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Abstract 
 

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

The experimental work consisted of three main groups of tests: materials tests, shear 
connection tests and bending tests, and was followed by theoretical and numerical analyses. 
The slip moduli k0.4 and k0.6, and the load-carrying capacity of the connection were 
determined experimentally. Furthermore, the short-term behaviour, load carrying-capacity, 
mode of failure, load-deflection and load-slip response of the aluminium-concrete composite 
beams with profiled sheeting and demountable shear connectors were investigated. 
Furthermore, the author proposed a method for calculating the load-carrying capacity of such 
beams, based on the calculation procedure for steel-concrete composite elements. The results 
of the experimental tests show that it is possible to ensure composite action between an 
aluminium beam and a concrete slab using developed shear connectors. The clearance 
between the bolt and the hole made it easier to install demountable shear connectors through 
the holes in the aluminium beam flange. However, it had a negative impact on the stiffness of 
the connection. The results from the analytical estimations were compared with the results 
from the laboratory tests. The calculated bending plastic resistance of the aluminium-concrete 
composite beam with partial shear connection was 1.05 times higher than the bending 
resistance from the tests.  

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

 

Introduction 
 

 
1.1.  The motivation behind the work 
 
Sustainable construction is a trend in modern design thanks to which new or little-known 
solutions are developed. Designers should focus on reducing the consumption of natural 
resources and on durability of buildings (Szumigała, Rzeszut and Polus 2017). What is more, 
structures should be designed, built and demolished in a way ensuring a sustainable use of 
natural sources (European Council, European Parliament 2011). The materials should be 
reusable or recyclable after demolition. The concept of circular economy is important for 
sustainable development (Ashby, Balas and Coral 2016). Moreover, buildings should generate 
the lowest possible costs during the entire life cycle of the structure (Bonenberg and Kapliński 
2017). Both the durability of the new solutions (Błaszczyński, Ksit and Dyzman 2012) and 
their energy efficiency (Szczechowiak 2007) (Bromberek 2014) are essential for sustainable 
construction. Buildings which can be used for 50 years are more economical than buildings 
which require repairs (Brandt 2008). Furthermore, the life cycle of a building should be taken 
into account at the design stage. For these reasons, building materials engineering provides 
innovative solutions for the construction of buildings (Czarnecki et al. 2017). Sustainable 
construction is open to new solutions which can help reduce CO2 emissions. In composite 
structures each component may be used efficiently. A composite element consists of two or 
more construction elements which are permanently joined (Jankowiak, Kąkol and Madaj 
2005) (Wróblewski, Berczyński and Abramowicz 2013). Composite structures combining 
steel and timber (Hassanieh, Valipour and Bradford 2016a, b), timber and glass (Rodacki 
2017), timber and concrete (Łukaszewska 2009), timber and timber (Bedon and Fragiacomo 
2019), aluminium and timber (Chybiński and Polus 2019), and aluminium and concrete 
(Polus and Szumigała 2019a) are relatively new structures. In this dissertation the author 
presents an investigation of little-know composite structures, i.e., aluminium-concrete 
composite beams. 

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

Aluminium is the most common metal and the third most abundant element in the Earth’s 
crust, making up 8.1% of the planet’s mass (see Fig. 1.1) (Siwowski 2005). However, pure 
aluminium does not occur naturally. Aluminium atoms form compounds with other metals. 
For this reason, the process of aluminium production is complex and energy intensive. The 
production of 1 tonne of aluminium requires about 17 000 kWh of electricity (Claisse 2016). 
The aluminium production process consists of the Bayer and the Hall-Héroult processes. The 
Bayer process is used to extract the alumina (aluminium(III) oxide, Al2O3) 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 extracted by the electrolytic reduction of the 

alumina dissolved in molten cryolite (Štrkaljet, Radenović and Malina 2010). The process 
happens at 940-980°C. Aluminium has a much higher embodied energy (the total energy used 
in the processes of obtaining a given material) than steel (Broniewicz 2008). What is more, 
the aluminium production process is detrimental both to the environment and the human 
health. The first aluminium smelters generated a large amount of fluorine, e.g., the fluorine 
emissions factor in the aluminium smelter in Skawina was 42.52 kg / Mg Al in 1980 
(Włodarczyk 1987). Too high concentrations of fluorine in water cause fluorosis. It decays 
teeth and bones, and leads to mental disorders. The aluminium smelter in Skawina was shut 
down in 1981, because of the high gas and dust emissions and the storage of waste in sand 
pits (Rajpolt and Tomaszewska 2011). What is more, on 4 October 2010 one million cubic 
metres of red mud (a waste product of the Bayer process) were released after the collapse of 
the dam at the caustic waste reservoir in Ajka (Wikipedia 2015). It was an industrial disaster.  

Despite the fact that the aluminium production process is energy intensive and may be 
a threat to the environment and human health, aluminium is a material which meets the 
criteria of suitable construction. First of all, it may be reused or recycled. The embodied 
energy savings may be as high as 95%, because recycled aluminium does not require 
electrolysis. What is more, aluminium smelters may use clean energy produced in 
hydroelectric power plants which do not pollute the environment. For this reason, aluminium 
has the potential of being an environmentally friendly “green” metal (Viami International Inc. 
and The Technology Strategies Group 2013). Furthermore, the aluminium smelter in Konin 
reduced fluorine emissions thanks to the introduced improvements (Płoszewski 1998). 
Nowadays, fluorides from modern smelters are almost completely recycled and reused in the 
electrolysis.  

Furthermore, aluminium-concrete composite elements are a durable solution. Aluminium 
alloys are corrosion-resistant thanks to a thin surface layer of aluminium oxide. An 
aluminium-composite beam contains an aluminium girder, a concrete slab and steel sheeting, 
connectors and reinforcement. Steel sheeting and connectors should be galvanised to improve 
their durability. Galvanisation also limits contact corrosion between the aluminium and the 
steel elements. Thanks to the above-mentioned treatments, aluminium-concrete composite 
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structures offer high durability – one of the suitable construction criteria. Furthermore, they 
may also fulfil the yet another concept – that of circular economy.  

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

 
1.2. Literature review 

 
1.2.1. First applications 
 
In the first century, a Roman goldsmith presented a cup made of a shiny metal resembling 
silver to Tiberius, the Roman Emperor (Pliny the Elder 77–79). This metal was a lot lighter 
than silver and might have been aluminium. However, it was not until the 19th century that 
aluminium was discovered in its purest form, which does not occur naturally (see Fig. 1.2). 
Thanks to the developments in chemistry and the advent of electricity, aluminium began to be 
used both in structural and non-structural fields, e.g., to make the Sokol torpedo boat (1894), 
the car body (1899), the airship of David Schwarz (1893), the cladding of the dome of the San 
Gioacchino church in Rome (1897) (Stacey 2014) (Kwiatkowski 2012), or the hull of the 
Junkers J1 plane (1915).  

 
Figure 1.2. The history of the aluminium industry (Habashi 1988) (Mazzolani 2012) (Gwóźdź 

2014) (web site: www.aluminiumleader.com/history/industry_history/, 05.11.2019) 
 

Aluminium as a structural material has been used for airframes since the 1930s (Alison 
1984). It was first used as a building material for bridges. The Smithfield Street Bridge in 
Pittsburgh was re-decked with a lightweight aluminium deck in 1933. The Grasse River 
Bridge was erected to span the Grasse River in 1946, to demonstrate the structural properties 
of aluminium for bridge-building (Kossakowski 2016). The railroad bridge has six steel spans 
and one aluminium span (see Fig. 1.3a), which consists of two riveted aluminium plate girders 
made of the 2014-T6 aluminium alloy (Siwowski 2006). In 1950 the first all-aluminium 
highway bridge was built in Arvida, Quebec, Canada (see Fig. 1.3b).  
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a) 

 

b) 

 
Figure 1.3. a) The Grasse River Bridge with a non-corroded aluminium span (photo taken by 

Michael Quiet in 2015 1); b) The Arvida Bridge (photo taken from Wikipedia 2) 
 

The Clive Road Bridge was the first aluminium-concrete composite bridge (see Fig. 1.4). 
In the ’60s of 20th century, aluminium was used as an alternative material for bridge 
construction. At the time, the network of roads was expanding in the USA and the amount of 
steel – the traditional building material – was insufficient. Aluminium became a proven 
construction material for which a long maintenance-free life and a light weight are required. 
The “Fairchild” bridge is yet another type of the aluminium-concrete composite bridge 
(Göner and Marx 1969). The Fairchild Engine and Airplane Corporation suggested using 
semimonocoque airframe aluminium structures for the construction of composite bridges. 
“Monocoque refers to a metal structure, in which the skin absorbs all or most of the stresses 
to which the body is subjected” (Hag-Elsafi and Alampalli 2002). It was an attempt to 
drastically reduce the weight (20% to 25% the weight of a steel structure) and the initial cost 
of the bridge (Alison 1984). Triangular box girders were made from aluminium sheets 
stiffened by extruded angles (see Figs. 1.5 and 1.6). Thanks to the bottom plate, which closed 
the span, a trapezoidal Warren truss was created (Siwowski 2006). The upper flange of the 
girder was made from aluminium corrugated plates, which also served as the centering of the 
concrete slab. “Z” shear connectors were used to ensure composite action between the 
aluminium structure and the concrete slab (Stonehewer 1962). Full-scale tests of this type of 
bridge were conducted at Lehigh University (Mindlin and Errera 1959) (Errera and Mindlin 
1959). Table 1.1 presents aluminium-concrete composite bridges built in the USA.  

 
 
 
 
 
 

 
 

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

 

b) 

 
 
c) 

 

 
d) 

 
Figure 1.4. The Clive Road Bridge: a) view of the bridge; b) aluminium welded plate girders 
with cross-beams; c) piers of the bridge; d) high strength friction grip bolts (photos from the 

Historic American Engineering Record 3) 
 

 
 
 
 
 
 
 

                                                 
3 Web site: www.loc.gov/pictures/item/ia0410/ (29.08.2018) 
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Table 1.1. Aluminium-concrete composite bridges  
(Abendroth et al. 1996 & 1997) (Alison 1984) (Das and Kaufman 2007)  

(Maryland Department of Transportation 2012) (Siwowski 2005 & 2006) (Stonehewer 1962) 

Bridge 
Erection/ 

Demolition 
Year 

Dimensions Construction 

The Clive Road 
Bridge, 

over the I-80 
highway 

Des Moines, 
Iowa, USA 

(see Fig .1.4) 
 

Type: 
Welded  

plate girder 
 
 

1958/1993 

4 spans:  
12.5 m, 21.0 m, 
21.0 m, 12.5 m 

 
length:  
67.06 m 

 
roadway width: 

9.14 m 
 

overall width: 
10.97 m 

 
Aluminium structure: 
4 aluminium welded plate girders (965-mm-high) (5083-H113 
aluminium alloy) spaced 2.6 m, transversally braced with cross-
beams, the aluminium surfaces which were at risk of corrosion 
attack from wet concrete had been painted with a zinc chromate 
wash primer, while the top flanges and the slab end anchorages had 
been additionally coated with an alkali-resistant bituminous paint; 
an inspection of the aluminium surfaces after the demolition of the 
bridge proved that this protection system was fully effective 
 
Concrete deck: 
reinforced (0.2 m thick), compressive strength of 20.7 MPa 
 
Shear connectors: 
angles 
 
Reason for replacing: 
reconstruction and extension of the highway interchange 
 

Long Island 
Expressway 

Bridges, 
over Jericho 
Turnpike, 
Nassau 

Country, USA 
 

2 bridges 
 

Type: 
Riveted 

plate girder 

1960/1998 

 
span: 23.39 m 

 
width: 18.59 m 

 
total width of two 
bridges: 33.53 m 

 

 
Aluminium structure: 
17 (on the westbound bridge) and 18 (on the eastbound bridge) 
aluminium riveted plate girders (1.37-m-high) (6061-T6 aluminium 
alloy), spaced 2.13 m, top flanges were painted with zinc chromate 
to reduce the attack of corrosion on aluminium from wet concrete, 
driven cold rivets (1.9 cm in diameter) (6061-T6 aluminium alloy) 
 
Concrete deck: 
17.78 cm reinforced concrete slab 
  
Shear connectors: 
hot-dip galvanised steel shear connectors 
 
Condition in 1983: 
no structural damage, corrosion only on steel parts adjacent to the 
aluminium structure, good condition of the concrete deck 
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Table 1.1. Aluminium-concrete composite bridges, continued  
(Abendroth et al. 1996 & 1997) (Alison 1984) (Das and Kaufman 2007)  

(Maryland Department of Transportation 2012) (Siwowski 2005 & 2006) (Stonehewer 1962) 

Bridge 
Erection/ 

Demolition 
Year 

Dimensions Construction 

Bridge over the 
Appomattox 

River on 
Chesterfield 

Avenue, 
Petersburg, 
Chesterfield 

County, Route 
36, USA 

(see Fig .1.5) 
Type: 

Bolted, 
stiffened 

triangular box 
beam 

1961/still in 
service 

1 span: 30.58 m 
 

roadway width: 
8.53 m 

 

Aluminium structure: 
5 triangular box girders (1.47-m-high) (6061-T6 aluminium alloy), 
AN5 and AN10 aluminium bolts, 6061-T6 aluminium rivets, there 
are no bottom plates 
 

Concrete deck: 
lightweight concrete 
 

Condition in 1983: 
the condition of individual aluminium components was good but 
with slight pitting, cadmium plated steel bolts and nuts were rusted, 
steel bearing plates and rocker assemblies needed painting, the 
longitudinal stiffeners of the upstream girder had been bent by 
pounding from large timbers, power poles, and other large flood 
debris, but no structural repair was required, no adverse reaction 
between the aluminium structure and the concrete deck occurred 

Amityville, 
New York 
Bridges, 
Sunrise 

Highway, USA 
 

2 bridges 
 

Type: 
Riveted 
stiffened 
triangular  
box beam 

1963/2016 

 
4 spans:  
9.14 m  

2 x 23.16 m, 
9.14 m 

 
length: 64.62 m 

 
width: 29.26 m 

Aluminium structure: 
Riveted triangular box stiffened sheet girders (1.83-m-high) (6061-
T6 aluminium alloy) with 2.06-mm-thick side sheets, a 0.81-mm-
thick corrugated top sheet, a 2.59-mm-thick bottom sheet, the sheets 
were riveted to specially designed longitudinal extruded sections 
and to lateral extruded bulb angle stiffener beams 
 

Concrete deck: 
concrete cast on aluminium corrugated sheets 
 

Condition in 1996: 
Galvanic corrosion of the aluminium superstructure at contact 
surfaces with the steel bearings in the presence of moisture, limited 
distortion or buckling of members at some of these locations, and 
damage to the bridge underside when struck by a vehicle taller than 
the available clearance were noticed, the rest of the structure 
appeared to be in good condition 
 

Reason for replacement: 
to improve the safety of motorists and pedestrians (wider span with 
larger shoulders and sidewalks), to reduce the possibility of striking 
the bridge from below (increasing vertical clearance) 

Bridge over the 
Patapsco River, 

Sykesville, 
Maryland at 
Maryland 

Route 32, USA 
(see Fig .1.6) 

 
Type: 

Riveted 
stiffened 
triangular  
box beam 

1963/closed 
to vehicular 

traffic in 
2004 

3 spans:  
28.5 m,  
28.7 m,  
32.2 m 

 
total length:  

90.22 m 
 

roadway width: 
9.14 m 

 
overall width: 

11.28 m 
 

Aluminium structure: 
5 riveted triangular box girders (1.7-m-high) (6061-T6 aluminium 
alloy) transversally braced with aluminium angles and closed with 
a bottom plate 
 

Concrete deck: 
lightweight concrete cast on aluminium corrugated plates 
 

Condition in 2004: 
poor, deterioration of the aluminium components due to galvanic action 
(the aluminium structure and the steel bearing pads were allowed to 
come into direct contact, contrary to specification), deterioration of the 
concrete bridge piers due to the leaking roadway joints (web site: 
www.hmdb.org/m.asp?m=115066, 31.08.2018) 
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a) 

 

b) 

 
 
c) 

 

 
d) 

 
 
e) 

 

 
f) 

 
Figure 1.5. The bridge over the Appomattox River on Chesterfield Avenue: a) the bridge 

under construction in 1961; b) the bridge in 1963 (photos from the Virginia Department of 
Transportation 4); c-d) Steel bearings (Thompson 2012); e-f) the bridge in 2017 (photos taken 

by Royce and Bobette Haley 4)  
 
 
 
 
 

                                                 
4 Web site: www.bridgehunter.com/va/chesterfield/appomattox-river/ (30.08.2018) 
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a)  

 

b) 

 
Figure 1.6. The aluminium Patapsco River Bridge: a) the bridge under construction in 1961 
(photo from the Maryland Department of Transportation 5); b) aluminium box girders with 

a bottom plate (Maryland Department of Transportation 2012)  
 

 “Historia vero testis temporum, lux veritatis, vita memoriae, magistra vitae” (Cicero 55 
BC). The history of the first aluminium-concrete composite bridges may serve as a lesson for 
the future. Based on the overview of the bridges presented above, the following advantages of 
aluminium-concrete composite structures may be listed: 

� Excellent corrosion resistance eliminates the need to paint the aluminium components, 
e.g., the Appomattox River bridge has never been painted (Thompson 2012). It reduces 
the costs of maintenance during the service life of a structure (Siwowski 2009a, b). 
Aluminium is the most corrosion-resistant when the pH of the environment ranges from 
4 to 9 (Jasiczak and Hajkowski 2008).  

� Light weight makes for convenient transport of the entire or pre-fabricated portions of 
the aluminium structure to the construction site and for quick erection, e.g., the 
aluminium structure of the Clive Road Bridge was erected in 1.5 days (Siwowski 2005). 
For this reason, transportation costs are low. What is more, light structures allow for the 
use of light supports (Mindlin and Errera 1959) and for energy saving during assembly 
(Mazzolani 2006). The lightness of a material is one of the most important design 
parameters and is calculated as follows (Gwóźdź 2007): 

 

kf
λ

γ=  (1.1) 

 
where γ is the unit weight [kN/m3] and fk is the characteristic resistance of a material 
[MPa]. 

 
When comparing the lightness of basic construction materials such as concrete 

(λ = 0.833 for the C30/37 concrete), steel (λ = 0.334 for the S235 steel), timber 

                                                 
5 Web site: www.preservationmaryland.org/online-exploration-of-marylands-historic-bridges/ (30.08.2018) 
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(λ = 0.262 for the C22 timber) and aluminium (λ = 0.113 for the AW-6061 T6 
aluminium alloy), aluminium alloys prove to be the lightest. 

� A concrete slab works efficiently with an aluminium beam as a composite beam 
because of the relative closeness of the Young’s moduli of the two materials (Alison 
1984). What is more, the concrete slab increases the stability and bending resistance of 
I-section beams subjected to the sagging moment (Lacki, Kasza and Derlatka 2017). 
Polus and Szumigała (2017b) analysed the increase in the load bearing capacity and the 
stiffness of metal beams made of non-alloy steel, stainless steel or aluminium alloy after 
they had been joined with concrete slabs. The aluminium beam showed the highest 
increase in its load bearing capacity and stiffness. 

� The ease of extrusion of aluminium elements makes it possible to the design an optimal 
cross-section (Das and Kaufman 2007). 

� Excellent low-temperature toughness limits the possibility of brittle fracture 
(Formisano, De Matteis and Mazzolani 2016). 

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

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

� Aluminium is more resistant to impulse loads than steel due to its lower modulus of 
elasticity. Aluminium structures may absorb more deformation work and damped 
oscillations (Dokšanović, Džeba and Markulak 2017). 

� Aluminium is fully recyclable (Gwóźdź 2007). 
� Aluminium is non-sparking (Skejić, Boko and Torić 2015). 
� Aluminium has an attractive appearance (Zhou and Young 2008). 
� Aluminium is non-magnetic (Jurczak 2010). 

 
Aluminium-concrete composite structures also have several disadvantages, which should 

be taken into account in design. Some of them may be minimized or even eliminated. The 
negative aspects of using aluminium-concrete composite structures are: 

� Higher initial cost of aluminium structural components over comparable steel and/or 
concrete components, e.g., the cost a single of the Long Island Expressway Bridge was 
estimated to be 18 percent higher than the cost of a comparable steel structure (Alison 
1984). However, the lack of the need for periodic painting of aluminium structural 
elements may result in a lower total cost over the entire life of a structure. What is more, 
the difference between the prices of aluminium and steel is gradually decreasing 
(Mazzolani 2003). 

� Lack of design rules for aluminium-concrete composite structures. 
� The modulus of elasticity of aluminium is three times lower than that of steel. Due to 

this fact, the deflection of aluminium beams is large compared to steel beams. However, 
in the case of composite beams, the transformed slab area for an aluminium-concrete 
composite beam is approximately three times larger than the transformed slab area for 
a steel-concrete composite beam. This means that the second moment of area of an ideal 
cross-section is larger for an aluminium-concrete composite beam than for a steel-
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concrete composite beam. For this reason, the use of a composite construction decreases 
the impact of the low modulus of elasticity of aluminium on large deflection 
(Stonehewer 1962). 

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

� The thermal expansion coefficient for aluminium (αa = 24 × 10-6 1/°C) (Gitter 2008) is 
different from the one for concrete (αc = 12 × 10-6 1/°C). Thermal stresses should be 
considered when an aluminium beam is attached to a concrete slab (Bruzzese, Cappelli 
and Mazzolani 1989) (Walbridge and de la Chevrotiere 2012). Bruzzese et al. showed 
that thermal effects are not negligible. However, they are offset by the low n ratio (the 
ratio of the modulus of elasticity of aluminium to the modulus of elasticity of concrete). 
Before the Long Island Expressway Bridges were build, the condition of the Arvida 
Bridge had been carefully studied in search of any cracking in the concrete deck, which 
could have resulted from the different displacement values for aluminium and concrete. 
However, only insignificant cracking discovered (Alison 1984). In the Fairchild Bridge 
and the Iowa Bridge, heavy cross beams at the ends of the bridge were used to anchor 
the slab against thermal movement (Stonehewer 1962).  

� Aluminium expands twice as much as steel when heated. However, the increase of 
stress induced by limited displacement is smaller in aluminium than in steel, because 
aluminium has a lower modulus value (Dokšanović, Džeba and Markulak 2017).  

� Aluminium structural elements cannot be repaired by welding or straightening in the 
heat treatment process because of the heat affected zones and the reduction of strength 
parameters (Okura 2003). 

� The fire resistance of aluminium elements is very low, because most aluminium alloys 
start to lose strength when exposed to temperatures exceeding 100°C (Faggiano et al. 
2004) (Szumigała and Polus 2014a) (Skejić, Ćurković and Rukavina 2015) (Polus, 
Chybiński and Szumigała 2018). The bending resistance of unprotected metal-concrete 
composite beams with girders made of non-alloy steel, stainless steel or aluminium 
alloy was compared in real car fires in an open car park (see Fig. 1.7) (Chybiński and 
Polus 2018). After 15 minutes of fire, the bending resistance of the aluminium-concrete 
composite beam decreased by 99.4%, while the bending resistance of the steel-concrete 
composite beam with the S235J2 (1.0117) steel girder decreased by 42.3%. The steel-
concrete composite beam with the girder made of X6CrNiMoTi17-12-2 (1.4571) steel 
exhibited a slight loss of the bending resistance as the temperature increased – the 
bending resistance decreased by 28.9%, due to the chemical composition of said steel. 
However, the fire resistance of aluminium-concrete elements may be increased by 
concreting aluminium beams in a similar way to steel elements (ECCS 1988) 
(Szmigiera 2007). Partially encased composite beams may have increased fire resistance 
(Ahn and Lee 2017). Furthermore, aluminium is a non-toxic material, and its products 
burn without producing harmful gases (Kossakowski, Wciślik and Bakalarz 2017). 
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Figure 1.7. Fire scenario – three cars in a row used by (Chybiński and Polus 2018)  

 
� In certain situations, aluminium may be exposed to corrosion. Aluminium alloys may 

corrode when they are in contact with the alkali from wet concrete (Wang et al. 2020). 
This type of corrosion may only occur when the concrete is setting, and for this reason 
the amount of corrosion may not be significant (Stonehewer 1962). Furthermore, the 
resulting corrosion products may form a protective film inhibiting further reaction (Pitts 
1967). However, under unfavourable conditions of use, the protective film may be 
attacked, or may not form at all. To prevent this type of corrosion, top flanges of the 
aluminium beams may be painted with one coat of wash primer, one coat of zinc 
chromate primer, and one coat of alkali-resistant bituminous paint (Stonehewer 1962). 
What is more, an aluminium construction may be exposed to pitting corrosion, the most 
common form of corrosion found in aluminium (Aluminium Federation of South Africa 
2011). However, the rate of penetration decreases with time and the pit depth is 
typically limited to 0.5 mm. For example, the pit depth is lower than 0.15 mm in 6061 
aluminium alloy after 20 years. Although not affecting the static strength of the 
aluminium members, pitting corrosion affects the fatigue strength (Okura 2003). 
Furthermore, in composite aluminium-concrete beams there is a risk of contact 
(galvanic) corrosion between aluminium and steel elements (the reinforcing steel and 
the steel connectors in the slab). To limit contact corrosion, aluminium may be joined 
with galvanised steel (Thompson 2012). However, this problem may be more difficult 
to prevent in joints, because bolts may loss plating. Conventional aluminium and 
stainless bolts raise the problem of fatigue and are not used. High-strength stainless 
friction grip bolts may eliminate the problem of fatigue, however, they are expensive. In 
some situations, rivets may be used instead of bolts (Okura 2003).  
 

1.2.2. Aluminium in composite structures 
 
In the previous section (1.2.1) it was demonstrated that aluminium and concrete composite 
structures may be used in bridges. In this section several other applications of these structures 
are suggested. They may be used in structures which are located in corrosive or humid 
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environments, e.g., in marine structures, foot bridges, swimming pools, sewage treatment 
plants, storage vessels and warehouses for storing fertilizers or chemicals (Szumigała and 
Polus 2015). What is more, they are a good solution for structures which are difficult to 
access, e.g., gondola lift stations in ski resorts. Aluminium beams with connectors and 
sheeting may be carried by a helicopter to inaccessible places and concrete may be made on 
the construction site. Moreover, aluminium and concrete structures may be used for structural 
restoration and deck repairs. For example, the Groslee bridge in France was retrofitted and the 
old deck structure was replaced with a new one made of aluminium truss girders and 
lightweight reinforced concrete (Mazzolani 2003). 

Aluminium and concrete composite beams may be used as structural members of ceilings. 
A composite beam consisting of a solid concrete slab and an aluminium girder was discussed 
by (Mromliński 1975). It was characterised by lower bending stresses and shrinkage stresses 
than the corresponding steel-concrete composite beam. A procedure for designing this type of 
composite beams was presented by (Mandara and Mazzolani 1997).  

An aluminium-concrete composite beam may also have profiled sheeting. The profiled 
sheeting acts as a stay-in-place formwork, a safe working platform and a structural member 
which may resist tension (Lawson, Popo-Ola and Bode 2001) (Hicks 2008) (Holomek, Bajera 
and Vilda 2016). It can stabilise beams during construction. Composite beams with profiled 
sheeting do not need centering and they contain a lower amount of concrete than composite 
beams with solid slabs. Therefore, the use of profiled sheeting in composite beams facilitates 
construction (Polus and Szumigała 2014b, c). However, concrete slabs with profiled sheeting 
may have different modes of failure than solid concrete slabs. Johnson and Yuan (1998) 
presented the results of 269 push-out tests of shear connectors used in the troughs of profiled 
sheeting and they showed seven modes of failure. In composite beams with profiled steel 
sheeting, longitudinal cracking and de-bonding between the concrete and the profiled sheeting 
may occur (Ranzi et al. 2009). A lot of parameters have an impact on connector resistance, 
e.g., the diameter of the connector, mesh position, transverse spacing, slab depth, and the 
number of shear connectors in the trough (Smith and Couchman 2010) (Lee, Shim and Chang 
2005).  

