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Abstract

Sustainability concerns steer the construction sector towards adopting a circular econ-
omy philosophy. Steel-concrete composite beams are extensively used in multi-story
buildings and bridges due to their competitive construction and efficient material use.
Currently the composite action is mainly achieved by headed shear connectors welded
to the top flange of the beam, obstructing the non-destructive demountability. Demount-
able shear connectors can be used in order to open up the composite construction for
reusability. Demountable shear connectors can take the form of a bolted connection
which requires a tight control of construction tolerances. This thesis is focused on stud-
ying a bolt coupler connector which is seen as a valuable alternative to the more con-
ventional embedded bolt. The proposed shear connector consists of a bolt and coupler
embedded in prefabricated concrete decks which are connected through the top flange
of the steel section by an injection bolt.

Full-scale experiments have been performed to investigate the feasibility of construc-
tion of a demountable car park. The demountable flooring was obtained by large pre-
fabricated concrete decks in combination with tapered beams. Experimental research has
confirmed the possibility of assembly and disassembly of the system if construction tol-
erances are appropriately designed. The most influential factors were quantified based
on experimental observations, measurements and finite element models. The hole clear-
ance should be designed keeping in mind the deformability of the system during con-
struction, the manufacturing tolerances and the speed of construction. Experiments show
that resin injection can be reliably and labour efficiently used for large oversized holes
which allow for higher fabrication imperfections and reduced construction while at the
same time enabling composite action of the connectors under live load.

The reusability of the structure was confirmed by a set of eight four-point bending
tests considering uniform and non-uniform connector arrangements. Finite element mod-
els closely match the experimental results in terms of deflection, stresses and curvature.
However, the end slip is overpredicted which is in line with research performed by other
authors. The efficiency of the non-uniform connector arrangements was studied experi-
mentally and numerically to reduce the construction costs. Concentrating the shear con-
nectors toward the supports will bring the highest benefit in terms of beam bending
stiffness without the need of a large number of connectors to prevent uplift.

An extensive cost analysis was performed based on a database of 15500 beam solutions
generated by a design algorithm develop as part of this thesis. The case study provides
a preliminary cost assessment of two demountable steel-concrete composite floorings in
order to quantify their economic viability. It was shown that the system constructed
with prefabricated solid slabs is more viable compared to the demountable profiled sheet-
ing slab. The most influential contribution to the final cost of the structure comes from
the steel work and the labour intensive manufacturing.
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1.1 Problem definition 1

1 Introduction

Environmental concerns steer the construction industry towards more sustainable de-
signs. Steel-concrete composite beams are a popular solution in current design practice
due to their efficient material use and competitive construction. However, commonly
used welded connectors obstruct the non-destructive separation or require time consum-
ing and labour intensive processes to separate the concrete slab from the steel member.
Demountable shear connectors can open up the possibility of reuse in composite floorings.

1.1 Problem definition

1.1.1. Sustainability in construction.

The construction industry is responsible for 40% of the primary energy use and 36% of
the energy related CO, emissions in industrialized countries [1|. Figures from 2009 2|
indicate a CO, emission on a global scale due to construction activities of 5.7 billion tons.
In 2014, the waste generated by all 28 European Union member states summed up to an
all-time high of 2503 million tonnes, with the construction sector contributing up to
34.6% according to [3].

Wholesale of Agriculture, forestry

waste and scrap andfishing
1.0 0.8

Households
83

Services
(except wholesale of.
waste and scrap)

39 Mining and
quarrying
282

Construction
347

Manufacturing

Energy
37

Waste/
water
91

Figure 1.1 Waste generation by economic activities and households, EU-28, 2014 [3]

In an attempt to reduce emissions and waste, many countries have introduced a carbon
tax. The extra taxation will increase the costs of unsustainable buildings in order to
drive the industry towards environmentally friendly solutions. The problem can be tack-
led by moving from a linear economy to a circular one which ensures the materials and
products are reused. This will translate in a reduction of harmful emissions and waste.
According to an estimate from 2002 of the European Environmental Agency [4] the
recovery level of materials from the construction and demolition waste is only one quar-

ter, with Netherlands peaking at 90 percent.



1.1 Problem definition 2

A study carried by [5] indicates that the superstructure of an concrete office building
has an average footprint of 215.1kg CO,/m?* The study also shows that in terms of used
materials, the flooring accounts for 35.2% of the CO, emissions followed by the external
walls with a contribution of 35%. Further, the study investigates different approaches
to reduce the carbon footprint and concludes that reusing the existing beams and col-
umns has the highest influence compared to other structural parts.

