (22.2 £ 3.3 kN). The maximum shear force oletdim the theoretical analysis was higher
than the mean maximum shear force obtained fronteis. The author of this dissertation
emphasises the fact that the premature cracks egupearing the tests and decreased the
maximum load. Ernst et al. (2007) suggested thatrédduction factok; does not provide
reliable connector resistance for open trough [gofsteel sheeting and by using it one may
overestimate the connector resistance.

After the tests, the two specimens were disasse(8kee Fig. 5.11). The author of this
dissertation observed:

+ a plastic hinge formed within each connector (3ge.b.11a and 5.11e),

% the local yielding of the aluminium flange near ti@es where the connectors had been

placed (see Fig. 5.11b),

% cracks in the concrete rib near the shear conre(tee Fig. 5.11¢),

+» the local yielding of the profiled steel sheetirgpnthe holes where the connectors had

been placed, caused by the contact between theralumbeam and the profiled steel
sheeting (see Fig. 5.11d).

The rubber elements used in specimen 4 were shésedrig. 5.11f).
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a)

Figure 5.11. Specimens after the disassembly: &)dmnectors from one of the specimens

1-3; b) local yielding of the aluminium flat neaetholes, c) cracks in the concrete rib near

the shear connectors, d) local yielding of the ippdfsteel sheeting near the holes, caused by

the contact between the aluminium beam and thélguicfteel sheeting, €) connector

embedded in concrete, f) bent connectors from sp&tid and shear failure in rubber
elements used in specimen 4
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5.3. Bending test results

The behaviour of the aluminium-concrete composéanis during the tests is described
below. Small gaps (< 1 mm) were observed betweerptbfiled sheeting and the concrete
slab for the load equal to 30% of the ultimate keat (see Figs. 5.12a and 5.12b).

Figure 5.12. Beam 1: a) gap 1 between the profilegbting and the concrete slab
at a load equal to 75.0 kN; b) gaps 10 and 11 eiviee profiled sheeting and the concrete
slab at a load equal to 100.0 kN; c) horizontatkrEs near the support at a load equal to
120.0 kN; d) crack 18 at a load equal to 135.0&N\;racks 16 and 17 at a load equal to
145.0 kN; f) cracks at failure load (156.0 kN)

It was because there were too few self-tappingwssreind they did not prevent the
separation of the sheeting from the concrete dMbat is more, the adhesion between the
profiled steel sheeting and the concrete was iitseifit to transfer forces, which is often the
case in smooth profile steel sheeting (Niguat, Grzeszykowski and Szmigiera 2018).
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If profiled sheeting with embossments had been ukedseparation could have been
reduced (Kim, Wrigth and Cairns 2001) (Rackham, édowan and Hicks 2009). When the
load reached 47—-69% (depending on the beam), admbal crack appeared in the concrete
slab near the support of the beam (see Fig. 5.1P@as a back-breaking failure (Hicks
2008). The width and the length of the crack cardirsly increased during the test. The first
longitudinal crack appeared for the load equal 1e®l% of the ultimate test load. It formed
between the profiled sheeting and the concretenéas one of the two supports. When the
crack appeared, the load decreased rapidly by 8.2-KIN (depending on the beam). Shortly
afterwards, the load started to rise and the wadtth length of the longitudinal crack were
continuously increasing. The longitudinal crack wasised by the longitudinal shear force.
At the ultimate load, the profiled sheeting wasadbed from the concrete and the ribs were
sheared in the shear span (see Figs. 5.12e amigl. 5.12

Figure 5.13 presents beams 1-4 at failure load.

Figure 5.13. Beams at failure load: a) beam 1ganb2, c) beam 3, d) beam 4
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The values of the crack width did not exceed thdting value (0.3 mm) given in EN
1992-1-1 (European Committee for Standardizatiod42@intil the ultimate load was applied
(see Appendix 2). The cracking pattern in beampresented in Figure 5.14 (in beams 2—4 in
Appendix 3).
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Figure 5.14. The cracking pattern in beam 1: @ laad equal to 75.0 kN, b) at a load equal
to 135.0 kN, c) at failure load
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The moment—deflection and moment—end slip curves bleams 1-4 are presented
in Figs. 5.15 and 5.16.

80.0
70.0 7 Wyﬁ_\
60.0 4 -
= 50.0 %
pa % —NMean
=
= 40.0 —Beam 1
g / —Beam 2
§ 300 _Beam 3
—Beam 4
20.0
10.0
0.0
0 20 40 60 80
Deflection [mm]
Figure 5.15. The moment—deflection curves for behnds
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The test results were summarised in Table 5.5.
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Table 5.5. Measured results from the laboratorigtes
Result Beam 1 Beam 2 Beam 3 Beam 4 Mean

53.8+1.38
Mo [KN-m] 52.6 54.7 53.8 53.9 2.56%"
0.87°
64.5 + 7.03
Merack [KN-m] 62.0 67.9 68.6 59.6 10.90%°
4.422
72.2+2.39
Mui [KN-m] 71.3 70.6 73.6 73.4 3.31%"
1.50?
18.8+1.13
5o [mm] 19.4 17.9 18.5 19.3 6.01%"
0.71%
25.3 +2.56
Serack [Mm] 25.0 26.8 26.3 23.2 10.10%
1.61°
42.6 +11.35
Sur [mm] 41.4 39.2 36.8 52.9 26.66%
7.14%
1.35 + 0.06
Mui/Mo 1.36 1.29 1.37 1.36 4.379%
0.04
1.12+0.14
Mui/Merack 1.15 1.04 1.07 1.23 12.10%
0.09°
2.26 +0.52
Sutl %o 2.13 2.19 1.99 2.74 23.15%
0.33°

& Sample standard deviation,

b Measurement errors were calculated accordingudesit’s t-distribution using 3 degrees
of freedom and a confidence level of 0.95,

M, — measured mid-span moment corresponding to tle \fielding of the aluminium
beam,Mcack — measured mid-span moment corresponding to téiecfiacking between the
concrete slab and the profiled sheetikly; — measured mid-span ultimate strength of the
composite section,dp — measured mid-span deflection corresponding Mg,
derack — Measured mid-span deflection correspondiniit@cr, dur — measured mid-span
deflection corresponding td

The end slip for beams 2-4 was measured only uphéo moment when the first
longitudinal crack appeared at one of the beam.éffus concrete damage occurred where the
LVDTs used for end slip measurement in beams 2-# \eeated. It distorted the values of
the measured end slip for beams 2—4. Thereford| mbment—end slip curve is presented for
beam 1 only. A slip not exceeding 6 mm was recomatethe end of beam 1, which did not
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meet the Eurocode 4 (European Committee for Stdimddion 2004) requirement of ductility
for shear connectors. This requirement was notim#te shear connection tests either. The
connections presented in this dissertation showgttelbehaviour, which was caused by the
small width of the profiled steel sheeting rib. Thb-shear failure is a brittle mode of
longitudinal shear failure. Longitudinal crackingaynappear in composite beams with open
trough profiled steel sheeting as well as in contpdseams with re-entrant profiled steel
sheeting (Nie, Cai and Wang 2005) (Kania 2008).rOpeugh profiled steel sheeting can
significantly reduce the strength and ductilitytbeé shear connection in composite beams
(Ernst et al. 2007).