Concrete-filled aluminium alloy tubes may be used as columns. They have both high 
strength and high stiffness (Zhou and Young 2009). The concrete core improves both the 
member capacity and the fire resistance of the column (Chen, Feng and Xu 2017). The 
aluminium tube surrounding the concrete core reduces the construction time, because it acts 
as a stay-in-place formwork. The tube may have a square, rectangular or circular hollow 
section. It promotes the confinement effect, which increases the compressive strength of the 
concrete in the column core (Oliveira et al. 2010). The rectangular or square hollow sections 
present some loss of this effect compared to the circular hollow sections (Hu et al. 2003). 
What is more, the aluminium tube can split near the corner of the section and cause the failure 
of the columns with square or rectangular hollow sections (Zhou and Young 2008). The 
splitting of the circular hollow section tube is unlikely (Zhou and Young 2009). A non-linear 
finite element model of the concrete-filled aluminium circular hollow section column was 
developed and verified against experimental results by (Zhou and Young 2012). The concrete 
core may preclude or delay the inward and outward local buckling failure of the aluminium 
tubes. However, it cannot restrain the outward buckling of the concrete-filled aluminium tube 
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columns. Therefore, the concrete-filled aluminium alloy tubes may be reinforced at their 
exterior walls by the carbon fiber-reinforced polymer which has an ultra-high tensile strength, 
a light weight, excellent corrosion and fatigue resistances, and is easy to produce (Chen, Feng 
and Xu 2017). Concrete-filled aluminium alloy tubes subjected to bending were investigated 
by Feng, Chen and Gong (2017). The ultimate strength, flexural stiffness and ductility of the 
aluminium tubes increased after filling them with concrete. 

Aluminium and concrete structures may be used in military bridges (Szelka and Kamyk 
2013) (Kamyk and Szelka 2014). Hanus et al. (2006) presented a prototype of military bridge 
system which consisted of truss support components made of the 7005 T53 aluminium, a stay-
in-place-form made of pultruded glass fiber reinforced polymer, reinforcement and concrete 
made in field conditions.  

The aluminium-concrete composite structures are not the only possible composite 
structures containing aluminium elements. An aluminium beam can also be joined with 
a timber slab. Aluminium-timber composite structures are a relatively new civil engineering 
solution (Chybiński and Polus 2019). Saleh and Jasim suggested using aluminium-timber 
composite beams made of plywood slabs, hollow aluminium box beams, epoxy material and 
self-tapping, self-drilling screws. They analysed the structural behaviour of these beams under 
static and impact loads (Saleh 2014) (Saleh and Jasim 2014a, b). Aluminium-timber 
composite beams may also be made of laminated veneer lumber (LVL) slabs, aluminium       
I-beams and hexagon head wood screws (Szumigała, Chybiński and Polus 2017a, b). 
Laminated veneer lumber has fewer defects and is more homogeneous than solid wood. It 
contains 3-mm-thick bonded veneers (Chen et al. 2016). LVL X is recommended for slabs, 
because 80% of its veneers are glued together longitudinally and 20% are glued together 
crosswise to improve the lateral bending strength and the stiffness of the slab (Komorowski 
2017). An aluminium beam may be used for anchoring cross-laminated timber (CLT) walls, 
and to increase their durability and speeding installation (Scotta et al. 2017 & 2018). 
Aluminium-timber structures are a very attractive solution for civil engineering due to their 
high corrosion resistance, small self-weight and fast assembly. Nowadays, light-weight 
structures are preferred to heavy-weight ones (Chybiński and Garstecki 2017). On the other 
hand, failure in aluminium-timber structures may occur as a result of temperature change 
causing different displacement values for aluminium and timber (Marcinowski 1997 & 2018). 

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

 
1.2.3. Aluminium vs. stainless steel 
 
As has already been presented in the previous sections, aluminium and concrete composite 
structures may have several applications. Nowadays, the use of innovative materials such as 
aluminium alloys, stainless steels, titanium alloys and shape memory alloys, is becoming 
more and more popular, e.g., in rehabilitation work (Mazzolani and Mandara 2002). 
Composite beams usually consist of steel girders and concrete slabs. The girders made of non-
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alloy (carbon) steel need anticorrosion coatings. To reduce the total cost over the entire life of 
a structure and to avoid periodic painting, the girders may be made of stainless steel or 
aluminium alloy (Chybiński and Polus 2018). It is difficult to choose between aluminium and 
stainless steel. The durability of stainless steel is similar to that of aluminium. However, 
aluminium has a lower fire resistance than stainless steel. Chybiński and Polus (2018) 
demonstrated that the bending resistance of a composite beam with an aluminium girder 
rapidly decreased to zero kN·m in fire conditions. The bending resistance of a composite 
beam with a girder made of X6CrNiMoTi17-12-2 (1.4571) steel decreased slightly as the 
temperature increased, due to the chemical composition of said steel. Moreover, the modulus 
of elasticity of stainless steel is three times higher than that of aluminium. The production of 
aluminium requires more energy than the production of stainless steel. However, the recycling 
of aluminium does not require electrolysis, which translates to energy savings. What is more, 
aluminium girders are easy to transport, because there are relatively light compared to steel 
girders. Furthermore, aluminium may have a lower lightness ratio (the ratio between 
a material density and its yield strength) than stainless steel. For example, the AW-6060 
aluminium alloy has a 1.9 times lower lightness ratio than the commonly used 304 L (1.4307) 
austenitic steel (Chybiński and Polus 2019). The yield strength of selected aluminium alloys 
is similar to that of stainless steel, e.g., AW-6082 T6 has a yield strength equal to 260 MPa 
(European Committee for Standardization 2007). On top of that, the price of aluminium alloy 
is comparable to or lower than the price of stainless steel. Before making the final decision 
about which materials to use, the designers should take into account many aspects. One of 
them is the corrosive environment. Both materials are considered as corrosion resistant, 
however, they may corrode under certain conditions (Rzeszut, Szumigała and Polus 2015). 
The use of materials which are more expensive than carbon steel, such as stainless steel and 
aluminium alloys, may lead to low maintenance costs and a drastic reduction of the total cost 
of a structure during its lifetime. 

 
1.2.4. Tests of aluminium-concrete composite elements subjected to bending in literature  
 
Aluminium-concrete composite elements have been the subject of several studies: 

� Test of a composite aluminium and concrete highway bridge at Lehigh University 
(Mindlin and Errera 1959), 

� The study of aluminium-concrete composite beams at McGill University (Stonehewer 
1962), 

� The experimental investigation on aluminium-concrete composite beams at the 
University of Naples Federico II (Bruzzese, Cappelli and Mazzolani 1989), 

� The tests of a continuous span aluminium girder concrete deck bridge at Iowa State 
University (Abendroth et al. 1996 & 1997).  

 
The Fairchild Bridge was tested at the Fritz Engineering Laboratory, Lehigh University 

(Mindlin and Errera 1959). The 15.24-m-long and 7.32-m-wide bridge consisted of three 
hollow triangular beams and two bottom plates made of 6061-T6 aluminium alloy. Each beam 
had three stiffened plates, three longitudinal extruded elements, and stiffening frames (spaced 
at 1.52 m). The aluminium structure of the bridge weighed 5.2 t. Reinforced concrete with 
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lightweight slag aggregate was poured into 6.35-cm-deep corrugated decking which was 
attached to the top plates. “Thermal beams” were used near each end of the structure to 
protect it against the stresses caused by the difference in the thermal coefficients of concrete 
and aluminium. The test programme consisted of static, fatigue and dynamic tests. The results 
of these tests were compared with the results of the theoretical analysis. The behaviour of the 
bridge in static tests was similar to its theoretical behaviour. What is more, the bridge 
withstood the cyclic load without any damage. It was damaged in the final static test when the 
load was greater than the design live load. 

Stonehewer (1962) analysed aluminium-concrete composite beams with channel shear 
connectors. He conducted bond tests on aluminium rods embedded in concrete, push-out tests 
of aluminium shear connectors and static bending tests of aluminium-concrete composite 
beams. The effects of applying paint on the aluminium-concrete interface were investigated in 
six bond tests: two specimens were unpainted, two were covered with bituminous paint, and 
two were covered with epoxy paint. The aluminium bars with the bituminous paint system 
showed insignificant bond resistance (the bar started to slip at a load of 2.2 kN). The bar with 
the epoxy paint and the unpainted bar had noticeable bond resistance. The maximum value of 
the bond stress was found in the unpainted bar. Stonehewer (1962) proved that the bond 
between aluminium and concrete varies depending on the treatment of the aluminium surface. 
However, the bond stress was low enough to be of no practical value in the design of 
aluminium-concrete composite structures. To obtain the load-slip curve for the channel shear 
connector Stonehewer (1962) conducted three push-out tests. The specimens were of the same 
dimensions (see Fig. 1.8) but differed in the pain treatment of the beam flange (unpainted, 
with a bituminous paint system or with an epoxy paint system). The failure mode of the two 
specimens with the painted beam flange was associated with the crushing of the concrete slab. 
Stonehewer (1962) received a similar load-slip curve for the specimens with the painted beam 
flange. Due to the fact, that the bond resistance of the bituminous paint was lower than that of 
the epoxy paint, the slip was slightly greater for the specimen with the bituminous paint than 
for the specimen with the epoxy paint for the same load. The test result of the specimen with 
the unpainted beam flange was considered to be unreliable because of the failure of the welds 
in one connector. The results for the aluminium shear channel connectors were compared with 
those obtained from the formula for the steel channel connectors presented by (Viest et al. 
1952) with further modifications. Stonehewer (1962) suggested that this formula can be 
applied to aluminium channel connectors. To investigate the behaviour of aluminium-concrete 
composite beams with aluminium shear channel connectors, two T-beams of different spans 
were tested in three point bending tests. The top flanges of the aluminium beam were painted 
using the bituminous paint system and the connectors were painted using a zinc chromate 
wash primer. The cylinder strength of the concrete used in the long beam was 22.34 MPa after 
the test (30 days). The concrete cylinder strength of the concrete used in the short beam was 
26.89 MPa after the test (244 days). The aluminium beam was made of a magnesium-silicon 
aluminium alloy with Young’s modulus E = 65.98 GPa, yield strength fy = 275.79 MPa, 
ultimate strength Rm = 303.37 MPa, and elongation equal to 13%. The failure mode of the 
composite beams was associated with the yielding of the aluminium beam and the cracking 
and crushing of the concrete slab. The longer aluminium-concrete beam was a full composite 
beam and the shorter was a partial composite beam. 
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a) 

 

b) 

 

c) 

 
d) 

 

e) 

 

Figure 1.8. Stonehewer’s specimens: a) push-out test specimen; b) cross-section of the long 
aluminium-concrete composite beam; c) long aluminium-concrete composite beam; d) short 

aluminium-concrete composite beam; e) cross-section of the short aluminium-concrete 
composite beam Stonehewer (1962) 

 
Stonehewer (1962) showed that for simple beams with an almost complete interaction 

between the slab and the aluminium beam, the transformed section theory may be used to 
determine the strains in the aluminium beam and the concrete slab. He also demonstrated that 
the theory for incomplete interaction developed by Stussi and Newmark (Stüssi 1947) (Siess, 
Viest and Newmark 1952) (Viest et al. 1952) may be used for aluminium-concrete composite 
beams with partial shear interaction. In addition to the tests conducted by Stonehewer, Polus 
and Szumigała (2019b) prepared a numerical model of the aluminium-concrete composite 
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beam with zero-length springs. It adequately captured the elastic response of the aluminium-
concrete composite beam from the laboratory test conducted by Stonehewer. 

Bruzzese, Cappelli and Mazzolani (1989) tested two aluminium-concrete beams. Each 
beam consisted of: an aluminium beam, a concrete slab, longitudinal reinforcements, stirrups 
(4 mm in diameter) and bolts (see Fig. 1.9).  

 
a) 

 
b) 

 
Figure 1.9. Details of the aluminium-concrete composite beams tested by Bruzzese, Cappelli 

and Mazzolani (1989): a) cross-section; b) longitudinal view  
 

They had the same geometric configuration, except for the stirrup spacing (6.5 cm in the 
first beam and 13.0 cm in the second beam). What is more, the material parameters were 
different for each beam. The Young’s modulus and the compressive strength of the concrete 
in the first beam were 31.49 GPa and 43.3 MPa, respectively. The Young’s modulus and the 
compressive strength of the concrete in the second beam were 35.71 GPa and 55.7 MPa, 
respectively. The 0.2% proof strength (352.3 MPa) and the ultimate tensile strength (410.5 MPa) 
of the aluminium alloy in the second test were higher than in the first one (339.9 MPa and 
394.9 MPa, respectively). The Young’s modulus of the aluminium alloy was assumed to be 
equal to 70.0 GPa. The longitudinal reinforcements were used as stirrup supports. The shear 
connectors (8 and 16 mm bolts) had been joined to the upper flange of the aluminium beam 
using lock-nuts. Then, the shanks of the bolts and the lock-nuts were embedded in the 
concrete slab. The beams were examined in four-point bending tests. They were subjected to 
pure bending between the two loading points. The mid-span deflection of the beams and the 
strain distribution along the two sections were measured. When the load reached about 24% 
(beam 1) or 35% (beam 2) of the ultimate load, hairlike cracks occurred in the tensioned part 
of the concrete slab. When the load reached about 72% (beam 1) or 65% (beam 2) of the 
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ultimate load, the yield strength was achieved in the aluminium beams. In each beam, 
longitudinal cracks occurred when the load reached about 85% (beam 1) or 64% (beam 2) of 
the ultimate load. A plastic hinge occurred only in the first beam. The failure mode of this 
beam was associated with the damage of the compressed and tensioned edges of the concrete 
slab in the mid-span. The second beam had lower ductility than the first beam because of the 
lower number of stirrups. Due to this fact, severe, compressive and shear stresses occurred all 
around the connectors in the second beam. What is more, longitudinal and transverse fractures 
occurred in the beam under the ultimate load. In addition to the tests conducted by Bruzzese, 
Cappelli and Mazzolani (1989), a theoretical study was performed (Bruzzese et al. 1991). 
Furthermore, Szumigała and Polus (2017) prepared a numerical model of one of the 
aluminium-concrete composite beams from Bruzzese’s tests. The results of the numerical 
analysis were compared with the load bearing capacity and the mid-span deflection obtained 
in the experimental study. 

A continuous span aluminium girder concrete deck bridge (see Fig. 1.10) was investigated 
by the researchers from Iowa State University (Abendroth et al. 1996 & 1997). Despite the 
fact that the bridge performed well, it was decommissioned in 1993 (Walbridge and de la 
Chevrotière 2012). Before the bridge was demolished static load tests had been conducted. 
Abendroth, Sanders and Mahadevan (1996) presented the results of field tests, finite element 
analyses and load distribution studies. What is more, the aluminium girders were removed 
from the bridge and fatigue tests were conducted (Abendroth, Sanders and Hansz 1997). 
A section of the reinforced concrete deck remained attached to the girders. Four long (7.9 m) 
and four short specimens (4.6 m) were prepared for the constant-amplitude fatigue tests. The 
long girder specimens had Category E welded details 6 from the original bridge construction. 
They also had new cover plates welded to their bottom flange and new, short, horizontal 
plates welded to their web. The short girder specimens did not have any existing weld plate 
attachments from the original bridge structure. They had new bottom flange plates and a new 
short, vertical web stiffener welded to their web. The new fillet welds were 
Category E welded details, except for the fillet welds between the vertical web stiffener plates 
and the girder bottom flange plate, which were Category C welded details 6.  

 

 
Figure 1.10. A cross-section of the continuous span aluminium girder concrete deck bridge 

(Abendroth et al. 1996 & 1997) 
 

                                                 
6 As classified by the Specifications for Aluminum Structures (Aluminum Association 1994) 
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The investigation of the Clive Road Bridge provided a lot of information. Some of the 
conclusions are presented below. The results of the experimental tests revealed that the 
strength properties of aluminium are sufficient for highway bridge girders. The strains and 
deflections measured in the 1993 field tests were in close agreement with the analytical 
predictions of these values. The load distribution studies showed that the AASHTO LRFD 
Bridge Design Specifications criteria for load distribution (American Association of State 
Highway and Transportation Officials 1994) are applicable to this type of bridges. Full-size 
Category E aluminium weldments tend to experience fatigue fractures at a lower stress range 
than small-sized specimens. Fatigue fractures satisfied the requirements specified for 
aluminium structures in the Specifications for Aluminum Structures (Aluminum Association 
1994). 
 
1.3. The goals of the work 
 
A review of the literature revealed that previous research on aluminium-concrete composite 
beams had been carried out using solid slabs and non-demountable shear connectors (channel 
shear connectors and bolts with nuts, threads and shanks embedded in concrete slabs). 
However, no research on aluminium-concrete composite beams with profiled steel sheeting 
and demountable shear connectors had been done prior to this study. In this dissertation, 
aluminium-concrete composite elements (aluminium-concrete composite beams with profiled 
sheeting) were subjected to bending and their load bearing capacity and stiffness were 
analysed. What is more, a new demountable shear connector was proposed. The shear 
connector makes it possible to connect parts of different materials (aluminium, steel, 
concrete) in a simple way and to separate the aluminium beam from the concrete slab once the 
design life of the structure is over. Thanks to this connector, composite action is achieved 
without welding, which is beneficial because welding causes the formation of heat affected 
zones and the reduction of strength parameters of aluminium alloys. The connector fastens the 
steel profiled decking to the top of the aluminium beam when concrete is poured into steel 
sheeting. The profiled sheeting acts as a stay-in-place formwork and a safe working platform. 
It can stabilise beams during construction. Aluminium-concrete composite beams with 
profiled sheeting do not need centering and they contain a lower amount of concrete than 
composite beams with solid slabs. The profiled steel sheeting and the connectors should be 
galvanised to limit contact corrosion between the aluminium and the steel elements. 

The author examined the stiffness and the strength of the connections used to join the 
aluminium girder with the concrete slab. The slip moduli and the peak load capacity per one 
connector were determined experimentally in push-out tests. These parameters are necessary 
for designing aluminium-concrete composite beams because the behaviour of the beams 
depends on the stiffness and the strength of their connections. 

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

The purpose of this research work was to capture the short-term local and global behaviour 
of aluminium-concrete composite beams with profiled sheeting and new shear connectors. 
The author formulated the fundamental thesis of the dissertation: 
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Demountable shear connectors can be used to join aluminium beams with concrete 
slabs 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 the drawbacks of non-demountable 
shear connectors? 

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

� Can the guidelines for the design of steel-concrete composite structures be applied for 
the ultimate limit state verifications of aluminium-concrete composite structures?  

� Can zero-length springs be used in the numerical model of an aluminium-concrete 
composite beam to model the connection between the aluminium beam and the 
concrete slab?  

 
1.4.  Limitations 

 
The study presented in the dissertation has certain limitations. In the case of the shear 
connectors, the effects of the hole size, the shear connector diameter, the torque moment, and 
the concrete rib width were not examined. What is more, the stress state in the connectors was 
not determined in push-out tests. In the case of the aluminium-concrete composite beams, 
only four beams of the same geometry were tested. Therefore, it would be reasonable to 
perform complementary tests to identify the optimal geometry of an aluminium-concrete 
composite beam. The impact of the profiled sheeting type, the spacing and the diameter of the 
connectors, the class of concrete, the thickness of the slab, the type of the aluminium alloy 
and the height of the aluminium beam on the resistance and the stiffness of the aluminium-
concrete composite beam should also be investigated. What is more, no dynamic, fire or long-
term tests were performed on the aluminium-concrete composite specimens. As for the 
numerical investigation, only a static analysis in the Abaqus/Standard module was used. It 
would be advisable to perform a complementary analysis in the Abaqus/Explicit module in 
the future. This would allow for a more detailed analysis of non-linear problems (relatively 
high deformations accompanying the cracking of concrete) and for studying the post-ultimate 
behaviour of composite beams. 
 
1.5.  Outline of the thesis 
 
The dissertation consists of a preface, an abstract, a list of publications, a list of symbols and 
abbreviations, seven chapters, a bibliography and appendices. 

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

In Chapter 2 shear connectors used in composite structures are discussed. This includes, in 
particular, demountable connectors and a new type of shear connector.  
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The theoretical analysis of the dowel-bolt connector and the aluminium-concrete composite 
beam is presented in Chapter 3. The model used to calculate the load-capacity of the new shear 
connector and the flexural capacity of the aluminium-concrete composite beam is presented.  

In Chapter 4 materials and methods used in the dissertation are described. In particular, the 
programmes of materials test, shear connection tests, and bending test are presented. 
Furthermore, the chapter discusses the finite element models of the concrete cylinder subjected 
to compression, of the shear connection test and of the aluminium-concrete composite beam. 

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

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

In Chapter 7 future research is discussed along with the limitations of the present study. 
The bibliography consists of 307 citations, including 24 citations of the author’s previous 

work. 
In appendices the composition of the concrete mixture, the crack width and the cracking 

pattern in the analysed beams are presented. 
 

 
 
 



Chapter 2 
 

 

Shear connectors 
 

 
2.1. Shear connectors used in composite structures 
 
Connections decide about the behaviour of composite elements. They play a crucial role in 
composite beams. Most often, in a composite beam, the slab is designed to resist compression, 
the beam is designed to resist tension, while shear is transferred through connectors. For this 
reason, the connectors which join components are referred to as “shear connectors”. There are 
many types of connectors which differ in their stiffness.  

Shear connections exhibit some slip between the upper girder flange and the bottom of the 
slab (Kuczma M. and Kuczma B. 2006, 2011 & 2016). They are rigid or flexible (Leskelä 
2017). In the rigid connection, slipping is so low that its impact on the stiffness and the load 
bearing capacity of a composite beam is insignificant. In the flexible connection, slipping is 
not negligible and its impact on the stiffness and the load bearing capacity of a composite 
beam should be taken into account.  

Sometimes a beam behaves like a partially composite beam because the number of shear 
connectors is insufficient to ensure full composite action (Nie and Cai 2003). This problem 
often appears in composite beams with profiled sheeting when the number of shear connectors 
is insufficient to prevent slipping (Nie, Cai and Wang 2005). In these beams, the connectors 
may be placed only in the ribs of the profiled sheeting. To take into account the effects of 
partial interaction, the effective value of the bending stiffness should be taken into account 
(Polus and Szumigała 2019b). The role of the shear connection in beams with incomplete 
interaction calls for more investigation. An analysis presented by Kucharczuk and Labocha 
(2013) showed that the partially composite beam had lower resistance and stiffness than the 
full composite beam. 

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

Headed studs welded to the top flanges of steel beams before the casting of concrete slabs 
are the most commonly used shear connectors, because they are economical and easy to 
install (Lee and Bradford 2013). However, they are not demountable or they require labour 
intensive processes to separate the composite beam components (Nijgh, Gîrbacea and 
Veljković 2018). What is more, it is difficult to use them to rehabilitate existing composite 
beams. Pathirana et al. (2016) suggested using blind-bolts to retrofit existing composing 
beams, because it is possible to attach and detach them from one side of a composite beam.  
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A continuous shear connection has high initial stiffness, bearing capacity and ductility 
(Hechler et al. 2011). Composite dowels are now the most commonly used continuous 
connectors (Kożuch and Lorenc 2019). Composite dowels consist of concrete and steel 
dowels (see Fig. 2.1).  

 

 
Figure 2.1. Composite dowel (Kożuch and Lorenc 2019) (Seidl et al. 2013) 

 
They come in a variety of shapes: fin, puzzle, clothoidal, modified clothoidal (Seidl 2009) 

(Lorenc, Kożuch, and Rowiński 2014a) (Dudziński et al. 2011). The clothoidal shape is 
recommended for structures highly subjected to fatigue and the puzzle shape is recommended 
for structures where no fatigue occurs, e.g., building floor slabs (Seidl et al. 2013). The puzzle 
shape has many advantages, e.g., easy production and high bearing and fatigue capacity. An 
experimental study and theoretical investigations of puzzle-shaped composite dowels were 
performed to investigate the complex behaviour of these shear connectors (Lorenc, Kożuch, 
and Rowiński 2014a, b). Composite dowels are used in prefabricated steel-concrete composite 
beams made of steel T-elements and concrete top chords. They are not used in composite 
beams with profiled steel sheeting (Biegus and Lorenc 2014). The shape of the steel element 
allows for the transmission of shear between steel and reinforced concrete. The concrete top 
chord is concreted in the workshop and the residual top-layer of the concrete chord is added at 
the construction site. The stresses at the dowel is a sum of the stresses caused by global 
effects (bending moment) and the stresses caused by local effects (longitudinal shearing 
force) (Kożuch and Lorenc 2019).  

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

Lam and Dai (2013), Dai, Lam and Saveri (2015), Lam et al. (2017) and Rehman et al. 
(2016 & 2018) were the ones who modified headed studs to create demountable shear 
connectors (see Fig 2.2a), which made it possible for steel beams to be reused without being 
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recycled. Lam et al. (2017) suggested using the methods available for headed studs in the 
Eurocode 4 (European Committee for Standardization 2004) and for bolts in the Eurocode 3 
(European Committee for Standardization 2004) to predict the shear resistance of 
demountable shear connectors. Furthermore, the structural behaviour of a demountable 
composite floor system with modified headed studs was compared with the structural 
behaviour of a non-demountable composite floor system with conventional headed studs 
(Rehman et al. 2018). The composite floor systems consisted of composite slabs formed with 
steel profiled decking, steel beams and shear connectors. The load-bearing capacity of both 
composite floor systems was similar. However, the initial stiffness of the demountable 
composite floor system was lower than the one of the non-demountable composite floor 
system. The diameter of the pre-drilled holes in the steel beam flange was 1 mm larger than 
the diameter of the connector collar. The low initial stiffness could result from the clearance 
between the connector collar and the hole. Rehman et al. (2018) believe that the initial 
stiffness may be increased by tightening the connectors with a higher torque. After the tests, 
the moment capacity of the composite beam was calculated using two methods: the 
rectangular stress blocks method and the interpolation method. The results of the calculations 
were very close to the experimental results. For this reason, Rehman et al. (2018) suggested 
that the plastic flexural capacity of the demountable composite floor system with partial shear 
interaction might be calculated using simple design methods for welded headed studs and Eq. 6.1 
from the Eurocode 4 (European Committee for Standardization 2004). What is more, Rehman 
et al. (2018) presented that the deflection of a composite beam with partial shear connection 
may be calculated using the formula below from the British Standard 5950-3.1 (British 
Standards Institution 2010): 

 
))(0.5(1 cscη δδηδδ −−+=  (2.1)  

 
where δs is the deflection of the steel beam acting alone, δc is the deflection of the composite 
beam with full shear connection and η is the degree of shear connection. 
 