Applying circular economy in the case of buildings is best illustrated in Figure 1.2 by
the virtuous circle of design for deconstruction and reuse presented by [6]. A circular
economy building system requires an ability to closely couple the recovery and reuse of
products from end-of-life buildings to stock replacement and maintenance |7|. The design
process should focus on the future reuse by integrating the building in a closed-loop cycle.
Up to 81.3% of the embodied energy of the initial steel building can be saved by reusing
the main steel structure of the prefabricated modules and other components in another
new building [8].

Three requirements are presented by [9] based on [6] which must be fulfilled by a build-
ing in order to be reused. The structure:

e is not worn-out
e is not out-dated
e can still cooperate with other structural components.

Additionally, another requirement should be considered to make a reusable building

viable:

e The structure should be in the first cycle, as cost-effective and competitive
as a traditional solution.

deconstruction

Component reuse
and
material recycling

Figure 1.2 The virtuous circle: Design for deconstruction and reuse [6]




1.1 Problem definition 3

1.1.2. Demountable composite construction

Steel-concrete composite structures are a popular solution in current design practice.
The development of the shear studs in the 1950s [10] marked a turning point from a
design perspective. Embedding the welded headed studs in concrete ensures interaction
between the steel beam and concrete slab. The composite behaviour between the slab
and the steel section leads to a cost-effective flooring system, which is widely used both
in buildings and bridges.

The advantage gained by the development of the shear studs now raises serious environ-
mental issues. Welding the studs on the top flange will permanently obstruct the sepa-
ration between the concrete and steel part. In order to achieve a sustainable flooring
system, the non-destructive disassembly between the two components must be possible.
At this moment, there are multiple solutions in terms of connectors suitable for disas-
sembly, but still this is a new field of research.

This master thesis focuses on demountable resin injected bolt coupler systems as means
to obtain composite action. The shear connector consists of an embedded bolt and cou-
pler connected by an exterior injection bolt through the top flange. The demountable
flooring is constructed from large prefabricated concrete decks in a combination with
tapered steel beams. The assembly and disassembly of such systems is investigated
through full-scale experiments and finite element models. Due to manufacturing toler-
ances and deformations of the structure during construction there is a need for large
oversized holes in the top flange of the steel beam. However, due to the increased hole
clearance the composite action can be enabled by resin injecting the formed gap or
prestressing the bolts. The resin injection is investigated in terms of its reliability of
filling the void and required labour. Through four point bending tests the relationship
between applied load and deflection is established.
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Figure 1.3 Bolt coupler conector and resin injection head according to [11]
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A study by [12] concludes that through prefabrication, the waste reduction is on average
about 52%, mainly due to minimising of cut-off. Apart from the environmental aspects,

demountable prefabricated systems come with numerous potential benefits such as:

e increased construction speed,
e fast deconstruction,

e reduced in-situ labour,

e safer working environment,

e increased quality control.

In terms of the economics of demountable steel-concrete composite flooring systems, a
preliminary assessment has been carried out in [13]. Based only on material costs, two
solutions of demountable composite beams were compared to a traditional in-situ casted
trapezoidal sheeting slab. The cost breakdown concluded that the demountable con-
nector has a significant contribution to the final material cost. Due to the novelty of
these connectors, their unit price is up to 15 times compared to a simple headed stud.
For this reason, the connector arrangement needs to be optimized to keep material costs
low. The previous assessment will be extended as part of this thesis in order to obtain a
more realistic estimation because the construction costs contribute significantly to the
final cost of such systems.

A great economical advantage brought by demountable structures is the flexibility
against rental demand fluctuation. Retail spaces demand has recorded a downfall as
illustrated through Figure 1.4 in UK and reported by [14] in the USA due to the shift
in consumer habits towards online shopping [15|. However, the initial investment can
become again profitable if the flexibility in terms of location and functionality is inherent
in the building design.
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Figure 1.4 Occupier demand - sector breakdown |16]
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1.2 Main objectives

The main objectives of this thesis are to:

i.  Asses and confirm the feasibility of construction of demountable composite
flooring systems,
ii. Investigate the load-deflection behaviour of demountable composite beams,
iii.  Study the benefits in terms of beam stiffness of non-uniform connector ar-
rangements,
iv.  Provide an initial cost estimation per m? and study the economic viability of

demountable composite floorings.