Johnson and Shepherd (2013) demonstrated thabraimg bars placed within the troughs
of concrete slabs could not only improve theirstsice to fire but also to longitudinal shear.

Patrick (2000) reported that the brittle rib-shegrfailure might also occur in composite
beams similar to the ones tested in this dissertatvith a narrow concrete slab (< 450 mm)
and shear connectors grouped together in narrow. fite also noted that waveform
reinforcement made of welded-wire and laid diredaily the profiled steel sheeting could
prevent the rib-shear failure and improve the diticof shear connections.

Ernst, Bridge and Wheeler (2009) also demonstrétedi not every shear connection
incorporating profiled steel sheeting could be sifeed as ductile. They observed rib-shear
failures both in narrow concrete slabs and in spens with up to 1200 mm wide slabs.
Ernst, Bridge and Wheeler (2009) proposed to ustud performance-enhancing device
consisting of a round steel wire spiralled arouhe stud and waveform reinforcement, to
prevent brittle behaviours.

Rehman et al. (2016) reported that connections déimountable shear connectors may
show very ductile behaviour. They used demountslhar connectors in 5.6 m steel-concrete
composite beams with profiled steel sheeting (@dfi®60). In their tests, the width of the rib
was 62 mm at the narrowest point. In the testsepitesl in this dissertation, the width of the
rib was 40 mm at the narrowest point and for theson the shear connectors were located in
relatively narrow concrete ribs.

Taken the above into consideration, the ductilifytloe connection analysed in this
dissertation should be improved. The use of thdilpdosheeting with wider ribs and of the
waveform reinforcement suggested by Patrick (2G04prevent the rib-shearing failure is
recommended in the future.

Figure 5.17 presents strain distribution measutedgacross-section 3—3. Strain gauges
were glued onto the upper surface of the conctateand onto the aluminium beam. Strain in
the bottom part of the concrete slab was calculaiéidthe assumption that the curvatures of
the aluminium beam and the curvature of the coacsk&tb were the same. In Fig. 5.17 one
can observe the slip between the concrete slalihendluminium beam. Due to the slip, two
neutral axes appeared. At the ultimate load, tlaensereached a deflection level of abbl&0
(beams 1, 2 and 3) and abaud5 (beam 4). Once the load had been removed ethdual
deflections exceeded 40 mm (beam 4). At the défledevel of L/250, the load reached
about 45% of the ultimate load. The aluminium-cetercomposite beams showed big
deflections due to the low value of the Young's oiod of the aluminium.
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Mean values from the bending tests
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Figure 5.17. Strain distribution (mean values) meas along cross-section 3—3 (Polus and
Szumigata 2019a)
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Table 5.6. presents the calculation of the loadyoay capacity of the shear connector
used in the aluminium-concrete composite beams.

Table 5.6. The load-carrying capacity of the sloeamector used in the aluminium-

concrete composite beams

Parameters Value
Shank diameted [mm)] 16.0
Partial factor, [-] 1.0
Reduction factok; [-] 0.52
Coefficienta [-] 1.0
Cylindrical compressive strength[MPa] 61.8
Mean secant modulus of concré&g, [GPa] 37.3
Coefficientf [-] 0.74
Ultimate strength of the steel

used in the shear connectpfMPa] 557.2
Cross-sectional area of the shear connekfdicm?] 2.0
Coefficientay [-] 0.6
Gross cross-section area of the conneatfmm?] 2.0
Partial factoru, [-] 1.0
Coefficientay, [-] 1.0
Coefficientk; [-] 1.4
Ultimate strength of the steel

used in the shear connecfgfMPa] 207.7

Load-carrying capacity from EQ. (3.B): [KN] min(46.4, 43.4, 66.9, 46.5) = 43.4

The calculations of the elastic flexural capacihd ahe plastic flexural capacity of the
aluminium-concrete composite beam with partial sir@@raction are presented in Tables 5.7
and 5.8.
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Table 5.7. The calculation of the elastic flexurapacity of the aluminium-concrete
composite beam with partial shear interaction

Parameter Value
Young’s modulus of aluminiuri, [kN/cm?] 6290
Young’s modulus of concrete, [kN/cm?] 3730
Modularration [-] 1.69
Cross section area of the aluminium be&pficm?] 28.8
Ideal cross section area of the concrete dlglai(/ n) Ac; [cm?] 153.3
Ideal cross-section area of the composite b&aitm?] 182.1
First moment of area of the aluminium beam (fortthefibre of the slab, [cm’] 2141
First moment of area of the slab (for the top fibf¢he slab) [cr| & 536.6
Position of the centroid axis[cm] 4.1
Second moment of area of the ideal cross-setjifam?] 8388.6
Section modulus of the ideal cross-sectdncm] 374.5
Elastic resistance to bending of the cross-section

of the aluminium-concrete composite beam with $hkkar connectiolle [KN-m] 57.4
Span length. [cm] 270
Depth of the entire sectidn[cm] 26.5
Thickness of the concrete slab[cm] 5.0
Height of the profiled sheeting [cm] 5.5
Moment of inertia of aluminiunt, [cm®] 877.2
Moment of inertia of the concrete slab section wiité ribl; [cm?] 6022.1
Moment of inertia of the concrete slab section wiité ribl, [cm?] 1057.6
Moment of inertia of concrete [cm’] 1408.4
Moment of inertiao [cm’] 1712.4
Area of the concrete section at theAil [cm?] 462.5
Area of the concrete section at the Aib [cm?] 259.0
Equivalent concrete areé® [cm?] 298.71
Distance between the top of the aluminium girdef iggneutral axig;, [cm] 7.0
Dimensiond, [cm] 13.3
Shear stiffness of the conneckofkN/cm] 55.0
Parametef, [cm?] 24.8
Parametef; [1/cnf] 0.00359
Longitudinal spacing of shear connectpigm] 23.5
Coefficientay [-] 0.00778
Coefficientp; [-] 0.02032
Coefficients [-] 7.9
Parameter for the slip effegf[-] 0.66
Stiffness of the transformed section of the contpdséam(El)e[kNcm?] 31289 478.0
Effective stiffnesgEl)es [kNcm?] 18 841 536.6
Area of the top flange of the aluminium bea[cm?] 9.0
Area of the web of the aluminium beaip [cm?] 9.6
Coefficient [-] 0.68

Elastic flexural capacity
of the aluminium-concrete composite beam with phsiear interactioMy rc[KN-m]  39.0
Deflection at a moment equal iy rcf(My gy [cm] 19.4
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Table 5.8. The plastic flexural capacity of themainium-concrete composite beam
with partial shear interaction

Parameters Value
Load-carrying capacity of the shear conne&gr[kN] 43.4
Number of connectors in the shear spaf] 8
Cross section area of the aluminium be&pficm?] 28.8
Yield strength of aluminiunfy [MPa] 153.3
Width of the top flangédy [cm] 9.0
Effective width of the composite sl [cm] 37.0

Distance between the neutral axis of the alumirb@am and its tog; [cm] 7.0
Compression force of concrete equal to the sheee fupplied by all the

connectord-; [kN] 347.0
Cylinder compressive strength of concrigtiVPa] 61.8
Thickness of the concrete slab in a section withilmé, [cm] 7.0
Overall depth of the profiled steel sheetipgcm] 5.5
Ultimate strength of the composite secthdg [kN-m] 75.5

Table 5.9. compares the mid-span ultimate strewofitthe composite section obtained
experimentally and theoretically.