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

Lee and Bradford (2013), Liu et al. (2016) and Liu, Bradford and Ataei (2017) used high-
strength friction-grip bolts as demountable shear connectors (see Fig. 2.2b). 24 mm diameter 
holes were used in the concrete slabs and in the top flanges of the steel beams. Lee and 
Bradford (2013) demonstrated that the load-slip curve of pre-tensioned bolted shear 
connectors had three regions: a region of “full interaction” (held by friction), a region of “zero 
interaction” (with slip equal to the clearance between the bolts and the surrounding concrete) 
and a region of “partial interaction” (where bolts start to bear onto the concrete). What is 
more, Liu, Bradford and Ataei (2017) proposed a steel-concrete composite beam consisting of 
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a steel beam, precast geopolymer concrete panels and high-strength friction-grip bolts. Chen 
et al. (2019) also presented a prefabricated steel-concrete composite beam and an advanced 
bolted connector, which consisted of an embedded corrugated pipe and a high-strength bolt.  

Pavlović et al. (2013a, b) analysed steel-concrete composite elements with prefabricated 
concrete slabs. The composite action between the steel beam and the concrete slab was 
established by high strength bolts (see Fig. 2.2c). The construction costs of the bolts used as 
shear connectors were expected to be higher than those of welded studs. However, the total 
costs of the structure was expected to be lower due to this prefabrication of the concrete slabs 
and the reduction of construction time. Furthermore, Pavlović et al. (2013a, b) compared the 
structural behaviour of bolts in push-out tests with the structural behaviour of headed studs. 
The shear resistance and the stiffness of bolted shear connectors was 5% and 50% lower, 
respectively, than the shear resistance and the stiffness of the headed studs. What is more, the 
analysed bolted shear connections were classified as brittle. Hawkins (1987) also compared 
the shear resistance and the stiffness of bolted shear connectors and headed studs. He 
demonstrated that the resistance of non-preloaded anchor bolts was 20% lower than the shear 
resistance of headed studs and that the stiffness of non-preloaded anchor bolts was 85% lower 
than the stiffness of headed studs (Hawkins 1987).  

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

In the case of locking nut shear connectors, high-strength steel bolts were fastened to 
a steel beam using a double nut configuration, i.e., a standard lower hexagonal nut and an 
upper conical nut. The upper conical nut prevented the bolt from slipping within the bolt hole. 
The slab pockets had the form of countersunk holes with two precast concrete plugs inside 
them. Each plug had a hole with a diameter that accommodated a bolt with 10 mm clearance, 
to improve slip capacity. A gap between the steel bolt and the concrete plug was filled with 
grout to ensure dowel action. The dimensions of the plug limited the risk of premature 
longitudinal shear failure and the risk of splitting in the concrete mass. A plate washer was 
used on the upper face of the concrete plug. The third nut was tightened before the grout 
hardened. 

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

The locking nut shear connectors and the friction based shear connectors showed very high 
shear resistance and stiffness when compared to welded studs. The characteristic shear 
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resistance and the stiffness of the locking nut shear connector with an M16 bolt were 171 kN 
and 100 kN/mm, respectively, while the characteristic shear resistance and the stiffness of the 
friction based shear connector with an M16 bolt were 161 kN and 104 kN/mm, respectively. 
Furthermore, the shear connectors developed by Suwaed (2017) had large slip capacity (up to 
14 mm for the locking nut shear connector and 16 mm for the friction based shear connector). 

Kozma et al. (2019) presented two shear connection types: the cylinder system and the 
coupler system (see Fig. 2.2d). They suggested that demountable connectors should also be 
replaceable, because when thread damage occurs during transportation, the connectors may be 
replaced and the concrete slab is not lost. The cylinder system consisted of a pre-tensioned 
M20 Grade 8.8 bolt, and a steel cylinder welded to the L-profile and the top plate. The steel 
cylinder prevented the loss of pre-stress in through bolts caused by creep and shrinkage and it 
protected the concrete from any damage that might have occurred due to bearing. What is 
more, a pocket in the concrete slab ensured access to the bolt from the top of the slab. The 
coupler system consisted of a coupler, an embedded bolt and a removable bolt placed 
underneath the concrete slab. Two variants of the removable bolt were used: a pre-tensioned 
M20 Grade 8.8 bolt and a resin injected M20 Grade 8.8 bolt. The demountable and 
replaceable connectors behaved similarly to the demountable connectors tested by Lee and 
Bradford (2013). The initial stiffness of the connectors described by Kozma et al. (2019) was 
high (250–500 kN/mm for the cylinder system and 70–100 kN/mm for the coupler system) 
because of the pre-tensioning or the resin in the bolt holes. When the friction resistance had 
been overcome, the stiffness was reduced to a very small value (15 kN/mm for the cylinder 
system and 30 kN/mm for the coupler system). Kozma et al. (2019) observed a bearing and 
shear deformation and a brittle failure of the analysed systems. The demountable injected 
bolt-coupler system was also investigated in push-out tests by Sarri (2019). 

Kwon, Engelhardt and Klingner (2010) evaluated the behaviour of 22 mm diameter post-
installed shear connectors (double nut bolts, high-tension friction-grip bolts and adhesive 
anchors) under static and fatigue loading using the direct-shear test. The post-installed shear 
connectors exhibited a higher fatigue strength than welded shear studs. Kwon, Engelhardt and 
Klingner (2010) suggested a method for strengthening non-composite floor systems in 
existing bridges and buildings. According to this method, an already existing concrete slab 
and steel girders are joined together using bolted connectors, and act together as composite 
elements.  

Song, Uy and Wang (2019) developed a finite element model of a stainless steel-concrete 
composite beam with M16 stainless steel bolts used as demountable shear connectors. 

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

 
b)                                                                                   c) 

 
d) 

 
Figure 2.2. Demountable shear connectors: a) investigated by Lam et al. (2017), b) presented 
by Liu, Bradford and Ataei (2017), c) analysed by Pavlović et al. (2013a), d) developed by 

Kozma et al. (2019) 
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2.2. Shear connectors used in aluminium-concrete composite structures 
 
Shear connectors ensure composite action between the aluminium beam and the concrete slab. 
Z-type elements and angles were used in aluminium-concrete composite bridges (Siwowski 
2005) (see Fig. 2.3a). Aluminium-concrete composite beams with channel shear connectors 
were analysed by (Stonehewer 1962) and (Polus and Szumigała 2019b) (see Fig. 2.3b). Bolts 
were used in tests of aluminium-concrete composite beams conducted by (Bruzzese, Cappelli 
and Mazzolani 1989) (see Fig. 2.3c). 
 

 
Figure 2.3. Shear connectors used in aluminium-concrete composite beams 

 
2.3. A new shear connector for aluminium-concrete composite structures 
 
A new type of shear connector was described in the patent specification defined with the 
application number 406833 and the publication number 232822 (see Fig. 2.4) (Polus and 
Szumigała 2014a). The inventors filed the patent application with the Polish Patent Office on 
13 January 2014. After the patent prosecution, the patent was granted on 31 July 2019. The 
aforementioned connector consists of a head, a shank, a flange (collar) and a threaded ending 
(Polus and Szumigała 2016).  
 

 
Figure 2.4. Shear connector for aluminium-concrete composite beams: 1 – head,  

2 – shank, 3 – flange, 4 – washer, 5 – nut, 6 – chamfer, 7 – thread (Polus and 
Szumigała 2014a) 

 
Due to the fact that it is composed of two parts ˗ a stud and a bolt ˗ it can be referred to as 

the dowel-bolt connector. One part of the connector (the head, the shank and the flange) is 
embedded in the concrete slab. The second part is fasten to the flange of the aluminium beam 
with nuts. The head facilitates the cooperation between the connector and the concrete in the 
slab. The shape of the flange makes it possible to use a wrench to hold the connector while the 
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nuts are being tightened. The connector may be used in aluminium-concrete composite beams 
with profiled sheeting. The steel profiled decking may be fastened to the top of the aluminium 
beam by the flange of the connector. The dowel-bolt connector makes it possible to separate 
the aluminium beam from the concrete slab once the design life of the structure is over. In 
accordance with the principles of sustainable development, new solutions should be easy to 
demount. After demounting, the materials may be reused or recycled. In addition, composite 
action is achieved without welding, which causes the formation of heat affected zones and the 
reduction of strength parameters of aluminium alloys. What is more, parts of different 
materials (aluminium, steel, concrete) are connected in a simple way. Demountable shear 
connectors can be easily installed on the construction site in the predrilled flange of the 
aluminium beam and the profiled steel sheeting, while the concrete can be poured into the 
steel sheeting. On the other hand, the concrete slab can be prefabricated off-site, with the 
dowel-bolt connectors cast in required locations, and then transported to the site and 
connected to the aluminium beam with predrilled holes. This solution is similar to that 
presented by Pavlović et al. (2014) and Pavlović and Veljković (2017), in which bolts are cast 
in prefabricated concrete slabs and connected on site to the predrilled top flange of the steel 
beam. Demountable dowel-bolt connectors may be used in aluminium-concrete composite 
beams as an environmentally-friendly alternative to channel shear connectors, or bolts with 
nuts, threads and shanks embedded in concrete slabs (see Fig. 2.3). They make it possible to 
reuse the aluminium beam after dismantling. Furthermore, the concrete from the composite 
beam may be recycled by crushing the concrete slabs and using the rubble as recycled 
aggregate in new structures (Major M. and Major I. 2015). 

In order to develop the prototypes of the connectors, headed studs (Köster & Co. 2005) 
were modified: the screw was cut and the flange was welded to the shank (see Fig. 2.5). The 
flange was made of a nut. 
 

 
Figure 2.5. Prototypes of the shear connectors for aluminium-concrete composite beams 

 
 



Chapter 3 
 

 

The composite action of aluminium-concrete elements 
 

 
3.1. The theoretical analysis of the dowel-bolt connector used in aluminium-concrete 
composite structures 
 
Dowel-bolt connectors were used by the present author to join aluminium beams with 
concrete slabs. The information about their stiffness is important to evaluate the behaviour of 
aluminium-concrete composite beams. A shear force-slip curve determined in a push-out test 
is non-linear. Furthermore, it may be used in the finite element model of a composite beam, 
where connectors are modelled as zero-length springs. Despite the fact that it is a simplistic 
method based on discrete shear connections, it can provide reasonable accuracy (Hassanieh, 
Valipour, and Bradford 2016b). Non-linear discrete springs are deformable connections used 
to capture the shear-slip between the layers (Khorsandnia et al. 2014). For example, this 
method was used in the finite element models by Queiroza, Vellascob, and Nethercot (2007), 
Kyvelou, Gardner and Nethercot (2018), Studziński and Ciesielczyk (2019), and by Polus and 
Szumigała (2019d). 

Sometimes, the linear response of the connector is used as a simplification, e.g., in the 
analytical models of aluminium-concrete or timber-concrete composite beams (Polus and 
Szumigała 2019b) (Łukaszewska 2009). The stiffness of connections is often described using 
the slip moduli k0.4 and k0.6. The moduli are determined for the loads equal to 40% and 60% of 
the estimated load-carrying capacity, respectively. When the non-linear shear force-slip 
relation is unknown, the stiffness of the connector is usually determined using an approximate 
method, in which the connector is assumed to act as a beam (Ismail et al. 2012).  

The behaviour of connectors is often described using an elasto-plastic model (Van der 
Linden 1999). This model was also proposed for the dowel-bolt connector. The shear force-
slip relation was linear elastic up to the load-bearing capacity of the connector and from that 
point on it was ideal plastic (see Fig. 3.1). The stiffness of the connector (k) was determined 
from the beam model (Polus and Szumigała 2019a). In the aluminium-concrete composite 
beam, one part of the connector is embedded in the concrete slab and one is fasten to the 
flange of the aluminium beam with nuts. The embedded part of the connector works like 
a cantilever beam subjected to bending (see Fig. 3.2). 
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Figure 3.1. The elasto-plastic theoretical model for the dowel-bolt connector 

 

 
Figure 3.2. The beam model of the connector 

 
The deflection of the beam (u) presented in Fig. 3.2. may be calculated as follows: 
 

EI

Qb
u

8

3

=  (3.1) 

 
bqQ ⋅=  (3.2) 

 

64

4πd
I =  (3.3) 
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where Q is the resultant of the uniformly distributed load (q), b is the part of the connector 
embedded in the concrete slab, d is the diameter of the connector, I is the moment of inertia of 
the connector cross-section and E is the Young's modulus of the material of which the 
connector was made. 
 

The connector stiffness may be calculated as: 
 

u

Q
k =  (3.4) 

 
By combining Eqs. (3.1) and (3.3) one obtains: 
 

3

4

8b

πEd
k =  (3.5) 

 
Eq. (3.5) demonstrates that the stiffness of the connector depends on its diameter, the 

Young's modulus of the material of which it is made, and on the length of the connector 
embedded in the concrete slab. The beam model can be further developed, as there are other 
parameters which can have an impact on the stiffness of shear connections. Pavlović et al. 
(2013a) demonstrated that connector-to-hole clearances influence the stiffness of shear 
connections. Kozma et al. (2019) showed that the pre-tensioning of connectors increases their 
initial stiffness. Leskelä (2017) presented that the shear stiffness of the connection is smaller 
in composite beams with profiled steel sheeting than in composite beams with solid concrete 
slabs. Furthermore, Leskelä (2017) showed that the shear stiffness of connections also 
depends on the Young's modulus of concrete. However, Li and Cederwall (1996) proved that 
the strength of concrete has no impact on connector stiffness. The strength of concrete has the 
greatest impact on the load-carrying capacity of the connector. The push-out tests done by Li 
and Cederwall (1996) showed a 34% increase in the maximum shear load upon replacing 
normal strength concrete with high strength concrete. However, the tests also showed that the 
amount of slip at the maximum load was the same for specimens using both types of concrete. 
What is more, the shear force-slip curves for all specimens were overlapping for as long as the 
elastic load was applied. For this reason, the strength of concrete does not have an impact on 
the slip moduli of the connectors.  

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

The design resistance of the demountable connector for aluminium-concrete composite 
structures (PRd,Ec) may be calculated using the following formulas presented in the Eurocode 3 
(European Committee for Standardization 2005), Eurocode 4 (European Committee for 
Standardization 2004) and Eurocode 9 (European Committee for Standardization 2007). 
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where Asc is the cross-sectional area of the connector, fu is the ultimate strength of the steel 
used in the shear connector, he is the height of the section of the connector embedded in the 
concrete slab, d is the diameter of the connector, γv is the partial factor, kt is the reduction 
factor (it cannot be greater than the value of kt,max given in the Eurocode 4), α is the coefficient 
and is equal to 1.0 for he/d > 4, and 0.2(he/d + 1) for 3 ≤ he/d ≤ 4; fck and Ecm are the 
cylindrical compressive strength and the mean secant modulus of concrete, nr is the number of 
connectors in one rib at the beam intersection, b0 is the width of a concrete rib, hp is the 
overall depth of the profiled steel sheeting, and β is the coefficient recommended by (Nie, Cai 
and Wang 2005), αv is the coefficient from the Eurocode 3, A is the tensile stress area of the 
connector or the gross cross-section area of the connector, γM2 is the partial safety factor, fuf is 
the ultimate strength of the aluminium in the beam flange, and k1, αb are the coefficients from 
the Eurocode 9. 

The coefficient β recommended by (Nie, Cai and Wang 2005) was added to Eq. (3.6). It 
should be used when the transverse spacing of the connectors (st) is smaller than 4d and is 
calculated using the following formula: 
 

d/sβ t 40.95=  (3.8) 

 
The American Institute of Steel Construction (2016) specifies the design strength of 

a headed stud shear connector (PRd,AISC) as Eq. (3.9): 
 

( )cmckscscupgAISCRd, EfA,AfRRminP 0.5=  (3.9) 

 

where Rg and Rp are reduction factors.  
 

However, Rehman et al. (2016) demonstrated that the Specification for Structural Steel 
Buildings (American Institute of Steel Construction 2016) overestimated the shear resistance 
of demountable shear connectors. Ellobody and Young (2006) also proved that the design 
rules specified in the American specification overestimated the capacity of the shear 
connection in a composite beam with profiled steel sheeting. For this reason, the author of the 
dissertation used the aforementioned Eurocodes to predict the shear capacity of the analysed 
connector.  
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3.2. The theoretical analysis of the aluminium-concrete composite beam 
 
Composite beams with profiled sheeting are often partial composite beams, because the 
number of shear connectors is insufficient to ensure full composite action (shear connectors 
may only be placed in the ribs of the profiled sheeting) (Nie, Cai and Wang 2005). The 
problem of slipping is inherent in partial composite beams. It has an impact on the bending 
stiffness (Pengzhen 2014) and the elastic and plastic flexural capacities of composite beams. 
Partial composite beams fail as a result of the shear connection failure (Stark 1989). The 
ultimate load of the partial composite beam depends on number of shear connectors and the 
type of shear connectors, i.e., ductile or non-ductile shear connectors.  
 
3.2.1. The effective stiffness of the aluminium-concrete composite beam with partial shear 
interaction 
 
The slip reduces the stiffness of composite beams (Nie and Cai 2003) (Nie, Cai and Wang 
(2005) (Jarek and Radoń 2009) (Kisała and Furtak 2016). The author of this dissertation 
suggests calculating the effective stiffness of the aluminium-concrete composite beam with 
partial shear interaction using the model for the steel-concrete composite beam with partial 
shear interaction presented by Nie and Cai (2003) and Nie, 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 proportional to the slip, 
� the aluminium girder and the concrete slab have the same curvature, 
� the profiled sheeting is not taken into account when calculating stiffness. 

 

 
Figure 3.3. Deformation of finite length (Nie and Cai 2003) (Nie, Cai and Wang 2005) 
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The effective stiffness of the aluminium-concrete composite beam with partial shear 
interaction may be calculated using the following formulas: 
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e
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where (EI)e is the weighted mean stiffness of the transformed section of the composite beam, 
ξs is the parameter for the slip effect, (EI)1 is the stiffness of the transformed section of cross-
section 1-1 (see Fig. 3.3), (EI)2 is the stiffness of the transformed section of cross-section 2-2 
(see Fig. 3.3), and wrw is the ratio of the mean width of the rib (wr) to the width of one 
wavelength of the profiled sheeting (ww) (see Fig. 3.4).  
 

 
Figure 3.4. The cross-sections (1 – 1, 2 – 2) of the aluminium-concrete composite beam 
 
The parameter for the slip effect may be calculated using the following formulas, proposed 

by (Nie and Cai 2003) for a two-point load: 
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where L is the span length, b1 is the distance between one of the two loading points and the 
middle of the beam, h is the depth of the entire section, hc is the thickness of the concrete slab 
in a section where there is no rib, ep is the height of the profiled sheeting, y1 is the distance 
from the top of the aluminium girder to its neutral axis, p is the longitudinal spacing of shear 
connectors, n is the modular ratio (n = Ea / Ec), Aa is the area of aluminium section, Ac is the 
equivalent concrete area, Ac1 is the area of the concrete slab section with the rib, Ac2 is the area 
of the concrete slab section without the rib, Ia is the moment of inertia of aluminium, Ic is the 
moment of inertia of concrete, I1 is the moment of inertia of the concrete slab section with the 
rib, I2 is the moment of inertia of the concrete slab section without the rib, K is the shear 
stiffness of the connector. 
 

The effective stiffness of the aluminium-concrete composite beam with partial shear 
interaction has an impact on deflection (Nie and Cai 2003): 
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where P is the total load. 
 
3.2.2. The elastic flexural capacity of the aluminium-concrete composite beam with partial 
shear interaction 
 

Slip reduces the elastic flexural capacity of composite beams. The elastic flexural capacity 
corresponds to the first yielding of the extreme fibre of the cross-section. The author of this 
dissertation proposes to calculate the elastic flexural capacity of the aluminium-concrete 
composite beam with partial shear interaction using the calculation model for the steel-
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concrete composite beam with partial shear interaction presented by Nie and Cai (2003) and 
Nie, Cai and Wang (2005). It may be calculated as follows: 

 
My,Rk = ζ Mel (3.20) 
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where Mel is the elastic flexural capacity not taking into account the slip effect, ha is the height 
of the aluminium beam, Ea is the Young’s modulus of aluminium, Aft is the area of the top 
flange of the aluminium beam, Aw is the area of the web of the aluminium beam. 
 
3.2.3. The plastic flexural capacity of the aluminium-concrete composite beam with partial 
shear interaction 
 
Slip reduces the plastic flexural capacity of composite beams. Because of the slip, 
a composite beam has two plastic neutral axes. The author of this dissertation proposes to 
calculate the plastic flexural capacity of the aluminium-concrete composite beam with partial 
shear interaction using the calculation model for the steel-concrete composite beam with 
partial shear interaction presented by Nie and Cai (2003) and Nie, Cai and Wang (2005). The 
reinforcement, the profiled sheeting and the concrete in the ribs were not taken into account in 
the bending capacity calculations. The plastic flexural capacity of the aluminium-concrete 
composite beam with partial shear interaction depends on the location of the plastic neutral 
axis of the aluminium beam. 
 
a) Case 1 (the plastic neutral axis of the aluminium beam was located in its flange) 
 
From section equilibrium (see Fig. 3.5): 
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where d1 is the distance between the neutral axis of the aluminium beam and its top, a is the 
height of aluminium subjected to compression, Nat is the tensile force capacity of the entire 
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aluminium section, Nac is the double compression force of aluminium, Fc is the compression 
force of concrete equal to the shear force supplied by all the connectors, Aa is the cross section 
area of the aluminium beam, fy is the yield strength of aluminium, beff is the effective width of 
the composite slab, bf is the width of the top flange, nd is the number of connectors in the 
shear span, Pult is the shear capacity of a connector accounting for the effect of the profiled 
sheeting and connector spacing, xc is the height of compressive concrete, fc is the cylinder 
compressive strength of concrete. 
 
From Eqs. (3.22)–(3.26),  
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Figure 3.5. The model for calculating the plastic flexural capacity of the aluminium-concrete 
composite beam with partial shear interaction (the plastic neutral axis of the aluminium beam 

is located in its flange) 
 

b) Case 2 (the plastic neutral axis of the aluminium beam was located in its web) 
 
From section equilibrium (see Fig. 3.6): 
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a'tf'N wyac 2=  (3.30) 

 
where Nac’  is the double compression force in the web, tf is the thickness of the aluminium 
flange, a’ is the height of the web subjected to compression, tw is the thickness of the 
aluminium web.  
 

Nat and Fc are calculated using Eqs. (3.24) and (3.25). 
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From Eqs. (3.24), (3.25) and (3.28)–(3.30), 
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where Ma is the ultimate flexural capacity of the aluminium beam. 
 

 
Figure 3.6. The model for calculating the plastic flexural capacity of the aluminium-concrete 
composite beam with partial shear interaction (the plastic neutral axis of the aluminium beam 

was located in its web) 
 

For simplification, the plastic flexural capacity of the aluminium-concrete composite beam 
with partial shear interaction may be calculated using the following formula from the 
Eurocode 4 (European Committee for Standardization 2004): 

ηMMMM aplault )( −+=  (3.32)    

 
where Mpl is the ultimate flexural capacity of the full composite beam and η is the degree of 
composite action. 

 
Mandara and Mazzolani (1997) pointed out that the stress block method presented 

in Figs. 3.5 and 3.6 may lead to overestimating the load-bearing capacity of the aluminium-
concrete composite beams due to the limited ductility of both concrete and aluminium alloys. 
In aluminium alloys which are not ductile enough, premature collapse of the section may 
occur due to excessive strain. For this reason, designers should evaluate the deformation 
limits of the aluminium alloy which they intend to use in aluminium-concrete composite 
beams. Mandara and Mazzolani (1997) presented a method for designing aluminium-concrete 
composite beams in which the limit values of strains were applied. 

David and Meyerhof (1958) developed a method for calculating stresses in metal-concrete 
composite beams that result from shrinkage, creep and thermal expansion or contraction. 
They presented expressions for calculating the stresses at the interface between the concrete 
slab and the metal beam. Furtak (2017) analysed the impact of concrete shrinkage on the 
deflection of the aluminium-concrete composite beam and pointed out that the curvature of 
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aluminium concrete beams depends not only on the Young’s moduli but also on the 
geometrical characteristics of the cross-sections. 

Stonehewer (1962) calculated the stresses at the slab-beam interface in the aluminium-
concrete composite beam (ACC) and the steel-concrete composite (STC) beam. The 
composite beams were made from identical concrete slabs and from I-beams having identical 
cross-sections, presented in Figure 1.8. The stresses at the slab-beam interface for the 
composite beams mentioned above are presented in Table 3.1. 

 
Table 3.1. Stresses at the slab-beam interface in composite beams (Stonehewer 1962) 

Effect 
STC beam ACC beam 

Stress in the 
beam [MPa] 

Stress in the 
slab [MPa] 

Stress in the 
beam [MPa] 

Stress in the 
slab [MPa] 

Thermal Contraction  
(100°F temperature change) 

39.3 2.3 48.3 4.6 

Creep 26.2 1.5 10.3 1.0 

Shrinkage 13.1 0.8 4.8 0.5 
 
The above table indicates that thermal effects are not negligible. However, they are 

relieved by the Young’s modulus of aluminium which is three times lower than that of steel. 
Nevertheless, the effects of the different values of the thermal expansion coefficient, and the 
influence of concrete shrinkage and creep on the load-bearing capacity of the aluminium-
concrete composite beam still require further analysis. 
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Chapter 4 
 

 

Materials and methods 
 

 
The experimental work consisted of three main groups of tests: 

� materials tests, 
� shear connection tests, 
� bending tests. 

 Aluminium-concrete composite elements consisted of: concrete slabs made of C50/60 
concrete (beams) or C30/37 concrete (models of joints), 0.7 mm-thick T55P profiled sheeting 
made of S320GD steel, shear connectors made of S235J2 steel, reinforcing meshes made of 
6 mm round bars (S235JRG2 steel), and aluminium beams made of AW-6060 T6 alloy. 
Aluminium-concrete composite elements were made of several different materials. The 
mechanical properties of each material were investigated in the materials tests. The behaviour 
of aluminium-concrete composite elements was investigated in the shear connection tests and 
the bending tests. 
 
4.1. The materials test programmes 
 
The tests of materials were conducted both on the metals and the concrete. 

The tensile tests of the metals were carried out in an Instron Satec testing machine (Instron, 
Grove City, PA) at room temperature and according to the EN ISO 6892-1 standard 
(European Committee for Standardization 2009 and 2016). The maximum machine capacity 
was 300 kN. The uniaxial tensile tests were divided into four groups.  

In the first group, the ultimate strength, the Young’s modulus and the 0.2% proof strength 
of the AW-6060 T6 aluminium alloy were determined. The tensile tests were carried out using 
four flat samples and an extensometer (Epsilon, Jackson, WY, USA) with a 50 mm gauge (see 
Figs. 4.1a, 4.1b and 4.1d). The initial stress rate Ṙ of 2.0 MPa/s was used up to 0.2% of the 
nominal elongation (in the elastic range). In the plastic range, the strain rate ė = 0.03 mm/s 
was used. The samples were prepared in accordance with the rules presented in the EN ISO 
6892-1 standard (European Committee for Standardization 2009 and 2016). The samples were 
cut out from the web of the I-beam using waterjet cutting to limit the influence of heat on the 
strength parameters of the aluminium alloy. In the tensile tests, the tensile direction was 
parallel to the direction of extrusion (0°), because in the bending tests of the composite beams 
the aluminium beams were subjected to tension and the tensile direction was also parallel to 
the direction of extrusion. The tensile strength depends on the tensile direction, i.e., the 
ultimate tensile strength is higher in the 0° direction than in the 45° or 90° directions 
(Snilsberg et al. 2010). 
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a)  

 
b) 

 

 

c) 

 
 
 

 

d) 

 

e) 

 
Figure 4.1. Metal specimens: a) the geometry of the flat samples; b) flat samples; c) round 

samples; d) tensile test on the flat sample; e) tensile test on the round sample 
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In the second group, the ultimate strength, the Young’s modulus and the yield strength of 
the S320GD steel were determined. The tensile tests were carried out using six flat samples 
and an extensometer (Epsilon, Jackson, WY, USA) with a 50 mm gauge (see Figs. 4.1a and 
4.1b). The initial stress rate Ṙ of 2.0 MPa/s was used up to 0.2% of the nominal elongation (in 
the elastic range). In the plastic range, the strain rate ė = 0.35 mm/s was used. The samples 
were cut out from the sheet using waterjet cutting to limit the influence of heat on the strength 
parameters of the steel.  