1.3 Research questions

To fulfil the main objectives of the thesis the following research questions have to be
answered:

e Feasibility of construction:
o Which are the influencing factors for assembly and disassembly of de-

mountable systems?

o Can resin injection be used reliably and labour efficiently for demount-
able buildings?

e Mechanical behaviour of demountable composite beams
o What is the load-deflection behaviour of resin injected demountable

composite beams?

o Which is the optimal connector arrangement to achieve an economical

design?

e (Cost assessment

o  Which are the most influential cost contributions to the final price of
demountable composite floorings?
o To what extent a demountable flooring system will increase the initial

cost per m?compared to a traditional solution?
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1.4 Thesis outline

The thesis has been structured in three main parts. The structure of the thesis is detailed

in Figure 1.5.
Introduction and
literature review
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Figure 1.5 Thesis structure
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2 Literature review

2.1 Theoretical background on composite beams

Obtaining the composite behaviour between the concrete slab and the steel beam is
advantageous both in terms of stiffness and resistance. The mechanical connectors will
transfer the longitudinal shear force generated at the interface and will also ensure that

the curvature of the two parts is the same [17].

Figure 2.1 Different composite cross-sections |18|

In Figure 2.2 the same beam will be considered having three different degrees of
composite action. The degree of connection is defined by [18] and by [19] in a more

general manner:

The notations given by [19] are as follows:

e N.orP
o N.¢or (P, resistance corresponding to full connection, given either by

«, - force taken by the mechanical connectors in one half-span

the steel section or the concrete flange.

The limit case of no connection is shown in Figure 2.2 (a). Because there is no interface
interaction and the bending stiffness of each component is different, the strain profile is
be bilinear. The difference in strains at the interface, known as the slip strain is equal
to:

— =€, — &,
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Slip ?

(a) Strain distribution

A

No slip

Strain distribution

(b)

Small slip

—r

(c) Strain distribution

Figure 2.2 Effect of shear connection on the behaviour of composite beams: (a) no shear
connection, (b) complete shear connection and (c) partial shear connection. [20)]

Similar to the strain, which is defined as the rate of change of deformation, the slip
strain is the rate of change of slip. Therefore, the integral of the slip strain is the slip at
the interface. Moreover, due to this the difference in deformation there will be a vertical
separation, also called uplift. Research carried by |21]| shows that vertical separation is

limited during the elastic range.
s =u, —uy

L L
s:/ acdx—/ e dx
0 0

) L
e !:_::sl;:-sirgn
@ == g

Figure 2.3 Slip strain |17
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Moving further to the second limit case the composite beam having full shear connection
is shown in Figure 2.2 (b). This form of interface condition is only theoretical as it
requires infinite shear, bending and axial stiffness. The interface is treated as an infinitely
rigid connection which leads to a linear strain distribution over the depth of the cross-
section. The slip and uplift between the surfaces are no longer present due to the con-
tinuity ensured by the infinitely rigid interface.

The two theoretical situations can be compared in terms of their elastic bending stiffness
and resistance of the cross-sections. Assuming the slab and the steel beam are two rec-
tangular blocks of same dimensions and material, the following section properties are

obtained:
I =2 L bh? = L bh?
no interaction — 12 - 6
1 1
W <o =2-bh? = —bh?
no connection 6 3
1 . 2.
Ifull interaction — Eb(2h>3 = _bhd

3

1

2
qull connection — Eb(Qh)Q = gth

The benefits of composite beams are seen when the two situations are compared:

Ifull interaction —4

I

no interaction

qull connection -9
W

no connection
In between these two theoretical situations, lies the partial shear connection which rep-
resent the real behaviour of composite beams.

2.2 Shear connectors

The mechanical shear connectors are characterized by load-slip curves. The load-slip
curve shows the relationship between the applied shear force per connector at a certain
interface slip. The curves are obtained based on standardized push-out test specimens.
EN 1994-1-1 [18] gives specifications on the dimensions of these specimens and the load-

ing procedure.
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Figure 2.4 Standardized push-out test [18| and load-slip curves [22]

Based on the load-slip curve, the shear connectors can be characterized as ductile or
non-ductile if the slip at failure is less than 6mm as defined by [18]. The slip distribution
peaks at supports but is not constant along the length of the beam. For this reason,
ductility is required in order for the redistribution of forces between connectors to take
place. As seen from Figure 2.4 a ductile connector is characterized by an yield plateau
with a high ultimate slip capacity. On the other hand, non-ductile shear connectors are
very stiff with a low ultimate slip capacity. In terms of resistance, the ductile connectors
have a lower capacity mainly because the failure is governed by the concrete slab.