Table 5.9. Comparison

Mo [kN'm] IVlult [kN'm] 50 [mm] 5ult [mm]
Laboratory tests 53.8°+ 1.38 72.2°+2.39 18.8°+1.13  42.6°+11.35
(LT) 2.56%" 3.31%° 6.01%" 26.66%
0.87% 1.50° 0.712 7.142
Theoretical 39.0 75.5 19.4 -
analysis (T)
TILT 0.72 1.05 1.03 -

& Sample standard deviation,

b Measurement errors were calculated accordingudesit’s t-distribution using 3 degrees
of freedom and a confidence level of 0.95,

¢ Mean values from tests 14,

Mo, — mid-span moment corresponding to the first ywegjdf the aluminium beam,

Mu: — mid-span ultimate strength of the compositeigecti, — mid-span deflection
corresponding t®o, dyit — mid-span deflection correspondingMigy

The theoretical elastic flexural capacity of theminium-concrete composite beam with
partial shear interaction (39.0 ki) was 1.38 times lower than the mean elastic fl@xu
capacity of beams 1-4 (53.8 + 1.38 -kiY when the theoretical shear stiffness of the
connector (5.5 kN/mm) was taken into account. Theotetical ultimate strength of the
composite section (75.5 kid) was 1.05 times higher than the mean ultimaength of the
composite section from the laboratory tests (72.2.39 kNm). The theoretical mid-span
deflection corresponding tM, (19.4 mm) was 1.03 times higher than the mean spait
deflection corresponding td, from the laboratory tests (18.8 £ 1.13 mm).
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5.4. The results of the finite element modelling tbe concrete cylinder subjected to
compression

Figure 5.18 presents the non-linear stress—stedationships obtained from the FE analyses
for different mesh sizes. The numerical analyseewerminated by the author after the load
peak.
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Figure 5.18. The non-linear stress—strain relahigpssfor different mesh sizes (Polus and

Szumigata 2019c)
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Figure 5.19. The non-linear stress—strain relahgssfor different finite elements (Polus and
Szumigata 2019c)

As evident from the figure above, the 40 mm mesh tea big for the analysed concrete
cylinder and the stress—strain relationship from Flie analysis for this mesh size is different
from the stress—strain relationships from otherarBlyses. Up to the load peak, the stress—

105



Chapter 5. RESULTS AND DISCUSSIONS

strain relationships from the FE analyses for th&@®and 20 mm mesh sizes have the same
shape.

The non-linear stress—strain relationships fromRBeanalyses for different finite elements
are presented in Figure 5.19. The stress—straatiorships from the FE analyses for the
C3D8R, C3D8 and C3D8I elements have the same shigpesthe load peak.

Figure 5.20 presents a comparison between thetsestilthe laboratory tests and the
numerical analysis (C3D8R, 10 mm).
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Figure 5.20. A comparison between the results ®hitn-linear stress—strain relationships
obtained from the laboratory tests and the FE aimaPolus and Szumigata 2019c)

The stiffness of the numerical model of the cylindeas higher than the stiffness of the
tested cylinders. The curves from the laboratosysteeflect the behaviour of the specimens
when the cyclical load and then the failure loadenvapplied. When the cyclical load was
applied, the strain increased and the stiffnessedsed. The failure mode from the FE
analysis is presented in Fig. 5.21. The maximumgal plastic strains show the direction of
the cracking (Genikomsou and Polak 2015).

The cylinder exhibited a single diagonal band omdge. The impact of the boundary
conditions on the damage modes of concrete cylindeibjected to compression was
presented by (Bazant and Planas 1998). The entiseofoncrete cylinder were not fixed.
Friction and surface-to-surface “hard” contact weedined between the steel plates and the
upper and lower surfaces of the concrete cylingecylinders with fixed ends, two diagonal
bands of damage appear (Bazant and Planas 1998)a{jvit al. 2007).

The actual behaviour of the concrete cylinder wasygared with the behaviour of its
numerical model. The adopted 3D model capturedrédsponse of the concrete cylinder
subjected to compression relatively well. The mddeted out to be insensitive to the type of
finite element and the mesh size (5, 10, 20 mm)redkilure.
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Figure 5.21. The cracking pattern on the concrgliader: a) at the ultimate load, b) at the
end of the FE analysis

5.5. The results of the finite element modellinghe# shear connection test

The shear connection test was simulated in FE rsodsing the Abaqus software. The
influence of the connection model, the concrete ehadthe mesh size and the finite element
type was investigated.

At the outset, it is essential to discuss the anasmnection models. Four models of the
shear connector were used. In FEA 1 and FEA 2iteerhodel of connection (F—s 1) was
used, and the response of the connector was nearlio reflect the average shear force-slip
curve for the three specimens from the push-ots.tes

The results of FEA 1 and FEA 2 are consistent withresults of the push-out tests (see
Fig. 5.22).
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Figure 5.22. The shear force—slip curve for onenector based on the laboratory tests, the
theoretical analyses and the FE analyses (FEA A, BHE

The first model of the shear connector (F-s 1) wssd in FEA 1 and FEA 2 and it
accurately reflected the mean shear force—slipectiov one connector from the push-out
tests. The elastic model of concrete was used iA EEand the CDP model was used in
FEA 2. There was no difference between these twalyses, because the model of the
connection accurately reflected the average shmaeslip curve for the three specimens
from the push-out tests. As a consequence, the Inioole into account the decrease in the
stiffness and the load, which occurred when thecma was cracking. The load peak
occurred on the numerical shear force-slip curvesabse it was modelled using the
connection model. For this reason, the simple ielasbdel of concrete was adequate for the
finite element modelling of the shear connecticst. telowever, the elastic model of concrete is
too simple to reflect the behaviour of the aluminiaoncrete composite beam (see Section 5.6).

In FEA 3 and FEA 5 the second (F-s27 1.25) and third models (F-s;3,= 1.0) were
used, respectively. The response of the connedsrelasto-plastic to reflect the theoretical
model for the dowel-bolt connector presented intiSec3.1. The results of FEA 3 are
consistent with the theoretical shear force-slipveyy, = 1.25) and the results of FEA 5 are
consistent with the theoretical shear force-slipveuy, = 1.0) (see Fig. 5.23). The CDP
model of concrete was used in both analyses. Howavdid not have any impact on the
load-slip curve, because the rate of weakeningevelas low K, = 0.7) and because the load

peak appeared on the numerical shear force—slyesuiThe peak was modelled using the
connection model.
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Figure 5.23. The shear force—slip curve for onenector based on the laboratory tests, the
theoretical analyses and the FE analyses (FEA &,5E

In FEA 7 the fourth model (F—s 4) of connection wasd. The response of the connector
was linear to only reflect the first branch of tbleear force-slip curve for the dowel-bolt
connector presented in Section 3.1. The resultSE# 7 are consistent with respect to the
stiffness of the connector (see Fig. 5.24). Thetfomodel of the shear connector (F-s 4) did
not accurately predict the maximum shear forceofa connector. It was an elastic model and
it only reflected the first (elastic) branch of thleear force—slip curve. The peak on the shear
force—slip curve from FEA 7 occurred when the cetewas damaged.
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Figure 5.24. The shear force—slip curve for onenector based on the laboratory tests, the
theoretical analyses and the FE analyses (FEA &, FEEA 5, FEA 7)
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The implicit modelling of connectors works well. I FE models of the shear connection
test strongly depended on the connection model.