In the third group, the ultimate strength, the Young’s modulus and the 0.2% proof strength 
of the S235J2 steel were determined. The tensile tests were carried out using three round 
samples (φ = 19 mm, l = 190 mm) and an extensometer (Instron, HighWycombe, 
Buckinghamshire, UK) with a 50 mm gauge (see Fig. 4.1c). The author used 19 mm headed 
studs (Köster & Co. 2005) made of the same steel as the 16 mm headed studs from the shear 
and bending tests. The 16 mm headed studs (l = 150 mm) were too short to be properly fixed 
in the clamps of the testing machine and there was a slip in the initial part of the stress-strain 
curve. For this reason, the longer samples were used. The heads of the studs were cut off to 
prepare round samples. The initial stress rate Ṙ of 6.0 MPa/s was used up to 0.2% of the 
nominal elongation (in the elastic range). In the plastic range, the strain rate ė = 0.5 mm/s was 
used.  

In the fourth group, the ultimate strength, the Young’s modulus and the 0.2% proof 
strength of the S235JRG2 steel were determined. The tensile tests were carried out using five 
round samples (φ = 6 mm, l = 300 mm) and an extensometer (Instron, HighWycombe, 
Buckinghamshire, UK) with a 50 mm gauge (see Figs. 4.1c and 4.1e). The initial stress rate 
Ṙ of 6.0 MPa/s was used up to 0.2% of the nominal elongation (in the elastic range). In the 
plastic range, the strain rate ė = 0.5 mm/s was used.  

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

The strength parameters of the concrete used in the aluminium-concrete composite joints 
were obtained from the cubic (150 × 150 × 150 mm) concrete specimens (see Figs. 4.2a–c). 
The concrete compression machine Matest CO89-10 (Matest, Treviolo, Italy), with capacity 
equal to 3000 kN, was used. The stress rate was equal to 0.6 MPa/s. The concrete mixture 
consisted of cement (CEM I 42.5 R), fly ash, gravel (2–8 mm and 8–16 mm), sand (0–2 mm), 
water and plasticizer. The compressive cubic strength fc,cube was evaluated on the basis of 
4 cubic specimens in accordance with the EN 12390-3 standard (European Committee for 
Standardization 2011) and 28 days after the casting of the joint samples. The compression test 
was repeated using 12 cubic specimens 70 days after the casting to evaluate the strength of the 
concrete during the shear connection tests.  

The strength parameters of the concrete used in the aluminium-concrete composite beams 
were obtained from the cubic (150 × 150 × 150 mm) and cylindrical (φ = 150 mm, 
l = 300 mm) concrete specimens (see Fig. 4.2d). The concrete mixture consisted of sand (0–2 mm), 
gravel (2–8 mm), cement (CEM III/A 42.5N-HSR) and water. The compressive cubic strength 
fc,cube was evaluated on the basis of 4 specimens in accordance with the EN 12390-3 standard 
(European Committee for Standardization 2011) and 28 days after the beam casting (Zieliński 
2010). The concrete compression machine Matest CO89-10 (Matest, Treviolo, Italy) was 
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used. The stress rate was 0.6 MPa/s. The compressive cubic strength fc,cube was also evaluated 
on the basis of 8 specimens, 196 days after the casting.  

 
a)  

 

b) 

 

c) 

 

d) 

 
Figure 4.2. Cubic concrete specimens: a) compressive test on the cubic sample 

b) cubic sample, c) C30/37 concrete samples d) C50/60 concrete samples 
 

The tensile splitting strength fct was tested using 3 cylindrical specimens, 269 days after the 
casting, in accordance with the EN 12390-6 standard (European Committee for 
Standardization 2011) (see Figs. 4.3a and 4.3b). An Instron 8505 Plus test machine (Instron, 
HighWycombe, Buckinghamshire, UK) and hardboard strips were used in the test. The stress 
rate was equal to 0.05 MPa/s. The compressive cylinder strength fc was evaluated on the basis 
of 5 specimens and in accordance with the rules presented in the EN 12390-3 standard 
(European Committee for Standardization 2011), 274 days after casting (see Fig. 4.3c). 
A stress rate of 0.6 MPa/s was used. 

The initial and the stabilized secant moduli of elasticity of the concrete were tested using 
4 cylindrical specimens, 314 days after the casting in accordance with method A described in 
the EN 12390-13 standard (European Committee for Standardization 2011 and 2013) (see 
Figs. 4.3d–f). The value of the compressive strength of concrete (fc) obtained in the previous 
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tests was used to determine the nominal upper stress σa, the nominal lower stress σb and the 
preload stress σp.  

 
a) 

 

b) 

 
c) 

 

d) 

 

e) 

 

f) 

 
Figure 4.3. Cylindrical concrete specimens: a) splitting test of the specimen; b) a longitudinal 
view of the specimen in the splitting test; c) compressive strength test; d) the extensometer 

and the strain gauge located on the lateral surface of the specimen; e) elastic modulus testing, 
f) the location of extensometers 
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The Poisson's ratio of the concrete was also determined in these tests. Every cylindrical 
specimen had two strain gauges (Hottinger, Darmstadt, Germany) and two extensometers 
(Instron, HighWycombe, Buckinghamshire, UK) with a 50 mm gauge. The extensometers and 
the strain gauges were located on the lateral surface of each specimen. The extensometers 
were parallel to the vertical axis of the specimen, whereas the strain gauges were 
perpendicular to the vertical axis of the specimen. The strain gauges were used to obtain the 
Poisson’s ratio. Each specimen was placed centrally in the testing machine. Three preloading 
cycles were carried out to check the wiring stability and the positioning of the specimens. 
Then, loading cycles were applied (see Fig. 4.4). After the loading cycles, the compressive 
strength of the specimens was additionally determined. During the tests, the stress was 
increased at a rate of 0.6 MPa/s. The average values of strain obtained from the two 
extensometers were used to determine the non-linear stress–strain relationships from the 
laboratory tests of concrete. 

 
a)  

 
b) 

 
Figure 4.4. The loading cycles during the elastic modulus testing:  
a) described in the EN 12390-13 standard; b) applied in the tests 

 
 
 



Chapter 4. MATERIALS AND METHODS 

49 
 

4.2. The shear connection test programme 
 
The shear connection test programme was used to investigate the stiffness, resistance and 
ductility of the new type of shear connector developed for aluminium-concrete composite 
structures. In addition to the investigation of the mechanical properties of the connector, the 
tests were conducted to capture connection modes of failure. On top of that, the load-slip 
model obtained from connector tests was used in the numerical analysis of aluminium-
concrete composite beams. After the tests, possibility of separating the aluminium beam from 
the concrete slab was evaluated.  

The ductility of the connection may be evaluated according to the suggestion made by 
(Deam et al. 2008). A connection may be defined as ductile if it withstands a relative slip of 
10 mm without a reduction in strength exceeding 20% of the peak value. What is more, the 
connectors are deemed to be ductile if they have a characteristic slip capacity exceeding 6 mm 
(Johnson 2012). Shear connectors should have enough slip capacity to redistribute shear force 
to adjacent shear connectors after yielding (Kwon et al. 2010). The ductility of the dowel-bolt 
was evaluated in the push-out tests. The slip capacity of a specimen δu corresponded to the 
maximum slip measured at the characteristic load level and it was taken from the falling 
branch of the load-slip curve (Johnson 2012). 

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

 

mintestRk, PP 0.9=  (4.1) 

 
where Pmin is the lowest resistance measured per connector. 

 
The push-out test specimen consisted of: an aluminium beam, concrete slabs, steel profiled 

sheeting, shear connectors and reinforcing meshes. The aforementioned elements and the 
formwork for the concrete slabs were prepared in the workshop of the Institute of Structural 
Engineering of the Poznan University of Technology prior to the assembly of the specimens. 
 
4.2.1. The making of the shear connectors 
 

The prototypes of the connectors were made of headed studs (Köster & Co. 2005) and nuts 
in several steps (see Fig. 4.5). The making of the shear connectors was time-consuming. The 
total of 136 shear connectors were created for the tests: 32 for the push-out tests and 104 for 
the bending tests. In the future, the connectors should be produced by screw and bolt 
manufacturers, in an automated–, and thus less time-consuming –process. 
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a)  

 

c) 

 
b) 

 

d) 

 
e) 

 

f) 

 
Figure 4.5. Steps of the production process: a) headed stud; b) forming threads by cutting; 

c) stud with threads; d) enlarging a hole in the nut by drilling; 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 made of C30/37 concrete, two steel sheets 
made of 0.7 mm-thick S320GD steel, eight shear connectors, two reinforcing meshes made of 
6 mm S235JRG2 round steel bars, and an aluminium beam made of AW-6060 T6 alloy. 
18 mm holes were drilled in the aluminium beams and in the profiled sheeting using hole 
saws (ProFit HM Endura and ProFit Bimetal Plus, respectively) (see Figs. 4.6a and 4.6b). The 
shear connectors (non-preloaded demountable dowel-bolt connectors) made of S235J2 steel 
were used to join the aluminium beam first with the profiled sheeting and then with the 
concrete slabs (see Fig. 4.6c). The reinforcing meshes were welded from 6 mm round bars 
made of S235JRG2 steel. The formwork for the concrete slabs was made of 12 mm-thick 
OSB boards (see Fig. 4.6d). The concrete slabs were simultaneously cast in the vertical 
position (see Figs. 4.6e and 4.6f). Due to this fact, each slab was made of the same concrete. 
Furthermore, 16 cubic concrete samples were prepared for testing the material compressive 
strength. The concrete was bought from the “Lafarge Kruszywa i Betonˮ company and the 
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precise proportion of the ingredients was a trade secret. However, it was known that the 
concrete was composed of cement (CEM I 42.5 R), fly ash, aggregate: gravel (2–8 mm and 8–
16 mm in diameter), sand (0–2 mm in diameter), water and plasticizer. A handheld concrete 
vibrator was used to consolidate fresh concrete in the formwork and a vibrating table was 
used to consolidate fresh concrete in the cubes. The concrete was cured for 28 days. The 
aluminium-concrete composite joint specimens were covered with wet cloths to keep them 
damp during the curing process. As for the cubic concrete specimens, they were subjected to 
immersion curing. Four specimens were assembled. One of them had a rubber element 
between the aluminium beam flat and the profiled sheeting to prevent contact corrosion (see 
Figs. 4.6g and 4.6h). After the test, the stiffness of the 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 casting in the laboratory of the Institute of Structural 
Engineering of the Poznan University of Technology. The specimens were put on a 12 mm-
thick OSB board placed on the base of the Instron 8505 Plus test machine (see Fig. 4.7). The 
load ranging between 30 kN and 70 kN was applied cyclically 25 times in accordance with 
the principles set out in the Eurocode 4 (European Committee for Standardization 2004), and, 
subsequently, failure load was applied. The longitudinal slip between the concrete slabs and 
the aluminium beam and the horizontal displacements were measured continuously during 
loading using Linear Voltage Displacement Transducers (LVDTs). The location of the 
LVDTs is presented in Figure 4.7. Measurements were also made when the load decreased. 
Displacement control was used. The vertical displacement was kept constant (constant 
displacement control) and the piston velocity amounted to 0.5 mm/min. 
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a) 

 

b) 

 
c)  

 

d) 

 
e)  

 

f) 

 
g) 

 

h) 

 
Figure 4.6. The assembly of the specimens 
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Figure 4.7. Push-out test set-up (dimensions in mm), 1–6 – LVDT 

 
4.3. The bending test programme 
 
The bending tests were performed in the laboratory of the Institute of Structural Engineering 
of the Poznan University of Technology. Four beams were tested in an attempt to capture the 
short-term local and global behaviour of aluminium-concrete composite beams, including the 
mode of failure, level of composite efficiency for the proposed type of connectors, load-
deflection and load-slip response. Moreover, the structural response of the tested elements 
was used to validate a non-linear finite element (FE) model of the aluminium-concrete 
composite beam.  
 
4.3.1. The assembly of the specimens 
 
Each of the specimens consisted of a concrete slab made of C50/60 concrete, 0.7 mm-thick 
T55P profiled sheeting made of S320GD steel, 26 shear connectors, two reinforcing meshes 
made of 6 mm S235JRG2 round steel bars, and an aluminium beam made of AW-6060 T6 
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alloy. 18 mm holes were drilled in the aluminium beams and in the profiled sheeting using 
hole saws (ProFit HM Endura and ProFit Bimetal Plus, respectively) (see Fig. 4.8a). Metal 
cutting foam (ProFit) was used for a smoother cut and a longer life of the hole saw. The shear 
connectors (non-preloaded demountable dowel-bolt connectors) made of S235J2 steel were 
used to join the aluminium beam with the profiled sheeting and next with the concrete slab. 
The shape of the connector flange made it possible to use a wrench to hold the connector 
while the nuts were being tightened (see Fig. 4.8b). The degree of the shear connection was 
0.79, as calculated in accordance with the principles set out in the Eurocode 4 (European 
Committee for Standardization 2004). The profiled sheeting was placed in an upward position 
and was used as a lost formwork. The sheets were joined together by overlapping and secured 
with self-tapping screws (see Fig. 4.8c). Self-tapping screws were also used to join the 
profiled sheeting and the concrete slab, and to prevent the separation of these elements (see 
Fig. 4.8d). Reinforcing meshes were made of 6 mm S235JRG2 round steel bars 
(reinforcement ratio ≈ 1.0%). The spacing between the round bars was 81.0 mm in 
a transverse direction and 117.5 mm in a longitudinal direction. 104 shear connectors were 
used in four beams (see Fig. 4.8e). The formwork for the concrete slabs was made of 12 mm-
thick OSB boards (see Figs. 4.8f–h). The concrete slabs were simultaneously casted in 
a horizontal position (see Figs. 4.9a and 4.9b). The cubic and the cylindrical concrete 
specimens were made at the time of casting. The concrete was bought from “Stanbud” 
company and its composition is described in Appendix 1. The concrete mixture was prepared 
according to (EN 206-1, European Committee for Standardization 2003). The maximum 
aggregate size was 8 mm. A surface concrete vibrator was used to consolidate the fresh 
concrete in the formwork. The concrete was then cured for 28 days. The aluminium-concrete 
composite beams were covered with wet cloths to keep them damp during the curing process. 
As for the cubic and cylindrical concrete specimens, they were subjected to immersion curing 
(see Fig. 4.9c). The U-shape of the formwork prevented the bending of the profiled sheeting 
during the casting (see Fig. 4.9d). Each beam had dimensions determined before the casting 
(see Fig. 4.9e). The total of four aluminium-concrete composite beams were assembled (see 
Fig. 4.9f). In each beam, three strain gauges were glued onto the upper surface of the concrete 
slab and four strain gauges were glued onto the aluminium beam (see Figs. 4.9g–h). Strain 
distribution was measured along cross-section 3–3 (see Fig. 4.10). The cross-section was 
located between the two loading points and it was subjected to pure bending. 
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a)  

 

b) 

 
c)  

 

d) 

 
e)  

 

f) 

 
g) 

 

h) 

 
Figure 4.8. The assembly of the specimens (part 1) 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

 
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 were subjected to four-point bending tests. The 
geometrical configurations and the details of the beams are presented in Fig. 4.10.  
 

 
Figure 4.10. Bending test set-up (dimensions in mm): A1–3 – strain gauges on the aluminium 
beams, B1–3 – strain gauges on the concrete slab, 1–8 – LVDT and 9 – inclinometer (Polus 

and Szumigała 2017a) (Polus and Szumigała 2019a)  
 

In each test, the mid-span deflection, the deflection under loads, the deflection of the 
supports, and the slip between the aluminium beam and the concrete slab were measured 
using LVDTs. Furthermore, the development of cracks on the surfaces of the tested elements 
was tracked. The specimens were located on roller supports (see Fig. 4.11). The aluminium-
concrete composite elements were symmetrically loaded (in two places on each beam) using 
a spreader beam (ls = 900 mm). Due to this fact, the beams between the two loading points 
were subjected to pure bending. The spreader beam was placed on two steel plates 
(8 mm × 80 mm × 210 mm) (for beams 3 and 4) to prevent the crushing of the concrete 
subjected to compression. The bending tests were performed 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 displacement of the supports. LVDTs 7 and 
8 were used to measure the horizontal displacement of the aluminium beam and the concrete 
slab (see Fig. 4.12a). The slip of the aluminium-concrete composite beam was calculated as 
the difference between these displacements. Strain distribution was measured along cross-
section 3–3 using strain gauges glued onto the aluminium beam (see Figs. 4.12b and 4.13c) 
and the concrete slab (see Fig. 4.12d). Strain was measured taking into account the 
temperature compensation of strain gauges. One additional concrete beam and one aluminium 
additional beam with strain gauges were used in this process. 

 
a) 

 

b) 

 
c) 

 

d) 

 
Figure 4.12. Bending test details: a) LVDTs 7 and 8; b-c) strain gauges glued onto the 

aluminium beam; d) strain gauges glued onto the concrete slab 
 
4.4. The finite element modelling of the concrete cylinder subjected to compression 
 
This section presents the main outcomes of the numerical analyses described in (Polus and 
Szumigała 2019c).  
 
The behaviour of structural elements is often evaluated using numerical simulations. Concrete 
elements are difficult to model, because of the need to identify a number of parameters. The 
fracturing of concrete depends on the loading type (monotonic or cyclic), the loading velocity 
(quasi-static or dynamic) and the moisture level of the concrete (Marzec 2008) (Marzec and 
Tejchman 2013). Crushing appears in concrete subjected to compression whereas the cracking 
appears in concrete subjected to tension. The behaviour of concrete may be presented using 
two models: the concrete damaged plasticity (CDP) or gradient damage-plasticity (GDP) 
(Wosatko, Pamin and Polak 2015). The present author chose the CDP model to reflect the 
behaviour of the concrete cylinder subjected to compression. This model is available in the 
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Abaqus program and it reflects the cracking phenomenon, the crack closing effect and the 
different types of behaviour for tension and compression (Wosatko et al. 2018). The CDP 
may be used in conjunction with adaptive meshing to allow for the completion of the analyses 
even with relatively high deformation rates (Martin 2010). For example, the impacted zone of 
a concrete slab may be re-meshed regularly during missile impact analyses in order to avoid 
heavy distortion of elements. When the CDP model is used in a finite element analysis, the 
failure mode of a structural element must be defined by the user based on the state of damage 
determined in the analysis. The model was theoretically described by Lubliner et al. (1989) 
and Lee and Fenves (1998) and was implemented in the Abaqus program. The use of the CDP 
model requires the knowledge of material constants (Szczecina and Winnicki 2017). The 
constitutive parameters of the CDP model were discussed by Jankowiak and Łodygowski 
(2005 & 2010), and Kmiecik and Kamiński (2011). Many tests are required to identify the 
properties of concrete. For this reason, Gajewski and Garbowski (2014) developed a simple 
procedure for estimating concrete properties, to reduce the number of tests to one. The 
procedure combines a standard uniaxial test, digital image correlation measurements and an 
inverse analysis. 

The compressive stress-strain diagram for the analysis of concrete subjected to 
compression was adopted from the Eurocode 2 (European Committee for Standardization 
2004) (see Fig. 4.13). To present this relationship, the compressive stress was calculated using 
the concrete parameters obtained in the laboratory tests (fc, Ec, εc1) and the following 
formulas: 
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where fc and Ec are the compressive strength and the Young’s modulus of concrete, 
respectively, εc is the compressive strain and εc1 is the strain at compressive strength. 
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Figure 4.13. The stress-strain relationship for concrete (Polus and Szumigała 2019c) 

 
The tensile stress-strain diagram for the analysis of concrete subjected to tension was 

adopted from (Kmiecik and Kamiński 2011) and (Wang and Hsu 2001). To show this 
relationship, the tensile stress was calculated using the concrete parameters obtained in the 
laboratory tests (fct, Ec) and the following formulas: 
 









>







=

≤=

crt

wn

t

cr
ctt

crttct

εεif
ε

ε
fσ

εεifεEσ

 (4.5) 

 
where nw is the rate of weakening, εcr is the cracking strain assumed as fct / Ec, fct is the tensile 
strength of concrete and εt is the tensile strain. 

 
The inelastic compressive strain (εc

in) was calculated using the following formulas 
(Kmiecik and Kamiński 2011): 
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where εc is the total compressive strain, εc

el is the elastic compressive strain, σc is the stress for 
uniaxial compression and E0 is the initial Young’s modulus for undamaged concrete. 
 

The plastic compressive strain (εc
pl) was calculated as follows (Kmiecik and Kamiński 

2011): 
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where Dc is the concrete compression damage parameter. 

 

The stress for uniaxial compression (σc) and the effective compressive stress (σc
eff) were 

calculated using the following formulas (Kmiecik and Kamiński 2011): 
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In the case of compression, the material was defined as linear elastic to the point where the 

stress reached 0.4 fcm (mean value of the concrete cylinder compressive strength) according to 
the Eurocode 2 (European Committee for Standardization 2004). After this point, the material 
was defined as non-linear elastic. The value of the concrete compression damage parameter 
Dc was assumed as 0.0 for the strain lower than εc1. The value of this parameter started to 
increase after the point where the compressive strength of concrete was reached (see 
Fig. 4.14).  

In the case of tension, it was assumed that the cracking appeared when the stress was equal 
to fct. The cracking strain (εt

cr) was calculated as follows (Kmiecik and Kamiński 2011): 
 

el
tt

cr
t

εεε −=  (4.11) 
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σ
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where εt is the total tensile strain, εt

el is the elastic tensile strain, and σt is the stress for uniaxial 
tension. 
 

The plastic tensile strain (εt
pl) was calculated using the following formula (Kmiecik and 

Kamiński 2011): 
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where Dt is the concrete tension damage parameter. 
 

The stress for uniaxial tension (σt) and the effective tensile stress (σt
eff) were calculated as 

follows (Kmiecik and Kamiński 2011): 
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The concrete tension damage parameter Dt was increasing in proportion to the increase in 

the width of the crack w (see Fig. 4.14), which was calculated as follows, using the formula 
presented by Hordijk (1991), Wittmann et al. (1988), Jankowiak (2012), and Jankowiak and 
Madaj (2014): 
 

ctF /fGw 5.14=  (4.16) 

 
where GF is the fracture energy. 
 

Fracture energy is the energy released in the process of crack formation (Jankowiak 2018). 
It depends on the maximum aggregate size and the class of concrete (Jankowiak and Madaj 
2015). The crack propagates when the stress at the crack tip reaches the tensile strength of the 
concrete (Hillerborg, Modéer and Petersson 1976). When the crack opens, the stress 
decreases, and the crack width increases. The tensile stress-crack width relationship (σt–w) is 
presented in Fig 4.14. The value of the fracture energy (GF) was calculated using the 
following formula proposed by Bazant and Becq-Giraudon (2002) and Comite Euro-
International du Beton (1991): 

 

( ) 0.7
2
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260.50.0469 







⋅+−= c
aaF

f
ddG  (4.17) 

 
where da is the maximum aggregate size [mm]. 
 

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

The data containing inelastic (crushing) strain values calculated from Eq. (4.6) and the 
cracking strain values calculated from Eq. (4.11) were entered into the Abaqus program. The 
crushing and cracking strain values were then automatically converted into the plastic strain 
values using the relationship from Eqs. (4.8) and (4.13) (Dassault Systèmes 2013). The 
parameters of the concrete used in the numerical analyses are presented in Tables 4.1–4.3. 
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Table 4.1. Concrete parameters used in the finite element modelling of the concrete cylinder 
subjected to compression and the aluminium-concrete composite beam (Polus and Szumigała 

2019a) (Polus and Szumigała 2019c) 
Parameter Value 

Young’s modulus Ec [MPa] 
Poisson’s ratio ν [-] 
Compressive strength fc [MPa] 
Tensile strength fct [MPa] 
Largest nominal maximum aggregate size da [mm] 
Fracture energy GF [N/m] 
Rate of weakening nw [-] 
Dilatation angle ψ [°] 
Eccentricity ee [-] 
Ratiod fb0/fc0 [-] 
Parameter κ [-] 
Viscosity parameter wp [-] 

37 300a 
0.19a 
61.8a 
4.61a 
8.0a 
89.5b 
0.7c 
40.0c 
0.1c 
1.16c 
0.667c 

0.0001e, f, 0.00001f 
a based on own laboratory tests; b calculated; c based on (Kmiecik and Kamiński 2011);  
d a ratio of the concrete strength in the biaxial state (fb0) to the concrete strength in the uniaxial 
state (fc0); 

e used in the finite element modelling of the concrete cylinder; f used in the finite 
element modelling of the aluminium-concrete composite beam 
 

 
Figure 4.14. Parameters of concrete: a) tensile stress–crack width relationship (σt–w); 

b) concrete tension damage parameter–crack width relationship (Dt–w); c) compressive stress–
concrete compression damage parameter relationship (σc–Dc) (Polus and Szumigała 2019c) 
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Table 4.2. Material parameters used in the CDP model for concrete subjected to compression 
in the finite element modelling of the concrete cylinder (Polus and Szumigała 2019c) 

Concrete compression hardening Concrete compression damage 

Stress 
[MPa] 

Crushing (inelastic) 
strain 

[-] 

Dc 
[-] 

Crushing (inelastic) 
strain 

[-] 
26.14 
48.25 
50.86 
53.28 
55.48 
57.43 
59.09 
60.41 
61.33 
61.79 
61.65 
60.83 
59.15 
56.41 
52.32 
46.46 
38.26 
33.01 
26.82 
19.48 
10.77 
0.35 

0.0 
0.00010655 
0.00013648 
0.00017155 
0.00021250 
0.00026020 
0.00031572 
0.00038037 
0.00045575 
0.00059349 
0.00064730 
0.00076929 
0.00091414 
0.00108756 
0.00129733 
0.00155435 
0.00187438 
0.00206496 
0.00228101 
0.00252762 
0.00281133 
0.00314071 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.002 
0.016 
0.043 
0.087 
0.153 
0.248 
0.381 
0.466 
0.566 
0.685 
0.826 
0.994 

0.0 
0.00010655 
0.00013648 
0.00017155 
0.00021250 
0.00026020 
0.00031572 
0.00038037 
0.00045575 
0.00059349 
0.00064730 
0.00076929 
0.00091414 
0.00108756 
0.00129733 
0.00155435 
0.00187438 
0.00206496 
0.00228101 
0.00252762 
0.00281133 
0.00314071 

 
The concrete cylinder was placed between two steel round plates. The steel used in the 

round plates was model as an elastic material. The Young’s modulus of steel Es and the 
Poisson’s ratio ν were equal to 210 GPa and 0.3, respectively.  
The discrete model of the concrete cylinder subjected to compression was built in the Abaqus 
6.13 environment (Dassault Systèmes 2013) and then examined using the Abaqus/Standard 
finite element code. The Newton-Raphson method was used as a numerical technique for 
solving the non-linear equilibrium equations. This method uses a tangent stiffness matrix and 
solves the non-linear equation incrementally and iteratively (Tan 2010).  