If it is assumed that the rigidly connected composite beam behaves elastically, then the
shear flow, T (shear force per unit length), between the concrete slab and the steel

section may be calculated from: [22]
VS
1

T

Where: V -vertical shear
S - first moment of area

I - second moment of area

The relation above shows that the longitudinal forces which must resisted by the
connection depend on the vertical shear force.

Apart from the longitudinal shear forces the connection must resist tensile stresses
generated by vertical separation of the two parts. This is ensured by anchoring the head
of the connector into concrete.
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2.3 Effective width

The in-plane shear strain in the concrete slab of a composite section under bending
causes the longitudinal displacements in the parts of the slab remote from the steel web
to lag behind those near the web [20].This phenomenon is called shear lag effect and is
referred in design guidelines as the effective width. The distribution of elastic bending
stresses, peaks at point D and reduces with distance from the connection. The effective
width b is obtained by assuming a constant stress distribution described by GHJK,
which is equal to the sum of stresses below the curve ACDEF.

H - —_—
mean bending stress ) ':
in concrete flange 4 E

® A PN SNl KT SR

=

Figure 2.5 Shear lag effect [10]

L=

2.4 Bending moment resistance of composite beams

The bending moment resistance of composite beams depends on the degree of shear
connection and on the cross-section class. The theory presented will be used in the
parametric study.

2.4.1. Full shear connection

Assuming that cross-section classes 1 or 2 are used, the bending moment resistance can
be determined based on the plastic stress distribution in case of partial shear connection.
When the concrete slab including the sheeting is subjected to bending, their tension
resistance is ignored. Moreover, due to its low contribution the compression,
reinforcement is generally not be taken into account

The resistance of the two materials is defined by [18] as follows:

foa = :{"k where ~, = 1.0
a

fea = & where ~, =1.5

Ne
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The concrete design resistance is further reduced by a factor of 0.85 which accounts for
the differences in the stress distribution between the cylinder test and the real structure
and its assumed block stress distribution. These include the longer duration of loading
in the structure, the presence of a stress gradient across the section considered, and the
differences in the boundary conditions of the concrete [10)].

EN 1994-1-1 [18] does not provide explicit expressions to determine the bending moment
resistance of the composite section therefore, through longitudinal equilibrium the
bending moment resistance can be expressed. Three cases are identified:

1. Neutral axis in the concrete slab
2. Neutral axis in the flange of the steel beam
3. Neutral axis in the web of the steel beam

The notations used in following sections are in line with EN 1994-1-1 [18] and to
differentiate the steel part the subscript , is used.

Neutral axis in the concrete slab

b.s . Plastic neutral axis 0.85f

K
E

I 777750 -—.,

NoNe

2

ha/2

Figure 2.6 Neutral axis in the concrete slab [13]

The resulting axial forces of the concrete flange and steel member are expressed as follows:
N, a — Aaf yd

N, = 0.85h.begs foq

C

Where the subscript ¢ stands for full shear connection

The position of the neutral axis can be obtain by setting equilibrium:

N‘d < }
rT=—""—"—<h

C
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The bending moment resistance determined by taking moment about the steel or the
concrete resultant force:

h, x
Mpl,Rd = N(z( 2( + h(z + hp - 5)

h, x
Mpl,Rd = Na(?( + h(z + hp - 5)

Neutral axis in the flange of the steel beam

If the steel axial resistance is higher compared to the concrete one, the plastic neutral
axis will lie below the concrete slab. In order to verify whether the plastic neutral axis
is situated in the top flange, the condition below must be satisfied:

Na > Nc,f = 0'85beffhcfcd > hwt f

wyd

bq 0.85f4
# #  Plastic neutral axis +——
] | | [II-—.,
Ve — L _m fyd
E o
l =3 A ) |
by o vl

Figure 2.7 Neutral axis in the flange of the steel beam |[13]

The stress distribution in the steel member can be simplified by a superposition of two
distributions. The compression resultant force will have a counteracting part in the
bottom flange with a depth equal to a.

a

2bf fyd

N, — N(:,f
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e m§ IE-—
f;.rd " fgd
- ] —t +

I I —— m*
fgd | i yd

|
Figure 2.8 Stress decomposition - n.a. in top flange [13]

The bending moment resistance can be obtained by summing up the moments arround
the concrete resultant force and the moment generated by the couple.