The numerically predicted failure mode was companeth the one observed in the
laboratory tests. The failure mode was a combinatd the rib-shear failure and the
horizontal crack on the tensioned edges of theretvaslabs as observed experimentally and
confirmed in the finite element analyses (see Bdg&b and 5.26).
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Figure 5.25. The cracking pattern of the concrktiessin the shear connection test at failure
load (FEA 11) Fnax= 23.1 kKN/connectog.,= 4.9 mm): a) ¥ of the model, b) complete
model, 1 — rib-shear failure 2 — crack on the t@msd surface

a) b)
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Figure 5.26. The cracking pattern of the concrktiessin the shear connection test at failure
load (FEA 14) Fmax= 19.3 kKN/connectogq.,= 4.3 mm): a) ¥ of the model, b) complete
model, c) concrete slab, 1 — rib-shear failurec2aek on the tensioned surface

The impact of the rate of weakening,) used in the concrete model on the shear force—
slip curve is presented in Fig. 5.27.
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Figure 5.27. The shear force—slip curve for onenector based on the laboratory tests, the
theoretical analyses and the FE analyses (FEA 7-10)

The maximum shear force was obtainedripe= 0.7 in FEA 7 and it was decreasing with
the increase of parametsy.

The impact of the mesh size (10, 20, 30 mm) onstiear force—slip curve is shown in
Fig. 5.28.
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Figure 5.28. The shear force—slip curve for onenector based on the laboratory tests, the
theoretical analyses and the FE analyses (FEABA,1, FEA 14)

The maximum shear force was obtained for the mash3 mm in FEA 13 and it was

decreasing with the decrease of the mesh size.
The impact of the finite element on the shear festip curve is presented in Fig. 5.29.
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Figure 5.29. The shear force—slip curve for onenector based on the laboratory tests, the
theoretical analyses and the FE analyses (FEAHA, 15, FEA 16)

The finite element used for concrete slab modelliag an impact on the maximum shear
force (compare the results of FEA 11, FEA 15 and\ HAB). In FEA 5 the connector was
modelled using different elements (C3D10) thanEAB (C3D8R). However, it did not have
any influence on the results. The results of FEs&8 FEA 6 were the same.

The impact of the friction on the shear force—slipve is shown in Fig. 5.30.
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Figure 5.30. The shear force—slip curve for onenector based on the laboratory tests, the
theoretical analyses and the FE analyses (FEABEA,1H)

The friction between the concrete slab and the @miwm beam had an impact on the
maximum shear force and the stiffness of the model.
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Table 5.10. summarises the results of the FEAEstt compares the results obtained in the
laboratory tests, the theoretical analysis andthmaerical simulations.

Table 5.10. The maximum shear force with the cpoeding slip, and the secant slip moduli

ko.sandko ¢ (per one connector)
Secant slip modulus Secant slip modulus  Maximum shear Corresponding slip

Ko.a ko.s force Frnax Srmax
[KN/mm] [kN/mm] [kN] [mm]
';::g?ﬂ?’ 59°+1.8°(3L.1%)° 6.9°+2.2°(31.5%)° 22.2+3.3°(20.9%p 4.1°+2.3° (55.4%)
0.74° 0.91° 1.35° 0.91°
Theoretical 55 55 28.0 f, =1.0) 5.1 ¢, =1.0)
analysis (T) 22.4 §,=1.25) 4.1 (,=1.25)
FEA1 oo oon 090" 000"
FEA2 oo oor’ 090" 050"
iy o Lot L1
FEA 4 000" 017 Lo’ e
FEAS iy 075" 126" .
iy o 126 Lo
iy o 4o 71
FEAS iy 075" 176" Lar®
FEA9 iy oo 1260 1 5o
FEA 10 iy o 113 N
FEA LI iy 0o Lo 1 o8°
FEA 12 iy 0o 115 150"
FEA13 iy o 116 L1
FEA 14 o?é; o?éid ol.géld o?ézd
FEA LS iy 002" 096" iyes
FEA 16 o?égd 0.5;;“ ol.g'z;j o?égd

® Sample standard deviation

® Measurement errors were calculated accordingudesit’s t-distribution using 2 degrees of freedo a
a confidence level of 0.95.

¢ Mean values from tests 1-3

FEAWLT
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5.6. The results of the finite element modellingha# bending test

The bending tests conducted in the laboratory wsed to validate the developed finite
element model of the aluminium-concrete composigand subjected to bending. The
numerical results were compared to the bendingréssiits in terms of strength, deflections,
end slips and crack patterns. Furthermore, the noateltimate load was compared with the
theoretical ultimate load of the aluminium-concretemposite beam with partial shear
connection. What is more, the sensitivity of theneuical model to various parameters, such
as the connection model, the concrete model, trehmize and the finite element type, was
discussed.

The numerical model used in the FEA 5 was the racstirate and reliable. The numerical
curves obtained in the FEA 5 were compared withekgerimental load—slip curves (see
Figs. 5.31 and 5.32). It can be seen that the nualeesults are in good agreement with the
results from the laboratory tests.

In the laboratory tests, the post-peak load behavid the composite beams was also
tracked, whereas the numerical analyses were tatednwhen the ultimate moment
appeared, because of the problem with the craaiiegncrete and with high non-linearity.
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0.0
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Figure 5.31. The mid-span moment—deflection cula&eld on the laboratory tests and the
FE analysis (FEA 5)
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Figure 5.32. The mid-span moment—end slip curvedbas the laboratory tests and the FE
analysis (FEA 5)

In Figs. 5.31 and 5.32, the dashed lines repregahie theoretical ultimate load of the
aluminium-concrete composite beam with full sheannection calculated by the sectional
rigid plastic analysis, the theoretical ultimatadoof the aluminium-concrete composite beam
with partial shear connection, and the theoretidghinate load of the non-composite beam
based on the plastic moment capacity of the aluminbeam only, respectively. It can be
observed that the ultimate load obtained in theratory test and the ultimate load obtained
from the FE analysis are located between thess.lifi@s indicates that the tested aluminium-
concrete composite beams had partial shear coonsctit can also be seen that the
theoretical model of the aluminium-concrete comgobieam with partial shear connection
overestimates the ultimate load of the aluminiumerete composite beam with partial shear
connection, but the difference is less than 5%.