The steel plates were modelled using 4-noded shell elements with reduced integration 
(S4R), whereas the concrete cylinder was modelled in several variants which used different 
finite elements (see Table 4.4 and Fig. 4.15). C3D8R elements with hourglass control are 
often used to prepare concrete models. However, they should be used with reasonably fine 
meshes to prevent uncontrolled distortion of the mesh (hourglassing) (Dassault Systèmes 
2013). In the case of a concrete slab subjected to bending, no less than four C3D8R elements 
should be used through its thickness (Szewczyk 2016 & 2019). What is more, C3D8I 
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elements may be used instead of C3D8R elements, because they are enhanced by 
incompatible modes to improve their bending behaviour. 

 
Table 4.3. Material parameters used in the CDP model for concrete subjected to tension in the 

finite element modelling of the concrete cylinder (Polus and Szumigała 2019c) 

Concrete tension stiffening Concrete tension damage 
Stress 
[MPa] 

Cracking strain  
[-] 

Dt 
[-] 

Cracking strain 
[-] 

4.6 
3.279224 
2.805008 
2.468921 
2.216381 
2.018599 
1.144254 
1.101756 
1.062899 
0.935546 
0.800255 
0.704371 
0.60251 
0.504445 
0.301483 
0.205641 
0.107348 
0.052517 

0 
0.0001121 
0.0001748 
0.0002338 
0.0002906 
0.0003459 
0.0008693 
0.0009205 
0.0009715 
0.0011749 
0.0014785 
0.0017811 
0.0022338 
0.0028865 
0.0060419 
0.0104445 
0.0264471 
0.0734486 

0 
0.05360 
0.07284 
0.08648 
0.09673 
0.10475 
0.14430 
0.17608 
0.20514 
0.30037 
0.40155 
0.47325 
0.54943 
0.62276 
0.77454 
0.84622 
0.91972 
0.96073 

0 
0.0001121 
0.0001748 
0.0002338 
0.0002906 
0.0003459 
0.0008693 
0.0009205 
0.0009715 
0.0011749 
0.0014785 
0.0017811 
0.0022338 
0.0028865 
0.0060419 
0.0104445 
0.0264471 
0.0734486 

 

Table 4.4. Finite elements used in the finite element modelling of the concrete cylinder 
subjected to compression (Polus and Szumigała 2019c) (Zienkiewicz, Taylor and Zhu 2005) 

No. FE Description 
Size 
[mm] 

No. of FEs 

1 

C3D8R 
8-node linear brick elements with reduced 

integration and hourglass control 

5 51 840 
2 10 7200 
3 20 900 
4 40 160 
5 C3D8 8-node linear brick elements 10 7200 
6 C3D8I Incompatible mode 8-node linear brick 

elements 
10 7200 

 
The upper steel plate was used to compress the concrete cylinder. During the analysis the 

vertical displacement (downward movement) was increasing. The boundary conditions for the 
support and the contact between the concrete cylinder and the steel plates are illustrated in 
Fig. 4.16. 
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Figure 4.15. The mesh used in the numerical calculations: a) concrete cylinder (10 mm mesh), 
b) steel plates (10 mm mesh), c) concrete cylinder (5 mm mesh), d) steel plates (5 mm mesh) 

 

 
Figure 4.16. Boundary conditions for the support and the contact between the concrete 

cylinder and the steel plates (Polus and Szumigała 2019c) 
 

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

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

d

d

b

∆b
ε =  (4.18)  

 
where ∆bd is the relative vertical displacement between the RPs and bd is the initial distance 
between the RPs. 
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The non-linear stress-strain relationship for concrete from the laboratory tests (the elastic 
modulus testing) was used to validate the numerical model of the concrete cylinder subjected 
to compression.  

 
4.5. The finite element modelling of the shear connection test 
 
The discrete model of the specimen from the push-out test was built in the Abaqus 6.13 
environment (Dassault Systèmes 2013) and then examined using the Abaqus/Standard finite 
element code. The Newton-Raphson method was used as a numerical technique for solving 
the non-linear equilibrium equations. The specimen had two axes of symmetry. For this 
reason, only ¼ of the specimen was prepared in the program and the finite element (FE) 
model consisted of ¼ of the aluminium I-beam, ¼ of the steel plate, ½ of the reinforcing steel 
mesh, ½ of the profiled steel sheeting and ½ of the concrete slab (see Fig. 4.17).  

 

 
Figure 4.17. The discrete model of the specimen from the push-out test: a) complete model; 
b) ¼ of the model; 1 – concrete slab, 2 – aluminium beam, 3 – steel plate, 4 – steel mesh,  

5 – profiled steel sheeting, 6 – connector 
 

The validation process of a FE model should consist of many aspects (Pełka-Sawenko, 
Wróblewski and Szumigała 2016). The most challenging aspects in the finite element 
modelling of the shear connection test included: the modelling of the behaviour of the 
concrete and the modelling of the connection between the aluminium beam and the concrete 
slab. Many parameters, e.g., the damage parameters, are critical for the accurate definition of 
the concrete model (Genikomsou and Polak 2015). For this reason, some parameters were 
taken from the literature and some of them were obtained from material tests. The rule 
presented by Kwaśniewski, Szmigiera and Siennicki (2011), according to which one should 
begin with the simplest model and then build a more complex one, was used. The author of 
this dissertation analysed a number of FE models, some of which are presented in Table 4.5. 
The model of the connection between an aluminium beam and a concrete slab has an impact 
on the behaviour of aluminium-concrete composite beams. When the shear connectors are 
modelled as beams and are tied to an aluminium beam, it is impossible to take into account 
the slip resulting from the clearance between the shear connectors and the holes in the 
aluminium beam (Szumigała and Polus 2014b). Wróblewski et al. (2013) compared two 
connection modelling techniques. In the first model, the authors used beam elements, while in 
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the second model they used spring elements. A comparison of the two models revealed that 
the model with spring elements better reflected the behaviour of the real structure. Ding et al. 
(2016) used spring elements or beam elements to model connections in steel-concrete 
composite beams. They observed that the end slip of a beam obtained by using beam elements 
was lower than that obtained by using spring elements. Furthermore, spring elements provide 
faster computational speed than beam elements. Due to these facts, the implicit modelling of 
connectors was used to take slip into account in the FE model. The shear connectors were 
modelled by zero-length springs. Two points on the concrete slab were connected with two 
points on the aluminium beam using zero-length wires. These connections were axial and the 
orientation of the connectors was specified using the local coordinate system in which 
x direction was parallel to the length of the beam. The connectors enabled the slip between the 
concrete slab and the aluminium beam in x direction. Four models of the shear connector were 
used (see Figs. 4.18 and 5.10). In the first model (F–s 1), the response of the connector was 
non-linear to reflect the average shear force-slip curve for the three specimens from the push-
out tests. In the second (F–s 2, γv = 1.25) and third models (F–s 3, γv = 1.0), the response of 
the connector was also non-linear to reflect the elasto-plastic theoretical model for the dowel-
bolt connector presented in Section 3.1. In the last model (F–s 4, k = 5.5 kN/mm), the 
response of the connector was linear to reflect only the first branch of the shear force–slip 
curve for the dowel-bolt connector presented in Section 3.1. The data containing forces and 
displacements were used in the program. However, solid elements (shear connectors) were 
added (see Fig. 4.17) and embedded in the concrete slab in the FE model. It was done because 
these elements reinforced the concrete ribs. The author of this dissertation emphasizes the fact 
that they were not used to join the aluminium beam and the concrete slab, because this 
connection was modelled by the zero-length springs described above. The skin of the concrete 
slab represented the profiled steel sheeting. It was assumed that the profiled steel sheeting was 
perfectly bonded to the concrete slab. There was no relative slip between the profiled steel 
sheeting and the concrete slab (Wang 2009). 
 

 
Figure 4.18. Models of shear connectors used in the FE analyses 
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Table 4.5. Finite element analyses of the shear connection test 

FEA FEs a Mesh size 
[mm] 

Concrete model b 
Connection 

model c 

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

20 I A 

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

20 II A 

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

20 II B 

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

15 II B 

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

20 II C 

6 
1, 6: 2531 C3D8R, 2, 3, 5: 890 S4R 
4: 195 T3D2; Total: 3616 

20 II C  

7 
1: 2355 C3D8R; 2, 3, 5: 890 S4R 
4: 195 T3D2; 6: 1104 C3D10; Total: 4544 

20 II D 

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

20 III D 

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

20 IV D 

10 
1: 2355 C3D8R; 2, 3, 5: 890 S4R 
4: 195 T3D2; 6: 1104 C3D10; Total: 4544 

20 V D 

11 
1: 2355 C3D8R; 2, 3, 5: 890 S4R 
4: 195 T3D2; 6: 1104 C3D10; Total: 4544 

20 V E 

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

20 III E 

13 
1: 600 C3D8R; 2, 3, 5: 412 S4R 
4: 124 T3D2;6: 1104 C3D10; Total: 2240 

30 V E 

14 
1: 16 170 C3D8R; 2, 3, 5: 3497 S4R 
4: 376 T3D2; 6: 1272 C3D10; Total: 21 315 

10 V E 

15 
1: 2355 C3D8; 2, 3, 5: 890 S4R 
4: 195 T3D2; 6: 1104 C3D10; Total: 4544 

20 V E 

16 
1: 2355 C3D8I; 2, 3, 5: 890 S4R 
4: 195 T3D2; 6: 1104 C3D10; Total: 4544 

20 V E 

a Finite elements used to model the: 1 – concrete slab, 2 – aluminium beam, 3 – steel plate,  
4 – steel mesh, 5 – profiled steel sheeting, 6 – connector 
b Concrete model: I – elastic (Ec = 32 GPa, ν = 0.2), II – CDP (rate of weakening nw = 0.7), III – CDP (rate of 
weakening nw = 1.0), IV – CDP (rate of weakening nw = 1.2), V – CDP (rate of weakening nw = 1.5) 
c Connection model: A – shear force–slip curve for one connector from the laboratory tests (see F–s 1 in 
Fig. 4.18), B – shear force–slip curve for one connector from the theoretical analysis (γv = 1.25) (see F–s 3 in 
Fig. 4.18), C – shear force–slip curve for one connector from the theoretical analysis (γv = 1.0) (see F–s 2 in 
Fig. 4.18), D – shear force–slip curve for one connector from the theoretical analysis (k = 5.5 kN/mm) (see        
F–s 4 in Fig. 4.18), E – shear force–slip curve for one connector from the theoretical analysis (k = 5.5 kN/mm) 
(see F–s 4 in Fig. 4.18), with friction modelling (µ = 0.3) 

 
The concrete slab was modelled with C3D8R elements (8-node linear brick elements with 

reduced integration and hourglass control) (FEA 1–14), C3D8 elements (8-node linear brick 
elements) (FEA 15), or C3D8I elements (incompatible mode 8-node linear brick elements) 
(FEA 16). The reinforcing mesh was modelled with T3D2 elements (2-node linear 3D truss 
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elements), and the aluminium beam, the steel plate and the profiled steel sheeting were 
modelled with S4R elements (4-node shell elements with reduced integration). The shear 
connectors were modelled with C3D10 elements (10-node quadratic tetrahedron elements) 
(FEA 1–5, 7–16) or C3D8R elements (FEA 6). For the purpose of the analyses, four mesh 
sizes (10 mm, 15 mm, 20 mm or 30 mm) were chosen. Surface-to-surface “hard” contact was 
defined between the edge of the concrete slab and the flange of the aluminium beam. The 
tangential behaviour between the aluminium beam and the concrete slab was taken into 
account in the connection model (zero-length connector). The load-slip curve from the 
laboratory tests took into account the impact of friction on the behaviour of the connection. 
However, the theoretical shear force–slip curves did not take such impact into account. For 
this reason, friction (µ = 0.3) was defined in connection model E to investigate this impact 
(see Table 4.5). The same value of the friction coefficient between a steel element and 
a concrete element was used by Guezouli and Lachal (2012). The reinforcing mesh was 
embedded in the concrete slab. The displacement was applied to the steel plate to move down 
the aluminium beam. The boundary conditions are illustrated in Fig. 4.19.  
 

 
Figure 4.19. Boundary conditions: 1 – displacement, 2 – displacement in x, y, z directions 

(fixed), 3 – displacement in x direction (fixed), 4 – displacement in z direction (fixed),  
5 – connector (zero-length spring) (Polus and Szumigała 2019a) 

 
The results of the static tensile tests described in Section 4.1 were used to define material 

models in the FE analysis. The stress–strain relationships for metals are presented in Fig. 4.20. 
In Figure 4.20, the dotted lines represent the mean values of the engineering stress–strain 
curves (ESS) from the static tensile tests of the metals. The error bars reflect the distance 
between the mean value and the max/min test values. The non-linear curves from the 
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laboratory tests were then approximated using piecewise linear functions (PLF). Next, the 
engineering stress–strain relationship was converted to the true stress–strain relationship 
(TSS). The true stress (σtrue) and the logarithmic plastic strain εln

plastic (see Table 4.6) were 
used in the Abaqus program and they were calculated using the following formulas (Dassault 
Systèmes 2013):  

 

)(1 engengtrue εσσ +=  (4.19)  

 

E

σ
εε true
eng

plastic
ln −+= )ln(1  (4.20)  

 
where σeng and εeng are the engineering stress and strain, respectively. 
 

These equations were used up to the ultimate tensile strength point. After the maximum 
tension stress there is the necking region where these equations cannot be used. 

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

test and the aluminium-concrete composite beam 
Metal 

AW-6060 T6 S320GD S235JRG2 S235J2 
E [MPa] ν [-] E [MPa] ν [-] E [MPa] ν [-] E [MPa] ν [-] 
62 900 0.3 193 590 0.3 207 280 0.3 206 500 0.3 
σtrue  

[MPa] 
εln

plastic  

[-] 
σtrue  

[MPa] 
εln

plastic  

[-] 
σtrue  

[MPa] 
εln

plastic  

[-] 
σtrue  

[MPa] 
εln

plastic  

[-] 
153.95 
166.79 
181.26 
190.37 
199.66 
204.67 
209.25 
213.27 
216.69 
219.48 
221.67 
223.34 

0.0 
0.00333 
0.00509 
0.00692 
0.01663 
0.02436 
0.03204 
0.03967 
0.04725 
0.05478 
0.06226 
0.06970 

351.13 
381.52 
388.10 
394.46 
400.07 
405.49 
410.51 
415.31 
419.73 
424.09 
428.05 
431.85 
435.37 
438.66 
441.99 
445.05 

0.0 
0.06942 
0.07681 
0.08414 
0.09142 
0.09866 
0.10584 
0.11297 
0.12005 
0.12708 
0.13407 
0.14100 
0.14789 
0.15474 
0.16153 
0.16829 

564.92 
600.36 
644.55 
671.43 
698.33 
706.79 
713.27 

0.0 
0.00309 
0.00486 
0.00671 
0.01447 
0.02226 
0.02999 

423.99 
432.22 
437.57 
442.49 
459.57 
476.18 
492.04 
506.85 
521.02 
534.54 
547.3 
558.75 
570.08 
580.36 
589.96 
598.81 
607.31 
615.25 
622.34 
628.84 
634.83 
640.20 
644.93 

0.0 
0.00389 
0.00585 
0.00781 
0.01561 
0.02336 
0.03105 
0.03869 
0.04627 
0.05379 
0.06126 
0.06868 
0.07605 
0.08337 
0.09063 
0.09785 
0.10502 
0.11213 
0.11920 
0.12623 
0.13320 
0.14013 
0.14702 
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Figure 4.20. Stress–strain relationships for metals (Polus and Szumigała 2019a) 

 
The concrete damaged plasticity (CDP) model, which is offered in the Abaqus program, 

was adopted to represent the behaviour of concrete. Several researchers used this model for 
concrete modelling, e.g., Szewczyk and Szumigała (2015, 2018). 

The compressive stress–strain diagram for the analysis of the concrete subjected to 
compression was adopted from the Eurocode 2 (European Committee for Standardization 
2004), whereas the tensile stress–strain diagram for the analysis of the concrete subjected to 
tension was adopted from (Kmiecik and Kamiński 2011) and (Wang and Hsu 2001) (see 
Fig. 4.21).  

 

 
Figure 4.21. Stress–strain relationship for concrete (Polus and Szumigała 2019a) 
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The author evaluated only the strength of the concrete used in the push-out tests. 
Therefore, other strength parameters (fcm = 38.0 MPa, Ec = 32.0 GPa, εc1 = 2.2‰, 
fct = 2.9 MPa) were adopted based on the this strength and the Eurocode 2 (European 
Committee for Standardization 2004) (Pyrak 2012). Next, the inelastic (crushing) strain 
values and the cracking strain values were calculated from Eqs. (4.6) and (4.11). These data 
were entered into the Abaqus program. The crushing and cracking strain values were then 
automatically converted to plastic strain values using the relationship from Eqs. (4.8) and 
(4.13) (Dassault Systèmes 2013). The parameters of the concrete used in the numerical 
analyses are presented in Fig. 4.22 and Tables 4.7–49. 
 

 
Figure 4.22. Parameters of concrete: a) tensile stress–crack width relationship (σt–w);  

b) concrete tension damage parameter–crack width relationship (Dt–w); c) compressive stress–
concrete compression damage parameter relationship (σc–Dc) (Polus and Szumigała 2019a) 

 
Table 4.7. Concrete parameters used in the finite element modelling of the shear connection 

test (Polus and Szumigała 2019a) 
Parameter Value 

Young’s modulus Ec [MPa] 
Density [t/mm3] ρ 
Poisson’s ratio ν [-] 
Compressive strength fc [MPa] 
Tensile strength fct [MPa] 
Largest nominal maximum aggregate size da [mm] 
Fracture energy GF [N/m] 
Rate of weakening nw [-] 
Dilatation angle ψ [°] 
Eccentricity ee [-] 
Ratiod fb0/fc0 [-] 
Parameter κ [-] 
Viscosity parameter wp [-] 

32 000 c 

2.4 · 10-9 c 
0.2 c 
38.0 c 
2.9 c 
16 a 

76.4 b 
0.7; 1.0; 1.2; 1.5 c 

40.0 c 
0.1 c 
1.16 c 
0.667 c 

0.00001 c 

a based on own laboratory tests; b calculated; c based on literature (Kmiecik and Kamiński 
2011) (European Committee for Standardization 2004) (Genikomsou and Polak 2015) (Pyrak 
2012); d a ratio of the concrete strength in the biaxial state (fb0) to the concrete strength in the 
uniaxial state (fc0) 
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Table 4.8. Material parameters used in the CDP model for concrete subjected to compression 
in the finite element modelling of the shear connection test 

(Polus and Szumigała 2019a) 
Concrete compression hardening Concrete compression damage 

Stress 
[MPa] 

Crushing (inelastic) 
strain 

[-] 

Dc 
[-] 

Crushing (inelastic) 
strain 

[-] 
11.700 
15.024 
28.233 
37.979 
37.917 
37.477 
36.657 
35.451 
33.854 
23.466 
15.802 
11.335 
4.708 
1.104 

0.00000000 
0.00003050 
0.00021773 
0.00096315 
0.00111510 
0.00127883 
0.00145447 
0.00164217 
0.00184207 
0.00276670 
0.00330618 
0.00359578 
0.00400287 
0.00421551 

0.000 
0.000 
0.000 
0.000 
0.002 
0.014 
0.035 
0.067 
0.109 
0.382 
0.584 
0.702 
0.876 
0.971 

0.00000000 
0.00003050 
0.00021773 
0.00096315 
0.00111510 
0.00127883 
0.00145447 
0.00164217 
0.00184207 
0.00276670 
0.00330618 
0.00359578 
0.00400287 
0.00421551 

 
Table 4.9. Material parameters used in the CDP model for concrete subjected to tension in 
the finite element modelling of the shear connection test (Polus and Szumigała 2019a) 

nw 
Concrete tension stiffening Concrete tension damage 
Stress 
[MPa] 

Cracking strain  
[-] 

Dt 
[-] 

Cracking strain 
[-] 

0.7 

2.9 
1.6663 
1.2545 
1.0257 
0.8774 
0.7723 
0.6933 
0.6314 
0.5814 
0.5401 
0.5052 
0.4066 
0.3325 
0.2503 
0.1681 
0.1465 

0.000000 
0.000148 
0.000261 
0.000368 
0.000473 
0.000576 
0.000678 
0.000780 
0.000882 
0.000983 
0.001084 
0.001487 
0.001990 
0.002992 
0.005295 
0.006445 

0.000 
0.079 
0.106 
0.121 
0.130 
0.137 
0.178 
0.251 
0.310 
0.359 
0.401 
0.518 
0.606 
0.703 
0.801 
0.826 

0.000000 
0.000148 
0.000261 
0.000368 
0.000473 
0.000576 
0.000678 
0.000780 
0.000882 
0.000983 
0.001084 
0.001487 
0.001990 
0.002992 
0.005295 
0.006445 

1.0 

2.90000 
1.31406 
0.87604 
0.65703 
0.58403 
0.47784 
0.40433 
0.32852 
0.25030 
0.16426 
0.08343 
0.04075 

0.000000 
0.000159 
0.000273 
0.000379 
0.000432 
0.000535 
0.000637 
0.000790 
0.001042 
0.001595 
0.003147 
0.006449 

0.00000 
0.10208 
0.13028 
0.22063 
0.30722 
0.43318 
0.52038 
0.61031 
0.70310 
0.80516 
0.90103 
0.95167 

0.000000 
0.000159 
0.000273 
0.000379 
0.000432 
0.000535 
0.000637 
0.000790 
0.001042 
0.001595 
0.003147 
0.006449 
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Table 4.9. Material parameters used in the CDP model for concrete subjected to tension in 
the finite element modelling of the shear connection test, continued  

(Polus and Szumigała 2019a)  

nw 
Concrete tension stiffening Concrete tension damage 
Stress 
[MPa] 

Cracking strain  
[-] 

Dt 
[-] 

Cracking strain 
[-] 

1.2 

2.90000 
1.58411 
1.12166 
0.68953 
0.57308 
0.48823 
0.37354 
0.33317 
0.24945 
0.16259 
0.08307 
0.04183 
0.01736 

0.000000 
0.000100 
0.000165 
0.000278 
0.000332 
0.000385 
0.000488 
0.000540 
0.000692 
0.000995 
0.001747 
0.003099 
0.006449 

0.00000 
0.08470 
0.11447 
0.18208 
0.32021 
0.42086 
0.55691 
0.60480 
0.70410 
0.80713 
0.90146 
0.95038 
0.97940 

0.000000 
0.000100 
0.000165 
0.000278 
0.000332 
0.000385 
0.000488 
0.000540 
0.000692 
0.000995 
0.001747 
0.003099 
0.006449 

1.5 

2.90000 
1.36186 
0.88456 
0.63294 
0.48149 
0.38209 
0.31274 
0.17023 
0.07912 
0.04100 
0.02510 
0.01644 

0.000000 
0.000107 
0.000172 
0.000230 
0.000285 
0.000338 
0.000390 
0.000595 
0.000998 
0.001549 
0.002149 
0.002849 

0.00000 
0.09901 
0.12973 
0.24921 
0.42885 
0.54676 
0.62903 
0.79807 
0.90615 
0.95137 
0.97023 
0.98049 

0.000000 
0.000107 
0.000172 
0.000230 
0.000285 
0.000338 
0.000390 
0.000595 
0.000998 
0.001549 
0.002149 
0.002849 

 
4.6. The finite element modelling of the aluminium-concrete composite beams 
 
This section presents the main outcomes of the numerical analyses described in (Polus and 
Szumigała 2019a).  
 

The discrete model of the aluminium-concrete composite beam was built in the Abaqus 
6.13 environment (Dassault Systèmes 2013) and then examined using the Abaqus/Standard 
finite element code. The Newton-Raphson method was used as a numerical technique for 
solving non-linear equilibrium equations. The aluminium-concrete composite beam had two 
axes of symmetry. For this reason, only ¼ of the specimen was prepared in the program. The 
finite element (FE) model consisted of ¼ of the aluminium I-beam, ¼ of the profiled steel 
sheeting, ¼ of the reinforcing steel meshes, ¼ of the concrete slab, ½ of the steel plate, and 
6½ shear connectors. In the place of the sheet-to-sheet connection the thickness of the profiled 
steel sheeting was doubled (see Fig. 4.23). The sensitivity of the model to various parameters 
was investigated. A number of FE models were analysed, some of which are presented in 
Table 4.10. The FE model of the aluminium-concrete composite beam used the same type of 
connection (zero-length springs) as the FE model of the aluminium-concrete composite 
connection presented in Section 4.5. Figure 4.24 presents the boundary conditions used in the 
computer model. 
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Figure 4.23. The FE model of the aluminium-concrete composite beam in the Abaqus 

environment: a) complete model; b) ¼ of the model; 1 – concrete slab, 2 – aluminium beam,  
3 – steel plate, 4 – reinforcing steel mesh, 5 – shear connector, 6 – profiled steel sheeting 

(0.7 mm), 7 – profiled steel sheeting (1.4 mm) (double thickness in the place of the sheet-to-
sheet connection) (Polus and Szumigała 2019a)  

 
Seven points were selected on the aluminium beam and the same number of points was 

selected on the concrete slab. The locations of the points corresponded to the locations of the 
connectors in the beam tested in the laboratory (see Fig. 4.10). Zero-length wires were created 
between the points. An axial connection was selected for each wire and the position of each 
connector was specified using the coordinate system in which x direction was parallel to the 
length of the aluminium beam. The connectors enabled the slip between the concrete slab and the 
aluminium beam in x direction. Three models of the shear connector were used (see Fig. 4.25). 
In the first model (F–s 1), the response of the connector was non-linear to reflect the average 
shear force-slip curve for the three specimens from the push-out tests (see also Fig. 5.10). In 
the second (F–s 5, k = 5.5 kN/mm, Pult = 43.4 kN) and third models (F–s 6, k = 12.5 kN/mm, 
Pult = 43.4 kN), the responses of the connectors were also non-linear to reflect the elasto-
plastic theoretical model of the dowel-bolt connector presented in Section 3.1 (see also Tables 
5.4 and 5.6). The data containing the values of forces and displacements were used in the 
program. In the FE model of the aluminium-concrete beam steel solid elements (shear 
connectors) were added (see Fig. 4.23) and embedded in the concrete slab to increase its 
stiffness. It was done because the stiffness of the flexural member depends not only on the 
second moment of area, but also on the Young’s modulus of the material. The author of this 
dissertation emphasizes the fact that these elements were not used to join the aluminium beam 
and the concrete slab. They were only used to account for the fact that the slab was made not 
only of concrete but also of steel (in shear connectors). When the steel elements were 
embedded in the concrete slab, the stiffness of the aluminium-concrete composite beam 
increased slightly. What is more, a tie function was analysed as a connection between the 
aluminium beam and the concrete slab, to investigate its impact on the behaviour of the 
computer model. A continuous “tie” type contact is used to model full composite action in 
composite beams (Aliawdin and Urbańska 2011). The behaviour of the numerical model with 
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discrete springs was compared with the behaviour of the numerical model with the continuous 
“tie” type contact between the concrete slab and the aluminium beam. 