1 N,—N.,
ha + hp +§h’(> +#’<ha - CL).

1

M)I,Rd = Nc,f<2

I
Neutral axis in the flange of the steel beam

To verify whether the plastic neutral axis lies in the web, the following requirement must

be satisfied:
0‘85h(:befffcd < hwtwfyd'

In similar as before, the stress distribution from the figure below is decomposed to ease
the derivation of the bending moment resistance expression.

b.s 0.85f_4
£ + 4
fn;: W/ / M 74///// /// Plastic neutral axis ]:I:I:III:I]-_NQ‘
7 Z -
_____________ | f;.'d "
A = : = r |
by P

Figure 2.9 Neutral axis in the flange of the steel beam |[13]



2.1 Theoretical background on composite beams 15

The bending moment resistance is given by the following expression:

Lo v w 1(Nc’f
9% a,plryd 4 twfyd

>2fyd‘

I

1
M)I,R,d = N(:,f(§ ha + hp +

0.85f , 0.85f
+—F +—

[T=—N; [N

fydﬂ I f

Figure 2.10 Stress decomposition |13

The number of shear connectors can be determined afterwards such that the sum of the
shear resistance of all the shear connectors in one half of the steel beam is equal of higher
than the lowest axial resistance of the concrete or steel member.

min(N_, N,)
req P—Rd

2.4.2. Partial shear connection

n

From case to case, the designer might decide to choose for a partial shear connection
because the steel section is dimensioned by the construction phase. This translates into
a shear connection weaker than the lowest axial resistance of the concrete flange or steel
member. For this reason, the stress distribution will change, and a second neutral axis

will appear as already mentioned in 2.1.

EN 1994-1-1 [18] provides a provides a simplified linear relationship between the ratio

Mra_ apd 7 for section class 1 and 2.

Mpl,R(l
Mg, = Mpl,a,Rd + (MpLRd B Mplya,RdM'
Where:
N(.
n= —
Nc,f

M, . ra - the plastic bending moment resistance of the steel section
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M, rq - the plastic bending moment resistance of the composite section with full
interaction

N, - the resistance of the shear connectors

Nt - the full interaction force in the concrete.

] Yot

NI: =!?Nclf

0 -

-]
; " jMRd

N[f

0 =

- ) HpL Rd
I||"'Ipl.a

Figure 2.11 Relation between Mgy and N [18]

Apart from the linear simplication, the bending moment resistance of the composite
section can be obtained by determining the exact value of point B on the convex curve
using longitudinal equilibrium. Two cases need to be accounted for in the derivation:

1. Neutral axis in the flange of the steel section

2. Neutral axis in the web of the steel section.

3. Neutral axis in the flange of the steel section

To verify whether the neutral axis lies in the top flange of the steel section, the following
requirement must be checked:

nPry > ht ;.

Where n is the number of applied shear connectors in one halfspan.

The bending moment resistance of the composite section is obtained by replacing the
concrete resultant force with the cumulated resistance of the connectors.

1 nPRd ) + Na — nPRd ( . Na _ nPRd)
2 0‘85b0fff(:d 2 ¢ 2bffyd '

1
Mred,Rd = nPRd (5 ha + hp +
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Figure 2.12 Neutral axis in the flange - partial shear connection [13]

Neutral axis in the web of the steel section

To verify whether the neutral axis lies in the web of the steel section, the following

requirement must be checked:
nPR,d < hwt’wfyd'

Using longitudinal equilibrium, the bending moment expression is obtained:

nPr, (nPRd)2

1 1
M, inq = 0Prq(=h +h +=—— Bl ) Wq plf —- B
Ied,Rd n Rd<2 a + P + 20~85befff(.,d> —+_ a p y 4twfyd

beg ) ) ) (.85f 4
#  Plastic neutral axis —+——+

I - - <t [II=—n Py

Pphe

yd

ha

AN
q—"-_il :’ |
by e
|

d
E

Figure 2.13 Neutral axis in the web - partial shear connection |13]
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2.5 Vertical shear

The contribution of the slab to the vertical shear resistance is influenced by whether it
is continuous across the end support, by how much it is cracked, and by local details of
the shear connection [10]. To simplify the design verification the shear force is assumed
to be resisted only by the steel beam. According to EN 1993-1-1 [23],the shear capacity
of the steel section is determined as follows:

At

1
V — VTyC
L,a,Rd
p \/g

For cross section class 1 and 2
A, =A, —2bsty + (t, +2r)t; or A, =mnh,t, mn=1

In order to neglect shear buckling effects, the following requirement must be satisfied:

h 235
t—W§72€ where ¢ = T

w vd

If the shear force is higher than one half of the steel section shear resistance, the yield
strength of the web must be reduced by 1 — p as seen in Figure 2.14.

p= (B y2
Via—1

betf

0,85-f4

(1-p)-fa| + Mpd

Ed

fya

Figure 2.14 Plastic stress distribution modified by the effect of vertical shear |18]

2.6 Serviceability limit state

Serviceability limit state covers a wide range of checks such as deflections, vibrations or
stresses. The design guide [24] can be used to check in a simplified manner, the vibrations
of composite beams. Numerical examples studying the vibrations of demountable
composite beams can be found in [13] and [9].
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2.7 Deflection - code approach

In case of full shear connection the bending stiffness of the composite beam can be
determined without accounting for the flexibility of the connectors. To simplify the
calculation the modular ratio is introduced while also taking into account long term
effects of concrete based on [18] or [25].

Using the modular ratio the section is adapted by transforming the concrete slab into a
steel part, as seen in Figure 2.15. Afterwards, the neutral axis is determined followed by
the second moment of area. Having determined the section properties, the deflection of
a simply supported beam can be obtained using simple structural mechanics relations:

5 5 ql*
© 384E.1

a~composite

L

J
|
|

h
h

)

Figure 2.15 Transformation of the cross-section |13

In order to account for partial shear connection interaction, the Dutch National Annex
126] provides a formulation for the deflection only if the requirements of section 7.3.1 of
26| are satisfied.

5= 5.(1+ k(1 —n)(E— 1)

Where:
0 is the final corrected deflection

d. is the deflection considering the composite section,

7 is the degree of shear connection
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k accounts for the construction method with values of 0.5 for propped and 0.3 for
unpropped construction.

Similar formulations can be found in [27] and [28|. The comparison of the additional
deflections due to partial shear connection between the tests and the former BS 5950
127] and the AISC Code |28] were found to be reasonably accurate for the shorter span
beams, but conservative by about 20% for the 11m span asymmetric beam test with 33%

shear connection [29].

2.8 Deflection - analytical approach

The formulations provided by guidelines are limited for the following cases:

e Only applicable to uniformly distributed connector arrangements
e Not applicable to other types of connectors with different initial stiffness
compared to headed studs.

An analytical solution to determine the deflection of composite beams while accounting
for the flexibility of the connectors have been developed by [30] and further developed
and investigated by [31-35]. A formulation based on an assumed slip distribution in the
form of a cosine was proposed by [29]. Uplift effects were included in a formulation
presented by [21]. All these analytical solutions are limited to uniformly distributed
connector arrangement and prismatic beams. The deflection of tapered beams can be
obtained using an analytical model developed by [36].

The flexibility of the connectors, the non-uniform connector arrangement and the shape
of the beam are accounted in the formulation of [37|. The formulation was validated
based on the beam tests presented in this thesis. Even though the formulation can be
considered complete, its complexity requires to be implemented in a numerical calcula-
tion software. The theoretical background of the formulation is briefly described.

2.8.1. Theoretical background analytical formulation

Starting from the derivation presented by [32| for uniformly distributed connectors, the
differential equation describing the behaviour of a composite beam is the following:

d°w  , d*w _ o2 N L@
dx®  dx*  EL_7 " EI, dx?
Where:
e Kr2
o EI
El, (1 —&1%)
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n%('/kb‘(f
K= L
2
EIO = EaIa + ECIC,
BL =B 4 2ot
oo T 0 EAU

EAO = EaAa + ECAC
EAp = EaAa X E(',A(:

K - slip modulus of shear connection

r - the distance between the centroids of the two pars, eg. concrete slab and steel
member

n,.- number of shear connectors in one half-span

k.- initial stiffness of a connector

The solution to the sixth order differential equation is described by the superposition of
the general and the particular solution:

w =a;sinh o x 4 aycosh o x 4 a;x* +a,;x* +a;x" +a, + Woicular
The moment, shear force and compression force in the concrete are expressed according
to [73] as follows:

EI d*w d*>w q
M = e 2 —)
o2 ( dx4 o dx2 + EIl,

MBI dw o diw 1 da,
Tdx o2 de O d El, dx

EI d*w EI,\ d’w ¢
TR
‘ o<2r< X Bl dx | EI

v

The slip can be expressed as the ratio between the shear flow and slip modulus of the
shear connection. The shear flow represents the rate of change in the concrete compres-
sion force therefore, the interface slip is defined as follows:

_dN, 1
- dx K

S

In case of uniformly distributed loads differentiating q in eq. 77 with respect to x is
reduce the solution of the differential equation only to the general part. Boundary con-
ditions for different static schemes are presented in |32].