The slight discrepancy of the load—slip behavioowld be attributed to the asymmetric
behaviour of the beam, such as the rib-shear &adwddenly appearing at one end of the
beam. The distance between the mean value and dlxémmn test values is greater in the
moment-slip curve than in the moment—deflectioveycompare error bars in Fig. 5.31 and
Fig. 5.32). The big margin of scatter of test restibr the slip may be connected with the
form of failure — the longitudinal crack formed Ween the profiled sheeting and the concrete
ribs close to one of the supports (depending orb#daen it was close to the left or the right
support). The slip was measured close to one obtipports only. The moment-slip curve
from the FE analysis had a better correlation eorttoment-slip curve from test 1 than to the
moment-—slip curve for the mean value from all ti@okatory test.

Table 5.11. summarises the results of the FEAalsti shows a comparison between the
mid-span ultimate strength of the composite seatioiained experimentally, numerically and
in the theoretical analysis.
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Table 5.11. The results from the finite elementigses, the laboratory tests and the
theoretical analysis

Mo Merack My 50 5crack 5ult
[KN-m] [KN-m] [KN-m] [mm] [mm] [mm]
Laboratory 53.8° + 1638 64.5° + 7}93 72.2°+ 2539 18.8° + 1513 25.3° + 2.536 42.6° + 11b.35
2.56% 10.90% 3.31% 6.01% 10.10% 26.66%
tests (LT) 0.87% 4.42° 1.50° 0.712 1.61° 7.14%
Theoretical 395 - 755 19.4 - -
analysis
69.7 238.2 17.9 111.6
FEAL 1.30¢ B 3.30¢ 0.95¢ B 2.62¢
FEA 2 59.0d 59.8d 84.7d 10'% 10'% 23.9d
1.10 0.93 1.17 0.57 0.43 0.56
FEA 3 45.2d 56.8d 56.8d 18.5:j 27"2 27.4}1I
0.84 0.88 0.79 0.98 1.08 0.64
FEA 4 42.<.?j 58.2d 58.2d 18.9d 31.1d 31.10I
0.80 0.90 0.81 1.00 1.23 0.73
FEA S 48.% 63.8d 69.8d 16.% 25'63 31.1d
—— 0.91 0.99 0.97 0.85 1.01 0.73
FEA 6 48.% 65.42 85.2d 16.% 25'% 61.5d
0.91 1.01 1.18 0.85 1.02 1.44
FEA 7 47.1d 66.(?j 66.(?j 15.7d 27"2 27.4}1I
0.88 1.02 0.91 0.84 1.08 0.64
FEA 8 47'?; 64.?; 64.?; 15.8d 26.?; 26.3:j
0.88 1.00 0.89 0.84 1.04 0.62
FEA O 52.2d 91.0d 91.0d 16.5d 75.8d 75'%
0.97 1.41 1.26 0.88 3.00 1.78
48.1 52.2 52.2 15.9 17.5 175
FEA 10 0.89¢ 0.81¢ 0.72¢ 0.85¢ 0.69¢ 0.41¢

M, — mid-span moment corresponding to the first yigjcbf the aluminium beam

Mrack — Mmeasured mid-span moment corresponding to fiétecfiacking between the concrete slab and the
profiled sheeting

My — mid-span ultimate strength of the compositeisact

do — mid-span deflection correspondingMig

derack — Mid-span deflection correspondingMg acx

dyr — mid-span deflection correspondingMg,

& Sample standard deviation

® Measurement errors were calculated accordingudesit’s t-distribution using 3 degrees of freedamd a
a confidence level of 0.95.

¢ Mean values from 1-4 tests

YFEALLT

In FEA 5, the predicted mid-span moment correspundo the first yielding of the
aluminium beam for the aluminium-concrete compokgam was 48.9 ki, which is only
9% lower than the mean value from the laboratosyst€53.8 + 1.38 khin) (see Table 5.11).
The predicted mid-span deflection at the mid-spamemt corresponding to the first yielding
of the aluminium beam for the aluminium-concretenposite beam was 16 mm, which is
15% lower than the mean value from the laboratesyst(18.8 + 1.13 mm). It can be seen that
good agreement was achieved between the ultimat@emiofor the aluminium-concrete
composite beam obtained in the laboratory testsiartie FEA 5. The predicted ultimate
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moment for the aluminium-concrete composite beas 888 kNm, which is only 1% lower
than the mean value from the laboratory tests (KR:&h). The predicted mid-span deflection
at the maximum moment for the aluminium-concret@gosite beam was 31.1 mm, which is
27% lower than the mean value from the laboratesyst(42.6 £ 11.35 mm).

The failure mode predicted numerically was compavigld that observed in the laboratory
tests. It was a combination of the rib shear failand the horizontal crack near the support as
observed experimentally and confirmed in the firstement analyses (see Figs. 5.33 and
5.34). The results of the numerical analyses agsgmted as coloured maps of the concrete
tension damage parametdd;)(in Figs. 5.33 and 5.34. The value of the tensiamage
parameter equal to 1 signifies the damage of thitefelement, while 0 means that the finite
element is in virgin state (Szczecina and WinnirgkL5).

a)

DAMAGET

+1
+7.9440-02
L +0.000e+00

Figure 5.33. The cracking pattern for the aluminicomcrete beam (FEA 5,
Muir = 69.8 kNm): a) complete model (1 — rib-shear failure, 2orizontal crack near the
support); b) ¥ of the model

+0.000e+00

DAMAGET
(Avg: 75%)

+7.945e-02
+0.000e+00

C) DAMAGET

Figure 5.34. The cracking pattern for the aluminicomcrete beam (FEA 8,
Mui = 64.3 kNm): a) complete model (1 — rib-shear failure, 2ofizontal crack near the
support); b) ¥4 of the model; c) concrete slab
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It is shown that the finite element model succdBsfuredicted the ultimate moment, the
stiffness and the failure mode of the aluminiumarete composite beam. The finite element
model is reliable and can accurately capture theawieur of the aluminium-concrete
composite beam. The sensitivity of the FE modefaiaous parameters is discussed below.

The impact of the connection model on the mid-spement—deflection curve and the
mid-span moment—end slip curve is shown in Fig35 and 5.36.

The connection models considered in this study wibee tie function (FEA 2), the shear
force—slip curve for one connector from the labamattests (FEA 3), the shear force—slip
curve for one connector from the theoretical anslys = 5.5 KN/mm andP,; = 43.4 kN)
(FEA 4), and the shear force—slip curve for oneneator from the theoretical analysis
(k=12.5 kN/mm andP,; = 43.4 kN, FEA 5).