 

 
Figure 4.24. Boundary conditions: 1 – displacement, 2 – displacement in y direction (fixed),  

3 – displacement in x direction (fixed) and rotation around y and z axes (fixed),  
4 – displacement in z direction (fixed) and rotation around x and y axes (fixed), 5 – connector 

(spring), 6 – predefined field (temperature), 7 – dead load (Polus and Szumigała 2019a) 
 

 
Figure 4.25. Models of shear connectors used in the FE analyses of the aluminium-

concrete composite beam 
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Table 4.10. Finite element analyses of the aluminium-concrete composite beam 

FEA FEs a Mesh size 
[mm] 

Concrete model b 
Connection 

model c 

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

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

20 I C 

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

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

20 II A 

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

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

20 II B 

4 
1: 3006 C3D8R; 2, 3, 5: 1794 S4R 

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

20 II C 

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

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

20 II D 

6 
1: 3006 C3D8R; 2, 3, 5: 1794 S4R 

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

20 III D 

7 
1: 852 C3D8R; 2, 3, 5: 878 S4R 

4: 462 T3D2; 6: 3990 C3D10, 6 C3D8R 
Total: 6188 

30 II D 

8 
1: 7878 C3D8R; 2, 3, 5: 3520 S4R 

4: 866 T3D2; 6: 3990 C3D10, 14 C3D8R  
Total: 16 268 

15 II D 

9 
1: 3006 C3D8; 2, 3, 5: 1794 S4R 

4: 664 T3D2; 6: 4085 C3D10 
Total: 9549 

20 II D 

10 
1: 3006 C3D8I; 2, 3, 5: 1794 S4R 

4: 664 T3D2; 6: 4085 C3D10 
Total: 9549 

20 II D 

a Finite elements used to model the: 1 – concrete slab, 2 – aluminium beam, 3 – steel plate, 4 – steel mesh,  
5 – profiled steel sheeting, 6 – connector 
b Concrete model: I – elastic (Ec = 37.3 GPa, ν = 0.2), II – CDP (viscosity wp = 0.00001), III – CDP (viscosity 
wp = 0.0001) 
c Connection model: A – tie function, B – shear force–slip curve for one connector from the laboratory tests 
(see F–s 1 in Fig. 4.25), C – shear force–slip curve for one connector from the theoretical analysis 
(k = 5.5 kN/mm and Pult = 43.4 kN) (see F–s 5 in Fig. 4.25), D – shear force–slip curve for one connector 
from the theoretical analysis (k = 12.5 kN/mm and Pult = 43.4 kN) (see F–s 6 in Fig. 4.25) 

 
The concrete slabs were modelled with C3D8R elements (8-node linear brick elements 

with reduced integration and hourglass control) (FEA 1–8), C3D8 elements (8-node linear 
brick elements) (FEA 9) or C3D8I elements (incompatible mode 8-node linear brick 
elements) (FEA 10). The shear connectors were modelled with C3D8R elements and C3D10 
elements (10-node quadratic tetrahedron elements). The reinforcing mesh was modelled with 
T3D2 elements (2-node linear 3D truss elements). Several researchers used these elements for 
modelling reinforcement bars, e.g. Ciesielczyk, Szumigała and Ścigałło (2016) and Jankowiak 
and Madaj (2017). The aluminium beam, the steel plate and the profiled steel sheeting were 
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modelled with S4R elements (4-node shell elements with reduced integration). These shell 
elements were also used by Ciesielczyk and Studziński (2017) to model thin-walled Z-beams 
and steel facings of a sandwich panel. 

Depending on the FEA, the size of the mesh was 15, 20, 30 mm and the total number of all 
elements was 6188, 9464, 9549 and 16 268 (see Fig. 4.26).  

 

 
Figure 4.26. The mesh used in the numerical calculations: a) ¼ of the model,  

b) aluminium beam with steel meshes and connectors, c) connector, d) profiled steel sheeting 
(Polus and Szumigała 2019a)  

 
The surface-to-surface “hard” contact and the friction (µ = 0.3) were defined between the 

flange of the aluminium beam and the edge of the concrete slab. The same value of the 
friction coefficient between a steel flange and a concrete slab was used by Guezouli and 
Lachal (2012). The perfect bond was assumed to exist between the concrete and the 
reinforcement. The reinforcing steel meshes were embedded in the concrete slab.  

The analysis was divided into three steps. In step one, the concrete slab was cooled down 
(∆T = –23.4 K) to take into account the shrinkage of concrete, which, along with the ratio of 
girder stiffness to concrete deck stiffness, the strength of concrete and the diameter of the 
shear connector, have influence on the adhesion of a concrete slab to a metal girder (Furtak 
2015). Adhesion has a strong impact on the load bearing capacity of the flexible connection. 
What is more, shrinkage has an impact on the ultimate load capacity and serviceability limit 
states of structural elements (Flaga 2015). The total shrinkage strain was the sum of drying 
shrinkage strain (0.140‰) and autogenous shrinkage strain (0.094‰) according to (Puchalska 
and Kuczma 2017) and the Eurocode 2 (European Committee for Standardization 2004). 
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Drying shrinkage is the result of the loss of capillary water from the hardened cement mixture 
(Raczkiewicz 2012). Autogenous shrinkage is the result of the uniform reduction of internal 
moisture due to cement hydration (Jianxia 2012). The relationship between temperature, the 
linear coefficient of thermal expansion (10·10-6 1/K) and strain was taken into account. In step 
two, the dead load of the aluminium-concrete composite beam was applied. In step three, the 
load was applied in the form of displacement. 

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

The behaviour of concrete was described using a concrete damaged plasticity model. The 
same concrete was used for the cylinders and the aluminium-concrete composite beams. 
Therefore, the parameters of the concrete used in the finite element modelling of the 
aluminium-concrete composite beam were the same as the parameters of the concrete used in 
the finite element modelling of the concrete cylinder subjected to compression (see Section 4.4). 



Chapter 5 
 

 

Results and discussions 
 

 
This chapter presents the main outcomes of the analyses described in (Polus and Szumigała 
2017a) (Polus and Szumigała 2019a) (Polus and Szumigała 2019c).  
 

Measurement uncertainty was calculated for each test using a statistical method called 
Method A (Słowik and Bartkowiak 2016) and the results were presented with a confidence 
interval. According to Słowik and Bartkowiak (2015), in each test the sample size ns was very 
small (ns ≤ 10) or small (10 < ns ≤ 30). For this reason, the author of this dissertation assumed 
that the random variable in each test had the Student t-distribution with (ns – 1) degrees of 
freedom (Ramachandran and Tsokos 2015). The arithmetic means, the standard deviations, 
and the 95% confidence interval for the population mean were calculated. The 95% 
confidence interval for the population mean µs was calculated as (Zieliński 1972):  
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where: 
�̅ – sample mean 
sd – standard deviation 
ts – value from t table 
ns – sample size. 
 
5.1. Properties of the materials 
 
The mechanical properties of the metals were obtained from the uniaxial tensile tests and are 
presented in Table 5.1.  

Figure 5.1 demonstrates the types of fractures which were observed in the metal 
specimens. In the first, third and fourth groups of tests, ductile cup and cone fractures 
occurred, while in the second group of tests, shear fractures were observed. In the case of cup 
and cone fracture, the outer regions of a specimen fail in shear, while the interior regions fail 
in tension (Roylance 2001). 
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Table 5.1. Metal specimens, measured mean values (Polus and Szumigała 2019a) 

No. Material Specimens 
fy 

[MPa] 
Rm 

[MPa] 
E 

[GPa] 

1 
4 specimens of  
AW-6060 T6 

aluminium alloy 

 

153.26  
± 9.31 
6.07% c 

5.85 a 

207.68  
± 10.55 
5.08% c 

6.63 a 

62.87  
± 7.14 

11.36% c 

4.49 a 

2 
6 specimens of 
S320GD grade 

steel 

 

350.43 
 ± 3.44 
0.98% e 
3.28 a 

374.42  
± 0.96 
0.26% e 
0.91 a 

193.59  
± 12.4 
6.40% e 
11.80 a 

3 
5 specimens of 

S235JRG2 grade 
steel  

562.11 
± 7.39 
1.31% d 
5.95 a 

689.88 
± 14.95 
2.17% d 
12.04 a 

207.28 
± 2.38 
1.15% d 
1.92 a 

4 
3 specimens of 

S235J2 grade steel 
 

422.3 
± 9.40 
2.23% b 
3.79 a 

557.2 
± 4.72 
0.85% b 
1.90 a 

206.50 
± 19.43 
9.41% b 
7.82 a 

a Sample standard deviation 
b Measurement errors were calculated according to Student’s t-distribution using 2 degrees 
of freedom and a confidence level of 0.95. 
c Measurement errors were calculated according to Student’s t-distribution using 3 degrees 
of freedom and a confidence level of 0.95. 
d Measurement errors were calculated according to Student’s t-distribution using 4 degrees 
of freedom and a confidence level of 0.95. 
e Measurement errors were calculated according to Student’s t-distribution using 5 degrees 
of freedom and a confidence level of 0.95. 
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a) 

 

b) 

 
c)  

 

d) 

 
Figure 5.1. Types of fractures observed in the metal specimens: a) ductile cup and cone 

fracture in the AW-6060 T6 aluminium alloy specimen, b) shear fracture in the S320GD steel 
specimens, c) ductile cup and cone fracture in the S235JRG2 steel specimen, d) ductile cup 

and cone fracture in the S235J2 steel specimen 
 

Additional tensile tests of the AW-6060 T6 aluminium alloy were conducted by 
(Chybiński et al. 2019). It was found that the strain rate sensitivity of the alloy was low at 
room temperature. The size of the sample did not impact the tensile strength when the flat 
samples were proportional and prepared in accordance with the EN ISO 6892-1 standard 
(European Committee for Standardization 2016). 

The mechanical properties of the concrete were determined in compressive and splitting 
tests. The results of said tests are shown in Table 5.2. The types of failure of the concrete 
specimens are presented in Fig. 5.2. The failure of concrete cubes may be explosive or non-
explosive (Neville and Brooks 2010) (Subramanian 2013). Some authors also distinguish 
a third type – semi-explosive failure of concrete cubes (Hamad 2017). In the compressive 
tests, the non-explosive failure of concrete cubes was observed. In the splitting tests, the 
concrete cylinders were split into two parts. During the compressive tests the cone failure of 
the concrete cylinders was observed. 
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Table 5.2. Set of concrete specimens, measured mean values (Polus and Szumigała 2019a)  

No. Specimens  
Quantity/ 

age 
fc,cube 

[MPa] 
fc 

[MPa] 
ν 
[-] 

Ec,0 

[GPa] 
Ec,s 

[GPa] 
fct 

[MPa] 
 

Concrete from the shear connection tests 
 

1 

 

4 
 
28 days 

34.33 
± 2.65 
7.71% c 

1.66 a 

– – – – – 

2 

 

12  
 

70 days 

43.46 
± 2.09 
4.81% f 

2.69 a 

– – – – – 

 
Concrete from the bending tests 

 

3 

 

4 
 

28 days 

56.63 
± 2.12 
3.74% c 

1.33 a 

– – – – – 

4 

 

8 
 

196 days 

65.71 
± 1.67 
2.54% e 

2.00 a 

– – – – – 

5 

 

3 
 

269 days 
– – – – – 

4.61 
± 0.75 

16.19% b 

0.30 a 

6 

 

5 
 

274 days 
– 

61.82 
± 3.85 
6.22% d 

3.10 a 

– – – – 

7 

 

4 
 

314 days 
 

– – 

0.19 
±0.03 

15.24% c 

0.02 a 

33.51 
± 1.53 
4.58% c 

0.96 a 

37.33 
± 1.44 
3.86% c 

0.91 a 

– 

a Sample standard deviation 
b Measurement errors were calculated according to Student’s t-distribution using 2 degrees of freedom  
 and a confidence level of 0.95. 
c Measurement errors were calculated according to Student’s t-distribution using 3 degrees of freedom  
 and a confidence level of 0.95. 
d Measurement errors were calculated according to Student’s t-distribution using 4 degrees of freedom  
 and a confidence level of 0.95. 
e Measurement errors were calculated according to Student’s t-distribution using 7 degrees of freedom  
 and a confidence level of 0.95. 
f Measurement errors were calculated according to Student’s t-distribution using 11 degrees of freedom  
 and a confidence level of 0.95. 
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a) 

 

b) 

 
c)  

 

d) 

 
Figure 5.2. Types of failure of the concrete specimens: a) non-explosive failure of the cube 

made of concrete from the shear connection tests b) non-explosive failure of the cube made of 
concrete from the bending tests c) concrete cylinder split 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 specimens are presented in Figs. 5.3–5.6. Each curve 
represents the mean value of the slip measured by two LVDTs. The curves reflect the 
behaviour of the specimens when the cyclical load and the failure load were applied. The 
dotted lines illustrate performance of the connections for the slip moduli k0.4 and k0.6. The slip 
modulus k0.4 is calculated as the secant value at 40% of the load-carrying capacity of the 
connection and is suggested for serviceability limit state calculations (Łukaszewska, Johnsson 
and Fragiacomo 2008). The slip modulus k0.6 is calculated as the secant value at 60% of the 
load-carrying capacity of the connection and is suggested for the ultimate limit state 
calculations (Ceccotti, Fragiacomo and Giordano 2007) (Szumigała M., Szumigała E. and 
Polus 2018).  
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Figure 5.3. The shear force–slip curve for specimen 1 
 

 

Figure 5.4. The shear force–slip curve for specimen 2 

The shape of the shear force–slip curves obtained from the tests is not as regular as the 
one shown in Fig. B.2 of the EN 1994-1-1 standard (European Committee for 
Standardization 2004). For each specimen the shear force–slip relationship was linear 
elastic up to the first crack. Beyond this point, the curves were bumpy. During the tests, 
premature concrete-related failure modes occurred and they had a negative impact on the 
margin of scatter of test results and on the maximum shear force. 
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Figure 5.5. The shear force–slip curve for specimen 3 
 

 

Figure 5.6. The shear force–slip curve for specimen 4 
 

Figure 5.7. presents the shear force–slip curves for the specimens 1–3 and the mean shear 
force–slip curve for the analysed connection. 
 
 



Chapter 5. RESULTS AND DISCUSSIONS 

88 
 

 

Figure 5.7. The shear force–slip curves for specimens 1–3 and the mean shear force–slip 
curve for the analysed connection (Polus and Szumigała 2016) 

For each specimen, a sharp fall of the load-slip curve at the peak load was recorded (see 
Figs. 5.3–5.7). The sudden drop from the peak load was also observed by Etim et al. (2020) in 
the push-out tests with 19 mm bolts used as shear connectors. However, the cause of the sharp 
fall observed by Etim et al. (2020) was different than in the tests presented in this dissertation. 
In the test conducted by Etim et al. (2020), the sudden fall from the peak load resulted from 
the bearing failure. In the push-out tests presented in this dissertation, cracks in the concrete 
slabs were observed (see Figs. 5.8 and 5.9). The first premature cracks were the result of 
tension in the concrete slab. They appeared in the ribless section of the slab, where the 
stiffness of the slab was the lowest. This type of failure is known as the back-breaking failure 
(Hicks 2008). The aforesaid tension occurred in the concrete slab because the slab was not 
thick enough and it bent towards the aluminium beam. Each crack caused the decrease of the 
load. Afterward, rib-shearing caused by a longitudinal force appeared in the concrete ribs. The 
rib-shear failures also caused the decrease of the load. The connectors were bent, but they 
were not cut off. The failure mode of the connections was associated with the concrete 
cracking and the formation of a plastic hinge within the connector. Mirza, Uy and Krezo 
(2008, 2009 & 2011) also observed concrete damage in the thin layer of the concrete slab (the 
ribless section of the concrete slab). They conducted push-out tests of 19 mm headed stud 
shear connectors used in solid slabs or slabs with profiled steel sheeting. For the slab with 
profiled steel sheeting, the failure mode was concrete failure, and for the solid slab, the failure 
mode was stud fracture (the shear connectors were sheared off). According to Mirza and Uy 
(2009), the back-breaking failure was not the primary cause of the sample damage. The 
authors suggested that this type of failure had been exacerbated by the concrete tensile and 
compression failure in the specimen, which had then given rise to large deformations and the 
bending failure of the slab. 
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a) 

 

b) 

 
c) 

 

d) 

 
Figure 5.8. Failure modes of specimens 1–3: a) the profiled sheeting separated from the 

concrete slab, cracks in the concrete slabs caused by tension, rib-shear failure in specimen 1; 
b) the profiled sheeting separated from the concrete slab, a crack in the concrete slab caused 
by tension in specimen 2; c) cracks in the concrete slabs caused by tension in specimen 3; 

d) the profiled sheeting separated from the concrete slab, cracks in the concrete slabs caused 
by tension, rib-shear failure in specimen 3 at the end of the test 
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a) 

 

b) 

 
Figure 5.9. Failure modes of specimen 4: a) rib-shear failure; b) the profiled sheeting 

separated from the concrete slab, cracks in the concrete slabs caused by tension, rib-shear 
failure at the end of the test 

 
The cracks caused by tension might have been prevented by using thicker slabs and two 

reinforcing meshes in both concrete slabs. If the tension-induced cracks had not occurred, the 
maximum shear force of the tested specimens could have been higher. The reason why thicker 
slabs with two reinforcing meshes were not used in the shear connection tests was that the 
author of this dissertation was trying to reflect the behaviour of the connections in the 
aluminium-concrete composite beams with profiled steel sheeting. The author used the same 
thickness of concrete slabs in the shear connection tests as in the bending tests. What is more, 
only one reinforcing mesh was used in each concrete slab, which is usually the case in steel-
concrete composite beams. Kim, Wrigth and Cairns (2001) also used one reinforced mesh 
placed on top of the profiled sheeting in the push-out tests. However, the push out test is 
mainly suitable for solid slabs and connectors small enough for shank failure to occur. The 
test is not comprehensive, especially when profiled sheeting is used (Johnson 2012). It is 
difficult to prepare a correct model in which the strength is the result of the shearing of the 
steel connector. What is more, the stress state in the connector is impossible to determine in 
the traditional push-out test. For this reason, new tests of shear connectors or improved 
standard push tests are proposed. A new shear test was presented by Lorenc et al. (2010). It 
can be used to determine stresses in a steel connector under conditions similar to those 
occurring in a composite beam subjected to the positive bending moment, where the metal 
beam is under tension and the concrete slab is under compression. A tension tie may be used 
between concrete slabs as a modification of the standard test (Roik and Hanswille 1987) 
(Smith and Couchman 2010). An improved standard push test was presented by Smith and 
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Couchman (2010), and Hicks and Smith (2014). Horizontal jacks which applied lateral load to 
the push-out specimen were added to more accurately reflect the conditions that exist in 
a composite beam subjected to bending. Thanks to the horizontal jacks, compression force 
occurs at the interface between the flange of the steel beam and the concrete slab, which 
represents the floor loading in real composite beams. 

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

 
Table 5.3. The load-carrying capacity of the shear connector used in aluminium-

concrete composite joints 
Parameters  Value 
Shank diameter d [mm] 
Partial factor γv [–] 
Reduction factor kt [–] 
Coefficient α [–] 
Cylindrical compressive strength fc [MPa] 
Mean secant modulus of concrete Ecm [GPa] 
Coefficient β [–] 
Ultimate strength of the steel  
used in the shear connector fu [MPa] 
Cross-sectional area of the shear connector Asc [cm2] 
Coefficient αv [–] 
Gross cross-section area of the connector A [cm2] 
Partial factor γM2 [–] 
Coefficient αb [–] 
Coefficient k1 [–] 
Ultimate strength of the steel  
used in the shear connector fuf [MPa] 
Load-carrying capacity from Eq. (3.6) Pult [kN] 

16.0 
1.0 
0.52 
1.0 
30.0 
32.0 
0.74 
 
557.2 
2.0 
0.6 
2.0 
1.0 
1.0 
1.4 
 
207.7 
min(46.4, 28.0, 66.9, 46.5) = 28.0  

 
The maximum shear force (per one connector) with the corresponding slip, and the secant 

slip moduli k0.4, k0.6 and k0.8 obtained in the laboratory tests and calculated in the theoretical 
analysis are reported in Table 5.4. It is worth nothing that the maximum shear force, the slip 
capacity and the stiffness of the specimens from the tests might be undervalued, because of 
the problem of concrete slab bending and premature cracks. The stiffness per one 16 mm 
shear connector (k0.4 = 5.9 ± 1.8 kN/mm) from the presented tests was 2.3 times lower than the 
stiffness per one 16 mm bolt (13.8 kN/mm) from the test conducted by Etim et al. (2020). The 
stiffness of the connection (k0.4 = 5.9 ± 1.8 kN/mm) obtained in the tests presented in this 
dissertation was similar to the stiffness of the connection (k0.4 = 5.8 kN/mm) for the timber-
concrete composite beams tested by Szumigała M., Szumigała E. and Polus (2018), and Polus 
and Szumigała (2014d). The stiffness of one 16 mm shear connector (k0.4 = 5.9 ± 1.8 kN/mm) 
was low when compared with the stiffness of one 19 mm shear connector (100.0 kN/mm) 
recommended by the European Convention for Constructional Steelwork (1999). 

The stiffness of specimen 4 (k0.4 = 3.6 kN/mm) was 1.64 times lower than the mean 
stiffness of specimens 1–3 (k0.4 = 5.9 kN/mm). A rubber element between the aluminium 
beam and the profiled sheeting had a negative impact on the connection stiffness. 
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Table 5.4. The maximum shear force with the corresponding slip, and the secant slip moduli 
(per one connector), the characteristic resistance, the slip capacity of the connector and the 

ductility of the connection 

 
Specimen Mean (M) 

1–3 
 T e T/M 

4  1 2  3 

Secant slip 
modulus k0.4 

[kN/mm] 
3.6 5.3 5.7 6.7 

5.9 ± 1.8 
(31.1%) b 

0.74 a 

5.5 c 
12.5 d 

0.93 c 
2.12 d 

Secant slip 
modulus k0.6 

[kN/mm] 
4.7 6.4 6.3 7.9 

6.9 ± 2.2 
(31.5%) b 

0.91 a 

0.80 c 
1.81 d 

Secant slip 
modulus k0.8 

[kN/mm] 
4.8 6.1 6.9 8.2 

7.1 ± 2.6 
(37.3%) b 

1.06 a 

0.77 c 
1.76 d 

Maximum 
shear force 
Fmax [kN] 

18.5 22.6 23.3 20.7 
22.2 ± 3.3 
(20.9%) b 

1.35 a 

28.0 
(γv = 1.0) 

22.4 
(γv = 1.25) 

1.26 
(γv = 1.0) 

1.01 
 (γv = 1.25) 

Corresponding 
slip sFmax 

[mm] 
3.8 3.7 3.4 5.1 

4.1 ± 2.3 
(55.4%) b 

0.91 a 

5.1 
(γv = 1.0) 

4.1 
(γv = 1.25) 

1.24 
(γv = 1.0) 

1.00 
(γv = 1.25) 

Characteristic 
resistance  

PRk 
[kN] 

0.9 × 18.5 
= 16.7 

0.9 × 20.7 = 18.6 
from Eq. (4.1) 

– 
28.0 

from Eq. 
(3.6) 

0.66 

Slip capacity  
δu 

[mm] 
3.8 4.0 3.5 5.1 

4.2 ± 2.0 
(48.4%) b 

0.82 a 
– – 

Ductility 
according to 
(Deam et al. 

2008)  

Brittle Brittle Brittle Brittle – – – 

Ductility 
according to 

(Johnson 
2012) 

Brittle Brittle Brittle Brittle – – – 

a Sample standard deviation 
b Measurement errors were calculated according to Student’s t-distribution using 2 degrees of 
freedom and a confidence level of 0.95. 
c For a shank diameter of the connector equal to 16 mm 
d For a mean diameter of the connector taking into account its head, shank, flange (nut) and weld 
e Theoretical 
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The failure mode of the specimens was brittle because the slip capacity was below 6 mm 
and the premature cracks and longitudinal cracks caused the decrease of the load in the shear 
force–slip curves. Brittle failure was also observed by Pavlović et al. (2013a) in their push-out 
tests. They used M16 bolts with embedded nuts as shear connectors in concrete slabs. 

The bolted connections tested by Pavlović et al. (2013a) could not be classified as ductile 
because the characteristic ultimate slip was lower than 6 mm, just like in the tests presented in 
this dissertation. Hicks and Smith (2014) compared the slip in the composite beam with the 
slip of the companion push-out tests. The slip capacity investigated in the push-out tests was 
lower than 6 mm and it suggested that the connectors were not ductile. However, the slips 
measured in the beam were well over the levels achieved in the push-out tests. Hicks and 
Smith (2014) demonstrated that the brittle behaviour of the push-out specimen was a result of 
a deficiency in the standard specimen rather than the shear connection. The improved 
standard push test presented by Hicks and Smith (2014) may eliminate the problem of the 
concrete slab bending thanks to the compression force at the interface between the flange of 
the metal beam and the concrete slab, which presses both elements together. 

The mean shear force–slip curve for specimens 1–3 was compared with the shear force–
slip curve from the theoretical model of the connection (see Fig. 5.10).  

 

 
Figure 5.10. The shear force–slip curve for one connector from the laboratory tests and the 

theoretical analysis 

The theoretical stiffness of the connector (5.5 kN/mm) was 1.07 times lower than the mean 
stiffness of the specimens 1–3 (k0.4 = 5.9 ± 1.8 kN/mm), and it was calculated for the 16 mm 
connector. However, the connector consisted of a head, a shank, a flange (nut) and a weld, 
which all had different diameters. To take this fact into account, a mean diameter (19.7 mm) 
of the connector was determined using the Autodesk Robot Structural Analysis program and 
the beam model presented in Fig. 3.2. Two cantilever beams subjected to a uniform load were 
modelled in the program. The first beam had a constant cross-section with the mean diameter. 
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The second beam had a variable cross-section, to take into account the specific parts of the 
connector. The deflections at beam ends were equal. The theoretical stiffness of the connector 
with the mean diameter (12.5 kN/mm) was 2.11 times higher than the mean stiffness of the 
specimens 1–3 (5.9 kN/mm). The slip modulus k = 12.5 kN/mm was 1.76 times higher than 
the slip modulus k0.8 from the laboratory tests (k0.8 = 7.1 ± 2.6 kN/mm).  

The model presented in Fig 3.2. takes into account the diameter of the connector. However, 
the stiffness of a connection in a composite beam also depends on the moment of tightening 
torque, the concrete in the slab, and the clearance hole. The clearance between the bolt and the 
hole made it easier to install demountable shear connectors through the holes in the 
aluminium beam flange. However, it had a negative impact on the stiffness of the connection. 
Clearances often appear at structure joints as a result of cyclic loading or manufacturing 
tolerances and they influence the structural response (Rzeszut and Garstecki 2011). 

The pre-tensioning of shear connectors may increase the initial stiffness of a connections. 
Kozma et al. (2019) recorded that pre-tensioned demountable shear connectors, which were 
the object of their studies, had the initial stiffness equal to 250 kN/mm. When the friction 
resistance was overcome, the stiffness decreased to 15 kN/mm. 

The maximum shear force from the theoretical analysis was 1.26 times (28.0 kN, γv = 1.0) 
and 1.01 times (22.4 kN, γv = 1.25) higher than the mean maximum shear force for specimens 
1–3 (22.2 ± 3.3 kN). The maximum shear force obtained in the theoretical analysis was higher 
than the mean maximum shear force obtained from the tests. The author of this dissertation 
emphasises the fact that the premature cracks appeared during the tests and decreased the 
maximum load. Ernst et al. (2007) suggested that the reduction factor kt does not provide 
reliable connector resistance for open trough profiled steel sheeting and by using it one may 
overestimate the connector resistance. 