In order to generalize the analytical formulation for non-uniform connector arrangement
and non-prismatic steel beams, [37] proposed the discretization of the beam in segments
to describe the overall behaviour. Each segment will be governed by a sixth order
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differential equation which will account for the connection stiffness. For this reason, the
discretization has to be done in segments with equal length as the connector spacing in
order to capture the non-uniform arrangement (see Figure 2.16). The formulation
showed close match with finite element models and the experiments presented in this

thesis.

| Seg. 1
|

spacing

< P9

Figure 2.16 Discretization in segments of a tapered beam

H 3

Non-prismatic beams can be described by the average section properties of the segment

as shown in Figure 2.17.

Seg. 1

ly distributed springs

Figure 2.17 Segment properties

The set of n differential equations will lead to 6 x n unknowns. The number of unknowns
can be reduced by considering only one half of the simply supported beam. To solve the
unknowns 3 boundary conditions will be applied at each end of the beam and 6x(n-2)
interface conditions will be used to describe the continuity between the segments.

Boundary conditions:
[} X = 0

w=020
M —
ds

dx
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o x=1L/2

Interface conditions:

i.  Continuity of displacement
ii.  Continuity of rotation
iii.  Continuity of moment
iv.  Continuity of shear force
v.  Continuity of axial force
vi.  Continuity of slip

Due to the large number of unknowns the solution can be obtained numerically using
specialized software.

2.9 State of the art

2.10 Non-demountable shear connectors

This section summarizes the common solutions for non-demountable shear connectors.
Starting with the welded and moving to the un-welded solutions the summary will de-
scribe the features of each type of connectors.

2.11 Welded connectors

2.11.1. Welded headed studs

Headed studs are the most popular solution in terms of mechanical shear connectors.
Due to their extensive use, this connector was thoroughly researched and standardized.
Large scale experimental research led to the development of empirical solutions for the
load-slip curves. Their load-slip behaviour and failure modes are well known for both
solid and trapezoidal slabs. The shear force is resisted in bearing against the concrete,
by the shank and the weld collar. In order to resist uplift forces the head diameter
dimensions are imposed by [18] for a good anchorage. The advantage is the combination
of a relatively large stiffness with a very large deformation capacity [22].

Headed studs are installed by electrically spot welding with microchip-controlled equip-
ment. An advantage in terms of competitivity against other connectors comes from the
possibility of welding through galvanized profiled sheeting.
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Figure 2.18 Headed stud [10]

A summary of literature research carried by [38] is presented in the form of load-slip
curves in Figure 2.19.

140
120
z ———" Solid concrete slab:
§ 100 ——h =100 mm, f_cm = 38 MPa (empirical
E T relation Gattesco and Giuriani, 1996)
g 80
E Composite slab with profiled steel sheeting:
g
ﬁ 60 ——h =100 mm, f_cm = 19 MPa (push-out test
.y results; Smith and Couchman, 2010)
& 40
E:
5

——h =125 mm, f_cm = 25 MPa (push-out test
results; Yuan, 1996)

0 1 2 3 4 5 [}
Slip [mm]

Figure 2.19 Load-slip curve - headed studs |38]

When analysing the formulas imposed by [18| for the shear resistance, an economic
disadvantage of headed studs is revealed. The failure of the stud will always govern for
concrete classes higher then C30/37. Even if the concrete industry can easily deliver high
strength concrete, from a composite behaviour point of view, there won’t be any benefit.
Another disadvantage is the need to use special welding equipment when the studs are
subjected to cyclic loading.