The model of connection was crucial for the fingeement modelling. The ultimate
moment and the stiffness of the aluminium-concretenposite beam were significantly
influenced by the stiffness of the connectorshtivgs that the connection model proposed in

this paper can predict the slip between the aluminbeam and the concrete slab with good
accuracy.
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Figure 5.35. The mid-span moment—deflection cula&eld on the laboratory tests and the
FE analyses (FEA 2-5)
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Figure 5.36. The mid-span moment—end slip curvedbas the laboratory tests and the FE
analyses (FEA 2-5)

The impact of the concrete model (elastic, CDP)henmid-span moment—deflection curve
and mid-span moment—end slip curve is shown in.Fdgs7 and 5.38. The elastic model of
concrete used in FEA 1 did not take into accouatftacturing of the concrete. FEA 1 was
terminated when a large deflection occurred. In FEAhe failure mode of the composite
beam was associated with the yielding of the alwminbeam. The elastic model was too
simple for the analysis of the aluminium-concretamposite beam. The CDP model of
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Figure 5.37. The mid-span moment—deflection cula&eld on the laboratory tests and the
FE analyses (FEA 1, FEA 4)

5.0

—Mean of
FEA 1
—FEA 4

4 laboratory terts

238.2

58.2

0.0

20.0

40.0

60.0
Deflection v [mm]

119

80.0

100.0

120.0



Chapter 5. RESULTS AND DISCUSSIONS

E —Mean pf 4 tests
- Laboratory test 1
FEA 1
2000 —FEn3
5
g 150.0
=
=
£
£ 100.0
=
50.0 1
0.0
0.0 20 4.0 6.0 8.0 10.0

Slip s [mm]
Figure 5.38. The mid-span moment—end slip curvedbas the laboratory tests and the FE
analyses (FEA 1, FEA 4)

Figures 5.39 and 5.40 show a comparison betweemithaspan moment—deflection curves
and the mid-span moment—end slip curves with vanah the viscosity parametewy) used
in the concrete model It can be seen that the siscparameter can change the results of the
numerical analysis. The ultimate moment increasmsgawith the viscosity parameter. It is
worth noting that for the higher value of the visitp parameter, the numerical calculation
were terminated when larger deflections occurremig€ik and Kamiski (2011) noted that
problems with solution convergence may occur in tioenerical analysis when full non-
linearity of the concrete with its gradual degrastaunder increasing (mainly tensile) stress is
assumed. The viscosity parameter allows one tolasge the constitutive equations.
However, it may have a significant influence on thsults of the analysis conducted in the
Abaqus/Standard finite element code and a corréatmam value of this parameter should
be used, i.e., the viscosity parameter should aintmupa. 15% of the time increment step
(Genikomsou and Polak 2015) or the ratio of theetimcrement step to the viscosity
parameter should tend to infinitglédziewski 2016a and 2016b) geszewski 2011).
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Figure 5.39. The mid-span moment—deflection cula&eld on the laboratory tests and the
FE analyses (FEA 5, FEA 6)
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Figure 5.40. The mid-span moment—end slip curvedbas the laboratory tests and the FE
analyses (FEA 5, FEA 6)

Figures 5.41 and 5.42 show the variation of the-span moment—deflection curves and
the mid-span moment—end slip curves with respetttdanesh size. The mesh sizes chosen in
these analyses were: 15 mm, 20 mm and 30 mm. Ibeaeen that the numerical results of
FEA 5 are in good agreement with the results frocBAF and 8. However, the ultimate
moments are different in each analysis.
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Figure 5.41. The mid-span moment—end slip curvedbas the laboratory tests and the FE
analyses (FEA 5, FEA 7, FEA 8)
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Figure 5.42. The mid-span moment—deflection cula&eld on the laboratory tests and the
FE analyses (FEA 5, FEA 7, FEA 8)

The impact of the finite element type used to mdtiel concrete slab on the mid-span
moment—deflection curve and the mid-span momentskpdaurve is shown in Figs. 5.43 and
5.44. It can be seen that the finite element ty@g mwhange the results of the numerical
analysis. The ultimate moments are different imeatalysis. In FEA 5 the concrete slab was
meshed using C3D8R solid elements. These elementstan used for a non-linear analysis,
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including of large deformation, contact, plasticiyd failure (Nguyen and Kim 2009).
Previous numerical analyses of composite elemezgsribed in the literature have employed
this type of element, yielding accurate results mwlempared against laboratory tests
(Jankowiak 2011) (Kyvelou, Gardner and Nethercdi@@Jabtaski and Halicka 2019).
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Figure 5.43. The mid-span moment—deflection cula&eld on the laboratory tests and the
FE analyses (FEA 5, FEA 9, FEA 10)
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Figure 5.44. The mid-span moment—end slip curvedbas the laboratory tests and the FE
analyses (FEA 5, FEA 9, FEA 10)
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Chapter 6

Conclusions

This chapter presents the main conclusions oftki@sis and provides answers to the research
guestions presented in Chapter 1.

The relatively unknown aluminium-concrete composigams may provide an alternative to
steel-concrete composite structures. They meetdtpgirements of sustainable construction
due to their high durability. Furthermore, theyfifuthe concept of circular economy because
they are easily deconstructed at the end of thacselife of a structure, if demountable shear
connectors were used. A new type of demountablarsbennector was described in the
patent specification and used by the author of thissertation in aluminium-concrete
composite beams.
The answers to the research questions presen@ubipter 1 are provided below.

<+ How can demountable shear connectors reduce thvbdcks of non-demountable
shear connectors?

Dowel-bolt connectors offer several advantagesudiag:

* Demountable shear connectors allow for the disnmantf a composite beam at the end
of its structural life.

 The connector may be used in aluminium-concrete posite beams with profiled
sheeting.

» Composite action is achieved without welding, whicduses the formation of heat-
affected zones and the reduction of strength paemef aluminium alloys.

» Parts of different materials (aluminium, steel, a@te) are connected in an easy way.

 Demountable shear connectors can be easily indtalle the construction site in
a predrilled flange of an aluminium beam and peafitteel sheeting, while concrete can
be poured into the steel sheeting.

* A concrete slab can be prefabricated off-site, wibivel-bolt connectors cast in required
locations, and then transported to the site andheded to an aluminium beam with
predrilled holes.

 Demountable dowel-bolt connectors may be used umiaium-concrete composite
beams as an environmentally-friendly alternativehtannel shear connectors and bolts.
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« How does the stiffness of new connectors affect ghert-term performance of
aluminium-concrete composite beams?

Shear connectors ensure composite action betweatuamnium beam and a concrete slab.
The analysed aluminium-concrete beams were wittigbarteraction. This was mainly due to
the low slip moduli of the connectionky ¢ = 5.9 + 1.8 kN/mm). The clearance between the
bolt and the hole had a negative impact on thénesk of the connection. However, it made it
easier to install demountable shear connectorsugiirdhe holes in the aluminium beam
flange. The slipping in the connection had an ingac the stiffness and the load bearing
capacity of the aluminium-concrete beam. Furtheendhe analysed shear connectors
showed a lower level of ductility, as the slip caipawas only 4.2 £ 2.0 mm. Due to this fact,
the shear connectors did not have enough slip dsptac redistribute the shear force to
adjacent shear connectors after yielding. Therailnode of the shear connection was brittle.
For this reasons, the load capacities of the cdorewvere achieved before the load-carrying
capacity of the full composite beam was attaineithébending tests.

+ Can the guidelines for the design of steel-conaretaposite structures be applied for
the ultimate limit state verification of aluminiuooncrete composite structures?

The bending plastic resistance of the aluminiumeoete composite beam with partial shear
connection calculated from Eq. (3.27), which totik sto account, was 1.05 times higher
than the bending resistance from the test. Thegseg method of calculating the bending
plastic resistance of the aluminium-concrete com@dseam with partial shear connection
produced similar results to the bending test. Haxeonly four beams of the same geometry
were tested. Therefore, it is advisable to perfoamplementary tests on composite beams of
different geometries and to verify the method agfa@ngreater number of test results.