After the tests, the two specimens were disassembled (see Fig. 5.11). The author of this 
dissertation observed:  

� a plastic hinge formed within each connector (see Figs. 5.11a and 5.11e),  
� the local yielding of the aluminium flange near the holes where the connectors had been 

placed (see Fig. 5.11b),  
� cracks in the concrete rib near the shear connectors (see Fig. 5.11c),  
� the local yielding of the profiled steel sheeting near the holes where the connectors had 

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

The rubber elements used in specimen 4 were sheared (see Fig. 5.11f). 
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a) 

 

b) 

 
c) 

 

d) 

 
e) 

 

f) 
 

 

Figure 5.11. Specimens after the disassembly: a) bent connectors from one of the specimens 
1–3; b) local yielding of the aluminium flat near the holes, c) cracks in the concrete rib near 
the shear connectors, d) local yielding of the profiled steel sheeting near the holes, caused by 

the contact between the aluminium beam and the profiled steel sheeting, e) connector 
embedded in concrete, f) bent connectors from specimen 4 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 composite beams during the tests is described 
below. Small gaps (< 1 mm) were observed between the profiled sheeting and the concrete 
slab for the load equal to 30% of the ultimate test load (see Figs. 5.12a and 5.12b).  

 
a) 

 

b) 

 

c)  

 

d) 

 
e) 

 

f) 

 
Figure 5.12. Beam 1: a) gap 1 between the profiled sheeting and the concrete slab  

at a load equal to 75.0 kN; b) gaps 10 and 11 between the profiled sheeting and the concrete 
slab at a load equal to 100.0 kN; c) horizontal crack 15 near the support at a load equal to 
120.0 kN; d) crack 18 at a load equal to 135.0 kN; e) cracks 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-tapping screws, and they did not prevent the 

separation of the sheeting from the concrete slab. What is more, the adhesion between the 
profiled steel sheeting and the concrete was insufficient to transfer forces, which is often the 
case in smooth profile steel sheeting (Niedośpiał, Grzeszykowski and Szmigiera 2018). 
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If profiled sheeting with embossments had been used the separation could have been 
reduced (Kim, Wrigth and Cairns 2001) (Rackham, Couchman and Hicks 2009). When the 
load reached 47–69% (depending on the beam), a horizontal crack appeared in the concrete 
slab near the support of the beam (see Fig. 5.12c). It was a back-breaking failure (Hicks 
2008). The width and the length of the crack continuously increased during the test. The first 
longitudinal crack appeared for the load equal to 81–94% of the ultimate test load. It formed 
between the profiled sheeting and the concrete ribs near one of the two supports. When the 
crack appeared, the load decreased rapidly by 5.2–18.7 kN (depending on the beam). Shortly 
afterwards, the load started to rise and the width and length of the longitudinal crack were 
continuously increasing. The longitudinal crack was caused by the longitudinal shear force. 
At the ultimate load, the profiled sheeting was detached from the concrete and the ribs were 
sheared in the shear span (see Figs. 5.12e and 5.12f). 

Figure 5.13 presents beams 1–4 at failure load. 
 

a) 

 
b)  

 
c) 

 
d) 

 
Figure 5.13. Beams at failure load: a) beam 1, b) beam 2, c) beam 3, d) beam 4 
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The values of the crack width did not exceed the limiting value (0.3 mm) given in EN 
1992-1-1 (European Committee for Standardization 2004) until the ultimate load was applied 
(see Appendix 2). The cracking pattern in beam 1 is presented in Figure 5.14 (in beams 2–4 in 
Appendix 3). 
 
a) 

 
b)  

 
c) 

 
Figure 5.14. The cracking pattern in beam 1: a) at a load 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 for beams 1–4 are presented  
in Figs. 5.15 and 5.16.  

 

 
Figure 5.15. The moment–deflection curves for beams 1–4 

 

 
Figure 5.16. The moment–end slip curves for beams 1–4 

The test results were summarised in Table 5.5. 
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Table 5.5. Measured results from the laboratory tests 
Result Beam 1 Beam 2 Beam 3 Beam 4 Mean 

Mo [kN·m] 52.6 54.7 53.8 53.9 
53.8 ± 1.38 

2.56% b 
0.87 a 

Mcrack [kN·m] 62.0 67.9 68.6 59.6 
64.5 ± 7.03 
10.90% b 

4.42 a 

Mult [kN·m] 71.3 70.6 73.6 73.4 
72.2 ± 2.39 

3.31% b 
1.50 a 

δo [mm] 19.4 17.9 18.5 19.3 
18.8 ± 1.13 

6.01% b 
0.71 a 

δcrack [mm] 25.0 26.8 26.3 23.2 
25.3 ± 2.56 
10.10% b 

1.61 a 

δult [mm] 41.4 39.2 36.8 52.9 
42.6 ± 11.35 

26.66% b 
7.14 a 

Mult/Mo 1.36 1.29 1.37 1.36 
1.35 ± 0.06 

4.37%b 
0.04a 

Mult/Mcrack 1.15 1.04 1.07 1.23 
1.12 ± 0.14 
12.10% b 

0.09 a 

δult/δ0 2.13 2.19 1.99 2.74 
2.26 ± 0.52 
23.15% b 

0.33 a 
a Sample standard deviation,  
b Measurement errors were calculated according to Student’s t-distribution using 3 degrees 
of freedom and a confidence level of 0.95, 
Mo – measured mid-span moment corresponding to the first yielding of the aluminium 
beam, Mcrack – measured mid-span moment corresponding to the first cracking between the 
concrete slab and the profiled sheeting, Mult – measured mid-span ultimate strength of the 
composite section, δ0 – measured mid-span deflection corresponding to M0, 
δcrack – measured mid-span deflection corresponding to Mcrack, δult – measured mid-span 
deflection corresponding to Mult 

 
The end slip for beams 2–4 was measured only up to the moment when the first 

longitudinal crack appeared at one of the beam ends. The concrete damage occurred where the 
LVDTs used for end slip measurement in beams 2–4 were located. It distorted the values of 
the measured end slip for beams 2–4. Therefore, a full moment–end slip curve is presented for 
beam 1 only. A slip not exceeding 6 mm was recorded at the end of beam 1, which did not 
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meet the Eurocode 4 (European Committee for Standardization 2004) requirement of ductility 
for shear connectors. This requirement was not met in the shear connection tests either. The 
connections presented in this dissertation showed brittle behaviour, which was caused by the 
small width of the profiled steel sheeting rib. The rib-shear failure is a brittle mode of 
longitudinal shear failure. Longitudinal cracking may appear in composite beams with open 
trough profiled steel sheeting as well as in composite beams with re-entrant profiled steel 
sheeting (Nie, Cai and Wang 2005) (Kania 2008). Open trough profiled steel sheeting can 
significantly reduce the strength and ductility of the shear connection in composite beams 
(Ernst et al. 2007).  

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

Patrick (2000) reported that the brittle rib-shearing failure might also occur in composite 
beams similar to the ones tested in this dissertation, with a narrow concrete slab (< 450 mm) 
and shear connectors grouped together in narrow ribs. He also noted that waveform 
reinforcement made of welded-wire and laid directly on the profiled steel sheeting could 
prevent the rib-shear failure and improve the ductility of shear connections. 

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

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

Taken the above into consideration, the ductility of the connection analysed in this 
dissertation should be improved. The use of the profiled sheeting with wider ribs and of the 
waveform reinforcement suggested by Patrick (2004) to prevent the rib-shearing failure is 
recommended in the future.  

Figure 5.17 presents strain distribution measured along cross-section 3–3. Strain gauges 
were glued onto the upper surface of the concrete slab and onto the aluminium beam. Strain in 
the bottom part of the concrete slab was calculated with the assumption that the curvatures of 
the aluminium beam and the curvature of the concrete slab were the same. In Fig. 5.17 one 
can observe the slip between the concrete slab and the aluminium beam. Due to the slip, two 
neutral axes appeared. At the ultimate load, the beams reached a deflection level of about L/60 
(beams 1, 2 and 3) and about L/45 (beam 4). Once the load had been removed, the residual 
deflections exceeded 40 mm (beam 4). At the deflection level of L/250, the load reached 
about 45% of the ultimate load. The aluminium-concrete composite beams showed big 
deflections due to the low value of the Young's modulus of the aluminium.  
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Figure 5.17. Strain distribution (mean values) measured along cross-section 3–3 (Polus and 

Szumigała 2019a)  
 
Table 5.6. presents the calculation of the load-carrying capacity of the shear connector 

used in the aluminium-concrete composite beams. 
 

Table 5.6. The load-carrying capacity of the shear connector used in the aluminium-
concrete composite beams 

Parameters  Value 
Shank diameter d [mm] 
Partial factor γv [–] 
Reduction factor kt [–] 
Coefficient α [–] 
Cylindrical compressive strength fc [MPa] 
Mean secant modulus of concrete Ecm [GPa] 
Coefficient β [–] 
Ultimate strength of the steel  
used in the shear connector fu [MPa] 
Cross-sectional area of the shear connector Asc [cm2] 
Coefficient αv [–] 
Gross cross-section area of the connector A [cm2] 
Partial factor γM2 [–] 
Coefficient αb [–] 
Coefficient k1 [–] 
Ultimate strength of the steel  
used in the shear connector fuf [MPa] 
Load-carrying capacity from Eq. (3.6) Pult [kN] 

16.0 
1.0 
0.52 
1.0 
61.8 
37.3 
0.74 
 
557.2 
2.0 
0.6 
2.0 
1.0 
1.0 
1.4 
 
207.7 
min(46.4, 43.4, 66.9, 46.5) = 43.4  

 
The calculations of the elastic flexural capacity and the plastic flexural capacity of the 

aluminium-concrete composite beam with partial shear interaction are presented in Tables 5.7 
and 5.8. 
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Table 5.7. The calculation of the elastic flexural capacity of the aluminium-concrete 
composite beam with partial shear interaction 

Parameter                     Value 
Young’s modulus of aluminium Ea [kN/cm2]       6290 
Young’s modulus of concrete Ec [kN/cm2]        3730 
Modular ratio n [-]            1.69 
Cross section area of the aluminium beam Aa [cm2]        28.8 
Ideal cross section area of the concrete slab (hcbeff / n) Ac,i [cm2]    153.3 
Ideal cross-section area of the composite beam Ai [cm2]     182.1  
First moment of area of the aluminium beam (for the top fibre of the slab) Sa [cm3]  214.1 
First moment of area of the slab (for the top fibre of the slab) [cm3] Sc   536.6 
Position of the centroid axis x [cm]            4.1 
Second moment of area of the ideal cross-section Iy [cm4]              8388.6 
Section modulus of the ideal cross-section Wy [cm3]     374.5 
Elastic resistance to bending of the cross-section  
of the aluminium-concrete composite beam with full shear connection Mel [kN·m]   57.4 
Span length L [cm]                        270 
Depth of the entire section h [cm]                     26.5 
Thickness of the concrete slab hc [cm]           5.0 
Height of the profiled sheeting ep [cm]           5.5 
Moment of inertia of aluminium Ia [cm4]                  877.2 
Moment of inertia of the concrete slab section with the rib I1 [cm4]              6022.1 
Moment of inertia of the concrete slab section with the rib I2 [cm4]            1057.6 
Moment of inertia of concrete Ic [cm4]                1408.4 
Moment of inertia I0 [cm4]                  1712.4 
Area of the concrete section at the rib Ac1 [cm2]      462.5 
Area of the concrete section at the rib Ac2 [cm2]      259.0 
Equivalent concrete area Ac [cm2]                 298.71 
Distance between the top of the aluminium girder and its neutral axis y1 [cm]      7.0 
Dimension dc [cm]                       13.3 
Shear stiffness of the connector K [kN/cm]                    55.0 
Parameter A0 [cm2]                       24.8 
Parameter A1 [1/cm2]                 0.00359 
Longitudinal spacing of shear connectors p [cm]                   23.5 
Coefficient α1 [-]                 0.00778 
Coefficient β1 [-]                 0.02032 
Coefficient ηc [-]                         7.9 
Parameter for the slip effect ξs [-]                     0.66 
Stiffness of the transformed section of the composite beam (EI)e [kNcm2]  31 289 478.0 
Effective stiffness (EI)eff [kNcm2]       18 841 536.6 
Area of the top flange of the aluminium beam Aft [cm2]         9.0 
Area of the web of the aluminium beam Aw [cm2]                     9.6 
Coefficient ζ [-]            0.68 
Elastic flexural capacity  
of the aluminium-concrete composite beam with partial shear interaction My,Rk [kN·m]   39.0 
Deflection at a moment equal to My,Rk f(My,Rk) [cm]                     19.4 
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Table 5.8. The plastic flexural capacity of the aluminium-concrete composite beam 
with partial shear interaction 

Parameters  Value 
Load-carrying capacity of the shear connector Pult [kN] 
Number of connectors in the shear span nd [–] 
Cross section area of the aluminium beam Aa [cm2] 
Yield strength of aluminium fy [MPa] 
Width of the top flange bf [cm] 
Effective width of the composite slab beff [cm] 
Distance between the neutral axis of the aluminium beam and its top d1 [cm] 
Compression force of concrete equal to the shear force supplied by all the 
connectors Fc [kN] 
Cylinder compressive strength of concrete fc [MPa] 
Thickness of the concrete slab in a section with no rib hc [cm] 
Overall depth of the profiled steel sheeting hp [cm] 
Ultimate strength of the composite section Mult [kN·m] 

43.4 
8 
28.8 
153.3 
9.0 
37.0 
7.0 
 
347.0 
61.8 
7.0 
5.5 
75.5 

 
Table 5.9. compares the mid-span ultimate strength of the composite section obtained 

experimentally and theoretically.  
 

Table 5.9. Comparison 
 Mo [kN·m] Mult [kN·m] δo [mm] δult [mm] 

Laboratory tests 
(LT) 

 

53.8 c ± 1.38 
2.56% b 
0.87 a 

72.2 c ± 2.39 
3.31% b 
1.50 a 

18.8 c ± 1.13 
6.01% b 
0.71 a 

42.6 c ± 11.35 
26.66% b 

7.14 a 
Theoretical 
analysis (T) 

39.0 75.5 19.4 – 

T/LT 0.72 1.05 1.03 – 
a Sample standard deviation, 
b Measurement errors were calculated according to Student’s t-distribution using 3 degrees 
of freedom and a confidence level of 0.95, 
c Mean values from tests 1–4, 
Mo – mid-span moment corresponding to the first yielding of the aluminium beam,  
Mult – mid-span ultimate strength of the composite section, δ0 – mid-span deflection 
corresponding to M0, δult – mid-span deflection corresponding to Mult 

 
The theoretical elastic flexural capacity of the aluminium-concrete composite beam with 

partial shear interaction (39.0 kN·m) was 1.38 times lower than the mean elastic flexural 

capacity of beams 1–4 (53.8 ± 1.38 kN·m) when the theoretical shear stiffness of the 
connector (5.5 kN/mm) was taken into account. The theoretical ultimate strength of the 
composite section (75.5 kN·m) was 1.05 times higher than the mean ultimate strength of the 

composite section from the laboratory tests (72.2 ± 2.39 kN·m). The theoretical mid-span 
deflection corresponding to Mo (19.4 mm) was 1.03 times higher than the mean mid-span 
deflection corresponding to Mo from the laboratory tests (18.8 ± 1.13 mm). 
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5.4. The results of the finite element modelling of the concrete cylinder subjected to 
compression 
 
Figure 5.18 presents the non-linear stress–strain relationships obtained from the FE analyses 
for different mesh sizes. The numerical analyses were terminated by the author after the load 
peak. 
 

 
Figure 5.18. The non-linear stress–strain relationships for different mesh sizes (Polus and 

Szumigała 2019c) 
 

 
Figure 5.19. The non-linear stress–strain relationships for different finite elements (Polus and 

Szumigała 2019c) 
 

As evident from the figure above, the 40 mm mesh was too big for the analysed concrete 
cylinder and the stress–strain relationship from the FE analysis for this mesh size is different 
from the stress–strain relationships from other FE analyses. Up to the load peak, the stress–
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strain relationships from the FE analyses for the 5, 10 and 20 mm mesh sizes have the same 
shape.  

The non-linear stress–strain relationships from the FE analyses for different finite elements 
are presented in Figure 5.19. The stress–strain relationships from the FE analyses for the 
C3D8R, C3D8 and C3D8I elements have the same shapes up to the load peak.  

Figure 5.20 presents a comparison between the results of the laboratory tests and the 
numerical analysis (C3D8R, 10 mm). 
 

 
Figure 5.20. A comparison between the results of the non-linear stress–strain relationships 

obtained from the laboratory tests and the FE analysis (Polus and Szumigała 2019c) 
 
The stiffness of the numerical model of the cylinder was higher than the stiffness of the 

tested cylinders. The curves from the laboratory tests reflect the behaviour of the specimens 
when the cyclical load and then the failure load were applied. When the cyclical load was 
applied, the strain increased and the stiffness decreased. The failure mode from the FE 
analysis is presented in Fig. 5.21. The maximum principal plastic strains show the direction of 
the cracking (Genikomsou and Polak 2015). 

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

The actual behaviour of the concrete cylinder was compared with the behaviour of its 
numerical model. The adopted 3D model captured the response of the concrete cylinder 
subjected to compression relatively well. The model turned out to be insensitive to the type of 
finite element and the mesh size (5, 10, 20 mm) before failure.  
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Figure 5.21. The cracking pattern on the concrete cylinder: a) at the ultimate load, b) at the 

end of the FE analysis 
 
5.5. The results of the finite element modelling of the shear connection test 
 
The shear connection test was simulated in FE models using the Abaqus software. The 
influence of the connection model, the concrete model, the mesh size and the finite element 
type was investigated.  

At the outset, it is essential to discuss the chosen connection models. Four models of the 
shear connector were used. In FEA 1 and FEA 2 the first model of connection (F–s 1) was 
used, and the response of the connector was non-linear to reflect the average shear force-slip 
curve for the three specimens from the push-out tests.  

The results of FEA 1 and FEA 2 are consistent with the results of the push-out tests (see 
Fig. 5.22). 
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Figure 5.22. The shear force–slip curve for one connector based on the laboratory tests, the 

theoretical analyses and the FE analyses (FEA 1, FEA 2) 
 
The first model of the shear connector (F–s 1) was used in FEA 1 and FEA 2 and it 

accurately reflected the mean shear force–slip curve for one connector from the push-out 
tests. The elastic model of concrete was used in FEA 1 and the CDP model was used in 
FEA 2. There was no difference between these two analyses, because the model of the 
connection accurately reflected the average shear force-slip curve for the three specimens 
from the push-out tests. As a consequence, the model took into account the decrease in the 
stiffness and the load, which occurred when the concrete was cracking. The load peak 
occurred on the numerical shear force–slip curves because it was modelled using the 
connection model. For this reason, the simple elastic model of concrete was adequate for the 
finite element modelling of the shear connection test. However, the elastic model of concrete is 
too simple to reflect the behaviour of the aluminium-concrete composite beam (see Section 5.6). 

In FEA 3 and FEA 5 the second (F–s 2, γv = 1.25) and third models (F–s 3, γv = 1.0) were 
used, respectively. The response of the connector was elasto-plastic to reflect the theoretical 
model for the dowel-bolt connector presented in Section 3.1. The results of FEA 3 are 
consistent with the theoretical shear force–slip curve (γv = 1.25) and the results of FEA 5 are 
consistent with the theoretical shear force–slip curve (γv = 1.0) (see Fig. 5.23). The CDP 
model of concrete was used in both analyses. However, it did not have any impact on the 
load-slip curve, because the rate of weakening value was low (nw = 0.7) and because the load 
peak appeared on the numerical shear force–slip curves. The peak was modelled using the 
connection model. 
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Figure 5.23. The shear force–slip curve for one connector based on the laboratory tests, the 

theoretical analyses and the FE analyses (FEA 3, FEA 5) 
 

In FEA 7 the fourth model (F–s 4) of connection was used. The response of the connector 
was linear to only reflect the first branch of the shear force-slip curve for the dowel-bolt 
connector presented in Section 3.1. The results of FEA 7 are consistent with respect to the 
stiffness of the connector (see Fig. 5.24). The fourth model of the shear connector (F–s 4) did 
not accurately predict the maximum shear force for one connector. It was an elastic model and 
it only reflected the first (elastic) branch of the shear force–slip curve. The peak on the shear 
force–slip curve from FEA 7 occurred when the concrete was damaged.  

 

 
Figure 5.24. The shear force–slip curve for one connector based on the laboratory tests, the 

theoretical analyses and the FE analyses (FEA 2, FEA 3, FEA 5, FEA 7) 
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The implicit modelling of connectors works well. The FE models of the shear connection 
test strongly depended on the connection model. 

The numerically predicted failure mode was compared with the one observed in the 
laboratory tests. The failure mode was a combination of the rib-shear failure and the 
horizontal crack on the tensioned edges of the concrete slabs as observed experimentally and 
confirmed in the finite element analyses (see Figs. 5.25 and 5.26).  
 

 
Figure 5.25. The cracking pattern of the concrete slabs in the shear connection test at failure 
load (FEA 11) (Fmax = 23.1 kN/connector, sFmax = 4.9 mm): a) ¼ of the model, b) complete 

model, 1 – rib-shear failure 2 – crack on the tensioned surface 
 

 
Figure 5.26. The cracking pattern of the concrete slabs in the shear connection test at failure 
load (FEA 14) (Fmax = 19.3 kN/connector, sFmax = 4.3 mm): a) ¼ of the model, b) complete 

model, c) concrete slab, 1 – rib-shear failure 2 – crack on the tensioned surface 
 
The impact of the rate of weakening (nw) 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 one connector based on the laboratory tests, the 

theoretical analyses and the FE analyses (FEA 7–10) 
 
The maximum shear force was obtained for nw = 0.7 in FEA 7 and it was decreasing with 

the increase of parameter nw.  
The impact of the mesh size (10, 20, 30 mm) on the shear force–slip curve is shown in 

Fig. 5.28.  
 

 
Figure 5.28. The shear force–slip curve for one connector based on the laboratory tests, the 

theoretical analyses and the FE analyses (FEA 11, FEA 13, FEA 14) 
 

The maximum shear force was obtained for the mesh size 30 mm in FEA 13 and it was 
decreasing with the decrease of the mesh size.  

The impact of the finite element on the shear force–slip curve is presented in Fig. 5.29.  
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Figure 5.29. The shear force–slip curve for one connector based on the laboratory tests, the 

theoretical analyses and the FE analyses (FEA 11, FEA 15, FEA 16) 
 

The finite element used for concrete slab modelling had an impact on the maximum shear 
force (compare the results of FEA 11, FEA 15 and FEA 16). In FEA 5 the connector was 
modelled using different elements (C3D10) than in FEA 6 (C3D8R). However, it did not have 
any influence on the results. The results of FEA 5 and FEA 6 were the same.  

The impact of the friction on the shear force–slip curve is shown in Fig. 5.30. 
 

 
Figure 5.30. The shear force–slip curve for one connector based on the laboratory tests, the 

theoretical analyses and the FE analyses (FEA 10, FEA 11) 
 

The friction between the concrete slab and the aluminium 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 FEAs. It also compares the results obtained in the 
laboratory tests, the theoretical analysis and the numerical simulations.  

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

k0.4 and k0.6 (per one connector) 

 
Secant slip modulus 

k0.4 
[kN/mm] 

Secant slip modulus 
k0.6 

[kN/mm] 

Maximum shear 
force Fmax  

[kN] 

Corresponding slip 
sFmax  
[mm] 

Laboratory 
tests (LT) 

 

5.9 c ± 1.8 b (31.1%) b 
0.74 a 

6.9 c ± 2.2 b (31.5%) b 

0.91 a 
22.2c ± 3.3 b (20.9%) b 

1.35 a 
4.1 c ± 2.3 b (55.4%) b 

0.91 a 

Theoretical 
analysis (T) 

5.5 5.5 
28.0 (γv = 1.0) 
22.4 (γv = 1.25) 

5.1 (γv = 1.0) 
4.1 (γv = 1.25) 

FEA 1 
5.7 

0.97 d 
6.3 

0.91 d 
20.5 
0.92 d 

3.7 
0.90 d 

FEA 2 
5.7 

0.97 d 
6.3 

0.91 d 
20.5 
0.92 d 

3.7 
0.90 d 

FEA 3 
5.2 

0.88 d 
5.2 

0.75 d 
22.4 
1.01 d 

4.6 
1.12 d 

FEA 4 
5.3 

0.90 d 
5.3 

0.77 d 
22.4 
1.01 d 

4.6 
1.12 d 

FEA 5 
5.2 

0.88 d 
5.2 

0.75 d 
28.0 
1.26 d 

6.1 
1.49 d 

FEA 6 
5.2 

0.88 d 
5.2 

0.75 d 
28.0 
1.26 d 

6.4 
1.56 d 

FEA 7 
5.2 

0.88 d 
5.2 

0.75 d 
32.3 
1.45 d 

7.0 
1.71 d 

FEA 8 
5.2 

0.88 d 
5.2 

0.75 d 
27.0 
1.26 d 

5.8 
1.41 d 

FEA 9 
5.2 

0.88 d 
5.2 

0.75 d 
25.7 
1.16 d 

5.3 
1.29 d 

FEA 10 
5.2 

0.88 d 
5.2 

0.75 d 
25.1 
1.13 d 

5.2 
1.27 d 

FEA 11 
5.6 

0.95 d 
5.6 

0.81 d 
22.7 
1.03 d 

4.3 
1.05 d 

FEA 12 
5.5 

0.93 d 
5.6 

0.81 d 
25.1 
1.13 d 

4.9 
1.20 d 

FEA 13 
5.6 

0.95 d 
5.6 

0.81 d 
25.8 
1.16 d 

4.8 
1.17 d 

FEA 14 
5.7 

0.97 d 
5.6 

0.81 d 
19.1 
0.86 d 

3.8 
0.93 d 

FEA 15 
5.6 

0.95 d 
5.6 

0.81 d 
21.3 
0.96 d 

4.0 
0.98 d 

FEA 16 
5.6 

0.95 d 
5.6 

0.81 d 
18.7 
0.84 d 

3.6 
0.88 d 

a Sample standard deviation 
b Measurement errors were calculated according to Student’s t-distribution using 2 degrees of freedom and 
a confidence level of 0.95. 
c Mean values from tests 1–3 
d FEA\LT 
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5.6. The results of the finite element modelling of the bending test 
 
The bending tests conducted in the laboratory were used to validate the developed finite 
element model of the aluminium-concrete composite beam subjected to bending. The 
numerical results were compared to the bending test results in terms of strength, deflections, 
end slips and crack patterns. Furthermore, the numerical ultimate load was compared with the 
theoretical ultimate load of the aluminium-concrete composite beam with partial shear 
connection. What is more, the sensitivity of the numerical model to various parameters, such 
as the connection model, the concrete model, the mesh size and the finite element type, was 
discussed.  

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

In the laboratory tests, the post-peak load behaviour of the composite beams was also 
tracked, whereas the numerical analyses were terminated when the ultimate moment 
appeared, because of the problem with the cracking of concrete and with high non-linearity.  
 

 
Figure 5.31. The mid-span moment–deflection curve based on the laboratory tests and the 

FE analysis (FEA 5) 
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Figure 5.32. The mid-span moment–end slip curve based on the laboratory tests and the FE 

analysis (FEA 5) 
 
In Figs. 5.31 and 5.32, the dashed lines represented the theoretical ultimate load of the 

aluminium-concrete composite beam with full shear connection calculated by the sectional 
rigid plastic analysis, the theoretical ultimate load of the aluminium-concrete composite beam 
with partial shear connection, and the theoretical ultimate load of the non-composite beam 
based on the plastic moment capacity of the aluminium beam only, respectively. It can be 
observed that the ultimate load obtained in the laboratory test and the ultimate load obtained 
from the FE analysis are located between these lines. This indicates that the tested aluminium-
concrete composite beams had partial shear connections. It can also be seen that the 
theoretical model of the aluminium-concrete composite beam with partial shear connection 
overestimates the ultimate load of the aluminium-concrete composite beam with partial shear 
connection, but the difference is less than 5%. 

The slight discrepancy of the load–slip behaviour could be attributed to the asymmetric 
behaviour of the beam, such as the rib-shear failure suddenly appearing at one end of the 
beam. The distance between the mean value and the max/min test values is greater in the 
moment–slip curve than in the moment–deflection curve (compare error bars in Fig. 5.31 and 
Fig. 5.32). The big margin of scatter of test results for the slip may be connected with the 
form of failure – the longitudinal crack formed between the profiled sheeting and the concrete 
ribs close to one of the supports (depending on the beam it was close to the left or the right 
support). The slip was measured close to one of the supports only. The moment–slip curve 
from the FE analysis had a better correlation to the moment–slip curve from test 1 than to the 
moment–slip curve for the mean value from all the laboratory test.  

Table 5.11. summarises the results of the FEAs. It also shows a comparison between the 
mid-span ultimate strength of the composite section obtained experimentally, numerically and 
in the theoretical analysis.  
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Table 5.11. The results from the finite element analyses, the laboratory tests and the 
theoretical analysis 

 
Mo  

[kN·m] 

Mcrack  

[kN·m] 

Mult  

[kN·m] 
δo 

[mm] 
δcrack  
[mm] 

δult 
[mm] 

Laboratory  
tests (LT) 

53.8 c ± 1.38 
2.56% b 
0.87 a 

64.5 c ± 7.03 
10.90% b 

4.42 a 

72.2 c ± 2.39 
3.31% b 
1.50 a 

18.8 c ± 1.13 
6.01% b 
0.71 a 

25.3 c ± 2.56 
10.10% b 

1.61 a 

42.6 c ± 11.35 
26.66% b 

7.14 a 
Theoretical 

analysis 
39.0 – 75.5 19.4 – – 

FEA 1 
69.7 
1.30 d 

– 
238.2 
3.30 d 

17.9 
0.95 d 

– 
111.6 
2.62 d 

FEA 2 
59.0 
1.10 d 

59.8 
0.93 d 

84.7 
1.17 d 

10.8 
0.57 d 

10.9 
0.43 d 

23.9 
0.56 d 

FEA 3 
45.2 
0.84 d 

56.8 
0.88 d 

56.8 
0.79 d 

18.5 
0.98 d 

27.4 
1.08 d 

27.4 
0.64 d 

FEA 4 
42.9 
0.80 d 

58.2 
0.90 d 

58.2 
0.81 d 

18.9 
1.00 d 

31.1 
1.23 d 

31.1 
0.73 d 

FEA 5 
48.9 
0.91 d 

63.8 
0.99 d 

69.8 
0.97 d 

16.0 
0.85 d 

25.6 
1.01 d 

31.1 
0.73 d 

FEA 6 
48.9 
0.91 d 

65.4 
1.01 d 

85.2 
1.18 d 

16.0 
0.85 d 

25.9 
1.02 d 

61.5 
1.44 d 

FEA 7 
47.1 
0.88 d 

66.0 
1.02 d 

66.0 
0.91 d 

15.7 
0.84 d 

27.4 
1.08 d 

27.4 
0.64 d 

FEA 8 
47.3 
0.88 d 

64.3 
1.00 d 

64.3 
0.89 d 

15.8 
0.84 d 

26.3 
1.04 d 

26.3 
0.62 d 

FEA 9 
52.2 
0.97 d 

91.0 
1.41 d 

91.0 
1.26 d 

16.5 
0.88 d 

75.8 
3.00 d 

75.8 
1.78 d 

FEA 10 
48.1 
0.89 d 

52.2 
0.81 d 

52.2 
0.72 d 

15.9 
0.85 d 

17.5 
0.69 d 

17.5 
0.41 d 

Mo – mid-span moment corresponding to the first yielding of the aluminium beam 
Mcrack – measured mid-span moment corresponding to the first cracking between the concrete slab and the 
profiled sheeting 
Mult – mid-span ultimate strength of the composite section 
δ0 – mid-span deflection corresponding to M0 
δcrack – mid-span deflection corresponding to Mcrack 
δult – mid-span deflection corresponding to Mut

 

a Sample standard deviation 
b Measurement errors were calculated according to Student’s t-distribution using 3 degrees of freedom and 
a confidence level of 0.95. 
c Mean values from 1–4 tests 
d FEA\LT 

 
In FEA 5, the predicted mid-span moment corresponding to the first yielding of the 

aluminium beam for the aluminium-concrete composite beam was 48.9 kN·m, which is only 

9% lower than the mean value from the laboratory tests (53.8 ± 1.38 kN·m) (see Table 5.11). 
The predicted mid-span deflection at the mid-span moment corresponding to the first yielding 
of the aluminium beam for the aluminium-concrete composite beam was 16 mm, which is 
15% lower than the mean value from the laboratory tests (18.8 ± 1.13 mm). It can be seen that 
good agreement was achieved between the ultimate moment for the aluminium-concrete 
composite beam obtained in the laboratory tests and in the FEA 5. The predicted ultimate 
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moment for the aluminium-concrete composite beam was 69.8 kN·m, which is only 1% lower 

than the mean value from the laboratory tests (72.2 kN·m). The predicted mid-span deflection 
at the maximum moment for the aluminium-concrete composite beam was 31.1 mm, which is 
27% lower than the mean value from the laboratory tests (42.6 ± 11.35 mm).  

The failure mode predicted numerically was compared with that observed in the laboratory 
tests. It was a combination of the rib shear failure and the horizontal crack near the support as 
observed experimentally and confirmed in the finite element analyses (see Figs. 5.33 and 
5.34). The results of the numerical analyses are presented as coloured maps of the concrete 
tension damage parameter (Dt) in Figs. 5.33 and 5.34. The value of the tension damage 
parameter equal to 1 signifies the damage of the finite element, while 0 means that the finite 
element is in virgin state (Szczecina and Winnincki 2015).  

 

 
Figure 5.33. The cracking pattern for the aluminium-concrete beam (FEA 5, 

Mult = 69.8 kN·m): a) complete model (1 – rib-shear failure, 2 – horizontal crack near the 
support); b) ¼ of the model 

 

 
Figure 5.34. The cracking pattern for the aluminium-concrete beam (FEA 8, 

Mult = 64.3 kN·m): a) complete model (1 – rib-shear failure, 2 – horizontal crack near the 
support); b) ¼ of the model; c) concrete slab 
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It is shown that the finite element model successfully predicted the ultimate moment, the 
stiffness and the failure mode of the aluminium-concrete composite beam. The finite element 
model is reliable and can accurately capture the behaviour of the aluminium-concrete 
composite beam. The sensitivity of the FE model to various parameters is discussed below. 

The impact of the connection model on the mid-span moment–deflection curve and the 
mid-span moment–end slip curve is shown in Figs. 5.35 and 5.36.  

The connection models considered in this study were: the tie function (FEA 2), the shear 
force–slip curve for one connector from the laboratory tests (FEA 3), the shear force–slip 
curve for one connector from the theoretical analysis (k = 5.5 kN/mm and Pult = 43.4 kN) 
(FEA 4), and the shear force–slip curve for one connector from the theoretical analysis 
(k = 12.5 kN/mm and Pult = 43.4 kN, FEA 5).  

The model of connection was crucial for the finite element modelling. The ultimate 
moment and the stiffness of the aluminium-concrete composite beam were significantly 
influenced by the stiffness of the connectors. It shows that the connection model proposed in 
this paper can predict the slip between the aluminium beam and the concrete slab with good 
accuracy.  

 

 
Figure 5.35. The mid-span moment–deflection curve based on the laboratory tests and the 

FE analyses (FEA 2–5) 
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Figure 5.36. The mid-span moment–end slip curve based on the laboratory tests and the FE 

analyses (FEA 2–5) 
 
The impact of the concrete model (elastic, CDP) on the mid-span moment–deflection curve 

and mid-span moment–end slip curve is shown in Figs. 5.37 and 5.38. The elastic model of 
concrete used in FEA 1 did not take into account the fracturing of the concrete. FEA 1 was 
terminated when a large deflection occurred. In FEA 1, the failure mode of the composite 
beam was associated with the yielding of the aluminium beam. The elastic model was too 
simple for the analysis of the aluminium-concrete composite beam. The CDP model of 
concrete used in FEA 4 took into account the cracking of the concrete. 

 

 
Figure 5.37. The mid-span moment–deflection curve based on the laboratory tests and the 

FE analyses (FEA 1, FEA 4) 
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Figure 5.38. The mid-span moment–end slip curve based on the laboratory tests and the FE 

analyses (FEA 1, FEA 4) 
 
Figures 5.39 and 5.40 show a comparison between the mid-span moment–deflection curves 

and the mid-span moment–end slip curves with variation in the viscosity parameter (wp) used 
in the concrete model It can be seen that the viscosity parameter can change the results of the 
numerical analysis. The ultimate moment increases along with the viscosity parameter. It is 
worth noting that for the higher value of the viscosity parameter, the numerical calculation 
were terminated when larger deflections occurred. Kmiecik and Kamiński (2011) noted that 
problems with solution convergence may occur in the numerical analysis when full non-
linearity of the concrete with its gradual degradation under increasing (mainly tensile) stress is 
assumed. The viscosity parameter allows one to regularise the constitutive equations. 
However, it may have a significant influence on the results of the analysis conducted in the 
Abaqus/Standard finite element code and a correct minimum value of this parameter should 
be used, i.e., the viscosity parameter should amount to ca. 15% of the time increment step 
(Genikomsou and Polak 2015) or the ratio of the time increment step to the viscosity 
parameter should tend to infinity (Śledziewski 2016a and 2016b) (Faściszewski 2011). 
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Figure 5.39. The mid-span moment–deflection curve based on the laboratory tests and the 

FE analyses (FEA 5, FEA 6) 
 

 
Figure 5.40. The mid-span moment–end slip curve based on the laboratory tests and the FE 

analyses (FEA 5, FEA 6) 
 

Figures 5.41 and 5.42 show the variation of the mid-span moment–deflection curves and 
the mid-span moment–end slip curves with respect to the mesh size. The mesh sizes chosen in 
these analyses were: 15 mm, 20 mm and 30 mm. It can be seen that the numerical results of 
FEA 5 are in good agreement with the results from FEA 7 and 8. However, the ultimate 
moments are different in each analysis.  
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Figure 5.41. The mid-span moment–end slip curve based on the laboratory tests and the FE 

analyses (FEA 5, FEA 7, FEA 8) 
 

 
Figure 5.42. The mid-span moment–deflection curve based on the laboratory tests and the 

FE analyses (FEA 5, FEA 7, FEA 8) 
 

The impact of the finite element type used to model the concrete slab on the mid-span 
moment–deflection curve and the mid-span moment–end slip curve is shown in Figs. 5.43 and 
5.44. It can be seen that the finite element type may change the results of the numerical 
analysis. The ultimate moments are different in each analysis. In FEA 5 the concrete slab was 
meshed using C3D8R solid elements. These elements are often used for a non-linear analysis, 
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including of large deformation, contact, plasticity and failure (Nguyen and Kim 2009). 
Previous numerical analyses of composite elements described in the literature have employed 
this type of element, yielding accurate results when compared against laboratory tests 
(Jankowiak 2011) (Kyvelou, Gardner and Nethercot 2018) (Jabłoński and Halicka 2019). 

 

 
Figure 5.43. The mid-span moment–deflection curve based on the laboratory tests and the 

FE analyses (FEA 5, FEA 9, FEA 10) 
 

 
Figure 5.44. The mid-span moment–end slip curve based on the laboratory tests and the FE 

analyses (FEA 5, FEA 9, FEA 10) 
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Conclusions 
 

 
This chapter presents the main conclusions of this thesis and provides answers to the research 
questions presented in Chapter 1. 
 
The relatively unknown aluminium-concrete composite beams may provide an alternative to 
steel-concrete composite structures. They meet the requirements of sustainable construction 
due to their high durability. Furthermore, they fulfil the concept of circular economy because 
they are easily deconstructed at the end of the service life of a structure, if demountable shear 
connectors were used. A new type of demountable shear connector was described in the 
patent specification and used by the author of this dissertation in aluminium-concrete 
composite beams.  

The answers to the research questions presented in Chapter 1 are provided below. 
 

� How can demountable shear connectors reduce the drawbacks of non-demountable 
shear connectors? 

 
Dowel-bolt connectors offer several advantages, including: 
 
• Demountable shear connectors allow for the dismantling of a composite beam at the end 

of its structural life. 

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

• Composite action is achieved without welding, which causes the formation of heat-
affected zones and the reduction of strength parameters of aluminium alloys.  

• Parts of different materials (aluminium, steel, concrete) are connected in an easy way. 
• Demountable shear connectors can be easily installed on the construction site in 

a predrilled flange of an aluminium beam and profiled steel sheeting, while concrete can 
be poured into the steel sheeting.  

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

• Demountable dowel-bolt connectors may be used in aluminium-concrete composite 
beams as an environmentally-friendly alternative to channel shear connectors and bolts. 
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� How does the stiffness of new connectors affect the short-term performance of 
aluminium-concrete composite beams? 

 
Shear connectors ensure composite action between an aluminium beam and a concrete slab. 
The analysed aluminium-concrete beams were with partial interaction. This was mainly due to 
the low slip moduli of the connections (k0.4 = 5.9 ± 1.8 kN/mm). The clearance between the 
bolt and the hole had a negative impact on the stiffness of the connection. However, it made it 
easier to install demountable shear connectors through the holes in the aluminium beam 
flange. The slipping in the connection had an impact on the stiffness and the load bearing 
capacity of the aluminium-concrete beam. Furthermore, the analysed shear connectors 
showed a lower level of ductility, as the slip capacity was only 4.2 ± 2.0 mm. Due to this fact, 
the shear connectors did not have enough slip capacity to redistribute the shear force to 
adjacent shear connectors after yielding. The failure mode of the shear connection was brittle. 
For this reasons, the load capacities of the connectors were achieved before the load-carrying 
capacity of the full composite beam was attained in the bending tests. 
 

� Can the guidelines for the design of steel-concrete composite structures be applied for 
the ultimate limit state verification of aluminium-concrete composite structures?  

 
The bending plastic resistance of the aluminium-concrete composite beam with partial shear 
connection calculated from Eq. (3.27), which took slip into account, was 1.05 times higher 
than the bending resistance from the test. The proposed method of calculating the bending 
plastic resistance of the aluminium-concrete composite beam with partial shear connection 
produced similar results to the bending test. However, only four beams of the same geometry 
were tested. Therefore, it is advisable to perform complementary tests on composite beams of 
different geometries and to verify the method against a greater number of test results.  

Furthermore, the problem of the rib-shearing failure which occurred in the analysed beams 
should be addressed in the future. The use of profiled sheeting with wider ribs, and of the 
waveform reinforcement presented by Patrick (2004) to prevent the rib-shearing failure is 
recommended.  

Due to the significant deflections of the ACC beams, the serviceability limit state 
requirements may be more difficult to meet than the ultimate limit state requirements. 
However, deflections can be reduced by using an ACC beam with a higher cross-section of 
the aluminium girder and a wider concrete slab.  
 

� Can zero-length springs be used in the numerical model of an aluminium-concrete 
composite beam to model the connection between the aluminium beam and the 
concrete slab?  

 
The shear connectors were modelled using zero-length springs. The model had an impact on 
the ultimate moment and the stiffness of the aluminium-concrete composite beam. The 
connection model proposed in this PhD dissertation allows for predicting the slip between the 
aluminium beam and the concrete slab with good accuracy. 
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Future research 
 

 
There have been extensive studies on composite structures in recent decades. However, the 
investigation presented in this thesis is the only one where a concrete slab is poured into steel 
sheeting and connected with an aluminium beam using demountable shear connectors. The 
presented studies have answered many questions. However, new problems and questions have 
been raised and they should be addressed in future analyses of aluminium-concrete composite 
beams. 
 
7.1 Experimental investigations 
 
The experimental programme presented in the dissertation had certain limitations, and further 
experimental shear connection tests and bending tests should be performed. In the case of 
shear connectors, the effects of the hole size, shear connector diameter, torque moment, and 
concrete rib width were not examined. For this reason, further investigation of the effects of 
varying geometry of the connection is recommended. The stiffness of the connection should 
be improved. It could be increased by bolt tightening, hole clearance reduction and concrete 
rib width extension. All the proposed improvements of the shear connections should be 
verified in shear connection tests to evaluate their impact on stiffness and resistance. In the 
case of aluminium-concrete composite beams, only four beams of the same geometry were 
tested, so it would be reasonable to perform complementary tests to identify the optimal 
geometry of an aluminium-concrete composite beam. The impact of the profiled sheeting 
type, shear connector spacing and diameter, concrete class, slab thickness, aluminium alloy 
and aluminium beam height on the resistance and stiffness of the aluminium-concrete 
composite beam should also be investigated. Furthermore, only one type of connection was 
tested, so it would be advisable to perform complementary tests on beams with a different 
type of connection (e.g. adhesive connection, continuous shear connection). What is more, 
long-term behaviour of aluminium-concrete composite beams should be analysed in the 
future, along with the influence of the shrinkage and creep of concrete on the long-term 
behaviour of aluminium-concrete composite beams. Furthermore, guidelines for structural 
health monitoring and damage detection in aluminium-concrete composite structures should 
be developed. Periodic visual inspections may not suffice to find all the problems 
(Abramowicz, Berczyński and Wróblewski 2020). Strategic structures should be controlled 
using structural health monitoring systems. Such systems may control, measure and analyse 
the response of the structure. An irregular signal may mean there is damage in the structure, 
which can be quickly repaired once detected (Szumigała et al. 2018). Wavelet transforms or 
energy transfer ratios were suggested for damage diagnosis, e.g., in steel-concrete composite 
structures, sandwich panels or plates (Wróblewski et al. 2017) (Pozorska J. and Pozorski 
Z. 2018) (Knitter-Piątkowska and Guminiak 2016 & 2020). Studies on damage detection in 
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aluminium-concrete composite structures are recommended. Finally, the fire resistance of 
aluminium-concrete composite beams should be analysed in fire tests. 
 
7.2 Numerical analyses 
 
The comparison between the experimental and numerical results indicates that the adopted 3D 
model can capture the response of the aluminium-concrete composite beam, because the 
results obtained in the numerical analyses of the composite beam were very similar to the 
experimental values. For this reason, the numerical model can be used to simulate the 
behaviour of composite beams with different configurations, and geometrical and mechanical 
properties. As a result, the numerical analyses can help generate savings, since no additional 
laboratory tests are required to investigate the behaviour of said beams.  

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

 
7.3 Theoretical analyses 
 
In order to provide design guidance for aluminium-concrete composite beams with profiled 
sheeting and demountable shear connectors, the proposed theoretical models should be 
verified by further experimental shear connection and bending tests. 
 
7.4 Industrial implementation 
 
Aluminium-concrete composite beams may be used in the building frame system. However, 
some aspects of aluminium-concrete structures were not discussed in the dissertation. The 
making of the shear connectors was time-consuming. For this reason, an automated and less 
time-consuming process of shear connector production should be developed. Furthermore, the 
cost of the aluminium-concrete composite floor system should be estimated and the 
connection details between the aluminium-concrete beams and the vertical structural elements 
should be considered to ensure that the beams are compatible with the remaining structural 
elements of the building frame system. Last but not least, the aluminium-concrete beams 
should be used in a full-scale floor in a real building in order to monitor any problems which 
may occur during the construction and use of the building. 
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Appendix 1. Composition of the concrete mixture 
 

Table A.1. Composition of the concrete mixture 
 

 
 

“Stanbudˮ  
Concrete 
laboratory 

 

STANBUD Sp. z o.o. 
3 Łozinowa 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 and 
conformity in accordance with the standard: 

PN-EN 206-1   

Composition of the concrete mixture: no. 245316 as of 1 June 2014 

No. Material 

Amount of 
material in 1 m3 
of the concrete 

mixture 

Unit Comments 

1 Sand (0–2 mm) 650 kg ŻwirPol-Garby 
2 Gravel (2–8 mm) 1086 kg G. Kruszywa 

3 
CEM III/A 42.5N-HSR 410 kg Górażdże 

Cement 
4 Water 170 kg Water supply 
5 Air 2 %  
6 Sikament 400/30 superplasticizer  4.51 kg  

Parameters of the concrete mixture 
1 Amount of aggregate in 1 m3 of the concrete 

mixture 
1736.6 kg  

2 Volume of aggregate in 1 m3 of the concrete 
mixture 

663.2 dcm3  

3 Amount of binder (cement) 410.0 kg/m3  
4 Amount of paste + air 336.8 dm3/m3  
5 Amount of mortar + air 622.7 dm3/m3  
6 Theoretical density of the concrete mixture 2321.2 kg/m3  
7 Water-cement ratio 0.41 –  
8 Volume of cement, fly ash and aggregate  

< 0.125 mm 
340.3 l/m3  

9 Amount of 
cement, fly ash and aggregate < 0.125 mm 

419.3 kg  

10 Amount of 
cement, fly ash and aggregate < 0.25 mm 

493.2 kg  

11 Sand content 43.1 %  
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Appendix 2. Crack width 
 

Table B.1. Crack width (beam 1) 

No. 
Load 
[kN] 

Width  
[mm] 

Comments No. 
Load 
[kN] 

Width  
[mm] 

Comments 

0 
45.0 1.0 ± 1.0 

gap* 
15 

120 < 0.02  

crack 
75.0 2.0 ± 1.0 135 0.05 ± 0.02 
156.0 14.0 ± 1.0 150 0.3 ± 0.02 

1 
60.0 0.4 ± 0.02 

gap* 
156 0.5 ± 0.02 

75.0 0.5 ± 0.02 
16 

135 0.15 ± 0.02 
crack 

156.0 0.9 ± 0.02 156 25.0 ± 1.0 

2 

60.0 0.4 ± 0.02 

gap* 
17 

135 0.1 ± 0.02 
crack 

75.0 0.5 ± 0.02 156 10.0 ± 1.0 
105.0 1.0 ± 0.02 

18 
135 0.10 ± 0.02 

crack 
156.0 > 1.0 156 15.0 ± 1.0 

3 

75.0 0.05 ± 0.02 

gap* 
19 

135 0.15 ± 0.02 
crack 

90.0 0.15 ± 0.02 156 10.0 ± 1.0 
105.0 0.25 ± 0.02 

20 
135 – 

crack 
156.0 0.7 ± 0.02 156 2.0 ± 1.0 

4 
75.0 0.05 ± 0.02 

gap* 21 
135 0.05 ± 0.02 

crack 
156.0 0.7 ± 0.02 156 0.05 ± 0.02 

5 
75.0 0.05 ± 0.02 

gap* 22 
135 – 

crack 
156.0 > 1.0 156 12.0 ± 1.0 

6 
75.0 0.05 ± 0.02 

gap* 
23 

135 0.1 ± 0.02 
crack 

105.0 0.7 ± 0.02 156 10.0 ± 1.0 
156.0 > 1.0 

24 
135 – 

crack 

7 
75.0 0.05 ± 0.02 

gap* 
156 0.7 ± 0.02 

105.0 1.0 ± 0.02 
25 

135 – 
crack 

156.0 1.0 ± 0.02 156 0.4 ± 0.02 

8 
75.0 0.05 ± 0.02 

gap* 
26 156 27.0 ± 1.0 crack 

156.0 1.0 ± 0.02 27 156 10.0 ± 1.0 crack 

9 

75.0 0.05 ± 0.02 

gap* 

28 156 – 
concrete 
crushing 

105.0 0.7 ± 0.02 29 156 – 
concrete 
crushing 

156.0 4.0 ± 1.0 30 156 3.0 ± 1.0 crack 

10 
90.0 0.15 ± 0.02 

gap* 
31 156 0.05 ± 0.02 crack 

156.0 12.0 ± 1.0 32 156 0.05 ± 0.02 crack 

11 
90.0 0.05 ± 0.02 

gap* 

 

156.0 0.5 ± 0.02 

12 
105.0 0.05 ± 0.02 

gap* 
156.0 3.0 ± 1.0 

13 
105.0 0.25 ± 0.02 

gap* 
156.0 3.0 ± 1.0 

14 

120.0 < 0.02 

crack 
135.0 0.05 ± 0.02 
150.0 0.7 ± 0.02 

156.0 0.7 ± 0.02 
*between the profiled sheeting and the concrete slab 
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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 

2 

45.0 < 0.05 

gap* 
55.0 0.1 ± 0.05 
110.0 0.25 ± 0.05 
130.0 0.7 ± 0.05 

3 
60.0 < 0.05 

gap* 
130.0 > 1 ± 0.05 

4 
70.0 < 0.05 

crack 75.0 0.4 ± 0.05 
130.0 > 1  

5 
70.0 0.1 ± 0.05 

gap* 
130.0 0.9 ± 0.05 

6 
75.0 0.1 ± 0.05 

gap* 
130.0 0.9 ± 0.05 

7 
75.0 0.1 ± 0.05 

gap* 
130.0 0.9 ± 0.05 

8 
75.0 0.05 ± 0.05 

gap* 
140.0 0.9 ± 0.05 

9 80.0 0.05 ± 0.05 gap* 

10 
85.0 0.05 ± 0.05 

gap* 
140.0 > 1 

11 
90.0 0.05 ± 0.05 

gap* 
130.0 0.8 ± 0.05 

12 
90.0 0.05 ± 0.05 

gap* 
140.0 0.6 ± 0.05 

13 
90.0 0.05 ± 0.05 

gap* 
140.0 0.6 ± 0.05 

14 
100.0 0.05 ± 0.05 

gap* 
140.0 0.4 ± 0.05 

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 

17 
110.0 0.05 ± 0.05 

crack 120.0 0.1 ± 0.05 
150.0 0.2 ± 0.05 

18 
115.0 0.05 ± 0.05 

crack 120.0 0.05 ± 0.05 
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 slab 
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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 

2 
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* 

14 

90.0 – 

crack 

105.0 0.1 ± 0.05 
120.0 0.2 ± 0.05 

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 slab 
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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* 

7 

75 0.05 ± 0.05 

crack 
100 0.1 ± 0.05 
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 

19 
126 < 0.05 ± 0.05 

crack 
130 0.3 ± 0.05 

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 slab 
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Appendix 3. Cracking pattern at failure 
 
a) 

 

b) 

 

c) 

 

d) 

 

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

 
b)  

 
c) 

 
Figure C.2. Beam 4: a) failure at support A; b) failure at support B; 

c) undamaged middle part of the beam 
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a) 

 
b)  

 
c) 

 
Figure C.3. Cracking pattern at failure: a) beam 2, b) beam 3, c) beam 4 

 