Furthermore, the problem of the rib-shearing falwhich occurred in the analysed beams
should be addressed in the future. The use oflpdofheeting with wider ribs, and of the
waveform reinforcement presented by Patrick (20@4prevent the rib-shearing failure is
recommended.

Due to the significant deflections of the ACC beartige serviceability limit state
requirements may be more difficult to meet than th#émate limit state requirements.
However, deflections can be reduced by using an A€&m with a higher cross-section of
the aluminium girder and a wider concrete slab.

% Can zero-length springs be used in the numericaleinof an aluminium-concrete
composite beam to model the connection betweenatbminium beam and the
concrete slab?

The shear connectors were modelled using zeroHesings. The model had an impact on
the ultimate moment and the stiffness of the aliummconcrete composite beam. The
connection model proposed in this PhD dissertaitows for predicting the slip between the
aluminium beam and the concrete slab with goodracgu
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Futureresearch

There have been extensive studies on compositettes in recent decades. However, the
investigation presented in this thesis is the amlg where a concrete slab is poured into steel
sheeting and connected with an aluminium beam udergountable shear connectors. The

presented studies have answered many questionsugowiew problems and questions have
been raised and they should be addressed in fahalgses of aluminium-concrete composite

beams.

7.1 Experimental investigations

The experimental programme presented in the deggerthad certain limitations, and further
experimental shear connection tests and bending $é®uld be performed. In the case of
shear connectors, the effects of the hole sizegrstmnnector diameter, torque moment, and
concrete rib width were not examined. For this oeasurther investigation of the effects of
varying geometry of the connection is recommendéet stiffness of the connection should
be improved. It could be increased by bolt tightgnihole clearance reduction and concrete
rib width extension. All the proposed improvemenfsthe shear connections should be
verified in shear connection tests to evaluater timepact on stiffness and resistance. In the
case of aluminium-concrete composite beams, only keams of the same geometry were
tested, so it would be reasonable to perform comefgary tests to identify the optimal
geometry of an aluminium-concrete composite beahe impact of the profiled sheeting
type, shear connector spacing and diameter, canctass, slab thickness, aluminium alloy
and aluminium beam height on the resistance arftheds of the aluminium-concrete
composite beam should also be investigated. Fumibrer, only one type of connection was
tested, so it would be advisable to perform complaiary tests on beams with a different
type of connection (e.g. adhesive connection, oaotis shear connection). What is more,
long-term behaviour of aluminium-concrete compoditams should be analysed in the
future, along with the influence of the shrinkaged acreep of concrete on the long-term
behaviour of aluminium-concrete composite beamsthEtmore, guidelines for structural
health monitoring and damage detection in alumiraamcrete composite structures should
be developed. Periodic visual inspections may naffice to find all the problems
(Abramowicz, Berczfrski and Wroblewski 2020). Strategic structures $thdoe controlled
using structural health monitoring systems. Sudtesys may control, measure and analyse
the response of the structure. An irregular signaly mean there is damage in the structure,
which can be quickly repaired once detected (Szalaigt al. 2018). Wavelet transforms or
energy transfer ratios were suggested for damaggndsis, e.g., in steel-concrete composite
structures, sandwich panels or plates (Wréblewslkale2017) (Pozorska J. and Pozorski
Z. 2018) (Knitter-Pitkowska and Guminiak 2016 & 2020). Studies on damdetection in
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aluminium-concrete composite structures are recamdet Finally, the fire resistance of
aluminium-concrete composite beams should be aedlysfire tests.

7.2 Numerical analyses

The comparison between the experimental and nualedsults indicates that the adopted 3D
model can capture the response of the aluminiuncret® composite beam, because the
results obtained in the numerical analyses of traposite beam were very similar to the
experimental values. For this reason, the numemecatlel can be used to simulate the
behaviour of composite beams with different confegions, and geometrical and mechanical
properties. As a result, the numerical analyseshedym generate savings, since no additional
laboratory tests are required to investigate theaweur of said beams.

Further numerical analyses may help to improve alium-concrete composite beams.
Such analyses should include parametric studiegldotify the optimal cross-section of
a composite beam. What is more, only a static argip the Abaqus/Standard module was
used. For this reason, it is advisable to performcanplementary analysis in the
Abaqus/Explicit module. This would allow for a moretailed analysis of non-linear
problems (relatively high deformations accompanythg cracking of concrete) and for
studying the post-ultimate behaviour of composgarhs. The Abaqus/Explicit module can
be used to perform analyses of composite beamedgljto dynamic loads and quasi-static
loads (Jankowiak 2011).

7.3 Theoretical analyses

In order to provide design guidance for aluminiuomarete composite beams with profiled
sheeting and demountable shear connectors, theoggdptheoretical models should be
verified by further experimental shear connectiod bending tests.

7.4 Industrial implementation

Aluminium-concrete composite beams may be usetienbuilding frame system. However,
some aspects of aluminium-concrete structures wetediscussed in the dissertation. The
making of the shear connectors was time-consunkingthis reason, an automated and less
time-consuming process of shear connector produstiould be developed. Furthermore, the
cost of the aluminium-concrete composite floor egystshould be estimated and the
connection details between the aluminium-concreteis and the vertical structural elements
should be considered to ensure that the beamsoanpatible with the remaining structural
elements of the building frame system. Last but least, the aluminium-concrete beams
should be used in a full-scale floor in a real ¢haig) in order to monitor any problems which
may occur during the construction and use of thilimg.
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Appendix 1. Composition of the concrete mixture

Table A.1. Composition of the concrete mixture

“Stanbud’
Concrete
laboratory

STANBUD Sp. z 0.0.

3 tozinowa Street

62-020 Garby, Poland
VAT number: PL 777-27-46-909

Ready-mixed concrete

Exposure class: X0
Strength class: C35/45
Consistency class: S3 Slump range: 100-150
Maximum aggregate size: 8 mm
Specification, performance, production nd
conformity in accordance with the standard: a‘ PN-EN 206-1
Composition of the concrete mixture: no. 245316fak June 2014
Amount of
No. Material material in 1 m Unit Comments
of the concrete
mixture
1 | Sand (0-2 mm) 650 kg ZwirPol-Garby
2 | Gravel (2-8 mm) 1086 kg G. Kruszywa
3 CEM IlI/A 42.5N-HSR 410 kg Goralze
Cement
4 | Water 170 kg Water supply
5 | Air 2 %
6 | Sikament 400/30 superplasticizer 451 kg
Parameters of the concrete mixture
1 Amount of aggregate in 1°mof the concrete| 1736.6 kg
mixture
2 Volume of aggregate in 1°rof the concrete | 663.2 dem
mixture
3 Amount of binder (cement) 410.0 kg/m
4 Amount of paste + air 336.8 dim>
5 Amount of mortar + air 622.7 dm’
6 Theoretical density of the concrete mixture 2321. kg/nt
7 Water-cement ratio 0.41 -
8 Volume of cement, fly ash and aggregate | 340.3 /i
<0.125 mm
9 Amount of 419.3 kg
cement, fly ash and aggregate < 0.125 mm
10 Amount of 493.2 kg
cement, fly ash and aggregate < 0.25 mm
11 Sand content 43.1 %
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Appendix 2. Crack width

Table B.1. Crack width (beam 1)

No. I[‘Iz\?]d \[Ar/r:(rjr:? Comments No. I[‘I?S]d \[Ar/r:(rjr:? Comments
45.0 1.0+1.0 120 <002
o [ 750 2.0+1.0 gap* 135 0.05 + 0.02
156.0 14.0 % 1.0 15 150 03+0.02 crack
60.0 0.4+0.02 156 0.5+0.02
1 | 750 0.5+0.02 gap* 1 135 0.15 + 0.02 erack
156.0 0.9+0.02 156 25.0+ 1.0
60.0 0.4+0.02 17 135 0.1+0.02 erack
, [ 750 0.5+0.02 o 156 10.0+ 1.0
105.0 1.0+0.02 9ap 18 135 0.10 = 0.02 )
156.0 >1.0 156 150+ 1.0 crac
75.0 0.05 + 0.02 " 135 0.15 + 0.02 erack
90.0 0.15 + 0.02 . 156 10.0+ 1.0
3 [71050| 025002 gap 135 -
156.0 0.7+0.02 20 156 20+1.0 crack
, | 750 0.05 + 0.02 o 21 135 0.05 + 0.02 rack
156.0 0.7+0.02 gap 156 0.05 + 0.02
75.0 0.05 * 0.02 ) 135 -
5 1560 >1.0 gap 22 156 12.0 £ 1.0 crack
75.0 0.05 * 0.02 03 135 0.1+0.02 orack
6 | 105.0 0.7+0.02 gap* 156 10.0+ 1.0
156.0 >1.0 s 135 — rack
75.0 0.05 + 0.02 156 0.7+0.02
7 105.0 1.0£0.02 gap* 135 -
156.0 1.0+0.02 25 156 0.4 +0.02 crack
s | 750 0.05 * 0.02 G 26 156 27.0+1.0 crack
156.0 1.0+ 0.02 27 156 10.0+ 1.0 crack
75.0 0.05 + 0.02 28 156 - concrete
crushing
% | 1050 0.7 +0.02 gap* 29 156 - gfunscr:ﬁ]tge
156.0 2.0+1.0 30 156 3.0+1.0 crack
10 |_900 0.15 * 0.02 G 31 156 0.05 + 0.02 crack
156.0 12.0+1.0 32 156 0.05 * 0.02 crack
90.0 0.05 * 0.02 )
1 560 0.5 +0.02 9ap
1050 | 0.05=0.02
12 560 3.0+1.0 gap*
1050 | 0.25+0.02
13 560 3.0+10 gap*
120.0 <002
1350 | 0.05*0.02
14 ["150.0 0.7+0.02 crack
156.0 0.7 +0.02

*between the profiled sheeting and the concrete sla
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Table B.2. Crack width (beam 2)

No. Load [kN] Width [mm] Comments
0 30.0 >1 gap*
1 40.0 0.3 +0.05 gap*

130.0 0.8 +0.05
45.0 <0.05
55.0 0.1+0.05 .
2 110.0 0.25 + 0.05 gap
130.0 0.7 +0.05
2 60.0 <0.05 gap*
130.0 >1+0.05
70.0 <0.05
4 75.0 0.4+0.05 crack
130.0 >1
70.0 0.1 +0.05 R
5 130.0 0.9 +0.05 9ap
s 75.0 0.1 +0.05 gap*
130.0 0.9 +0.05
. 75.0 0.1+0.05 -
130.0 0.9 +0.05
o 75.0 0.05+0.05 -
140.0 0.9 0.05
9 80.0 0.05 + 0.05 gap*
85.0 0.05+0.05
10 140.0 >1 gap*
90.0 0.05+0.05 ]
11 130.0 0.8 £0.05 gap
90.0 0.05+0.05 R
12 140.0 0.6 £0.05 gap
90.0 0.05+0.05 R
13 140.0 0.6+0.05 9ap
100.0 0.05 = 0.05

14 140.0 0.4+ 0.05 gap*

15 100.0 0.05 + 0.05 gap*
140.0 0.1 +0.05

16 110.0 0.25 + 0.05 gap*
140.0 0.7 +0.05
110.0 0.05 + 0.05

17 120.0 0.1 +0.05 crack
150.0 0.2 +0.05
115.0 0.05 + 0.05

18 120.0 0.05+0.05 crack
150.0 0.1 +0.05

19 140.0 0.05 + 0.05 gap*

20 150.0 >1 gap*

21 150.0 0.05 +0.05 crack

22 150.0 0.05 +0.05 crack

23 150.0 0.05 + 0.05 crack

24 150.0 0.05 + 0.05 crack

25 150.0 concrete crushing

*between the profiled sheeting and the concrete sla
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Table B.3. Crack width (beam 3)

No. Load [kN] Width [mm]| Comments
0 45.0 - gap*
1 45.0 - gap*

60.0 0.6 £0.05
5 45.0 - gap*
70.0 0.2 +0.05
3 45.0 - gap*
4 50.0 - gap*
5 55.0 - gap*
6 65.0 - gap*
7 65.0 - gap*
8 75.0 - gap*
9 80.0 - gap*

10 70.0 - gap*
11 80.0 - gap*
12 85.0 >1 gap*
13 85.0 - gap*

90.0 -
105.0 0.1+0.05
14 120.0 0.2+0.05 crack
130.0 0.25+0.05
150.0 0.3+0.05

15 100.0 - gap*
16 100.0 - gap*
17 105.0 - gap*
18 130.0 - gap*
19 150.0 0.3+0.05 crack

20 150.0 - crack

21 150.0 - crack

*between the profiled sheeting and the concrete sla

161



APPENDICES

Table B.4. Crack width (beam 4)

No. Load [kN] Width [mm] Comments
1 50 gap*
2 60 gap*
3 65 gap*
4 65 gap*
5 65 gap*
6 75 gap*

75 0.05 +0.05
7 100 0.1 +0.05 crack
115 0.2 +0.05
130 0.3+0.05
8 75 gap*
9 80 gap*

10 80 gap*
11 90 gap*
12 90 gap*
13 90 gap*
14 100 gap*
15 100 gap*
16 120 gap*
17 126 1.1+1.0 crack
18 126 crack

126 < 0.05 +0.05

19 130 0.3+0.05 crack
20 126 crack
21 130 1.1+£1.0 crack
22 130 1.1+1.0 crack
23 130 crack
24 138 crack
25 138 crack
26 140 gap*
27 160 crack
28 150 crack

*between the profiled sheeting and the concrete sla
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Appendix 3. Cracking pattern at failure

Figure C.1. a) gap 6 between the profiled sheetimjthe concrete slab at a load equal to
75.0 kN (beam 2); b) cracks at failure load (beantPgap 4 between the profiled sheeting
and the concrete slab at a load equal to 50.0 kEN3); d) cracks at failure load (beam 3)
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b)

Figure C.2. Beam 4: a) failure at support A; bjuia at support B;
¢) undamaged middle part of the beam
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Figure C.3. Cracking pattern at failure: a) bearn)heam 3, c) beam 4
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