As the use of composite construction moved to bridges and long spans, there was a need
for an increased number of shear connectors. Due to a high concentration of studs the
reinforcement installation became problematic. Studies carried out by [39] concluded
that headed studs with dimensions larger than usual are a good solution but they have
a slightly smaller fatigue strength without taking proper measures.
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2.11.2. Perfobond-rib and crestbond shear connectors

The above-mentioned problems of headed studs led to the development of other shear
connectors. One of the proposed solutions is the perfobond rib shear connectors devel-
oped by Leonhardt, Andra and Partners from Germany in the late 1980s. The vertical
and horizontal forces are resisted by four components as seen in Figure 2.20 [40]:

Horizontal shear on the concrete ribs

Vertical shear on the concrete ribs

The transverse rebars going through the holes
The concrete-end bearing zone in compression.

Ll e s

@ concrete
end-bearing zone

rebar

Figure 2.20 Perfobond-rib connector [40]

Experimental research shows that the shear capacity of a twin perfobond-rib connector
is reduced to about 80% of that of a single perfobond rib. This is due to reduction in the
shear capacity contributed by the concrete end-bearing zone, the concrete dowel, and
the transverse rebar in the rib hole [40]|. The transverse rebar has a strong influence on

the ductility of the connector.
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Figure 2.21 Load-slip curve - single perfobond rib for different concrete strengths 40|
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Even though this type of connector possesses high stiffness, shear and fatigue resistance,
the placement of the bottom reinforcement can be an issue. For this reason, the crestbond

rib connector was developed.

Bearing resistance Longitudinal resistance by concrete dowel

Vertical resistance by concrete dowel Longitudinal resistance by transverse rebar

Figure 2.22 Crestbond rib shear connector [41]

Having similar stiffness, shear and fatigue resistance as the perfobond, the crestbond
brings along the advantage of ease in installing the bottom reinforcement. It was found
that the concrete strength and number of transverse rebars in the crestbond rib were
significantly related to its shear resistance [41]. The dimensions of the crestbond rib have

limited influence on the shear resistance.
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Figure 2.23 Load-slip curve for various crestbond rib dimension [41]

Apart from the the perfobond and crestbond other variations such as the oscillating

perfobondstrip or the T-rib connector were developed.
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Figure 2.24 Oscillating perfobondstrip and T-rib shear connectors [412]

2.11.3. Other types of welded connectors

Apart from the previously described connectors there is a wide variety of connectors
such as:

e T connectors
e (Channel connectors
e Bar connectors

e Pyramidal shear connectors.

AR,
25mm 10 fillet weld
minimum

Figure 2.25 T connectors, channel connectors [42|, bar connectors and pyramidal shear
connectors |[10](from left to right)
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2.12 Non-welded shear connectors

2.12.1. Hilti connector

Due to welding difficulties encountered with headed studs, the need of non-welded shear
connectors arises. This type of mechanical connectors does not require inspection, and
the speed of construction is increased due to the ease in installation. Such a system was
developed by [43] and researched by [44]. In Figure 2.26 the components of the system
are represented. A cold formed L shaped anchorage leg is attached to the top flange of
the beam by two powder-actuated fasteners. The X-HVB is ductile in all sizes and de-
signed to resist longitudinal shear force, while vertical uplift is prevented by the X-HVB
head and the nails [43].

Anchorage leg

@ 8

i kY i

\

Fastening leg

.'
' 2 powder-actuated fasteners: Hilti X-ENP-21 HVB

Figure 2.26 Hilti shear connector [43]

According to research carried by [44], three failure modes were encountered in push-
out tests with trapezoidal sheeting (see figures below). If the requirements in terms of
the connecter height above the rib and spacing are satisfied, the capacity and ductility

are maximized.

The ductile behaviour is defined by shearing of pins, pulling out of pins and pulling
out of connector (pins in place) [44].
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Figure 2.27 Ductile failure [44].

The semi-ductile failure is defined by pulling out of connector, concrete pull-out around
connector, crushing of concrete at connector leg and shearing of concrete at top of ribs
[44].
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Figure 2.28 Semi-ductile failure |44]
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Figure 2.29 Brittle failure [44].
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In beam test carried by [44] ductile behaviour was observed, even for low degrees of
connection. The degree of connection can be lowered up to 25% for spans not exceeeding
15m.

2.12.2. Welded stud on base plate

Another solution in the form of a non-welded connector was tested by [45] consisting of
a welded stud on a base plate. The failure was governed by shearing of the pins before
yielding of the stud. In terms of ductility, this connector showed a lower slip capacity
compared to the traditional welded headed studs. The recorded slip was in the order of

4-Tmm.
208 mm 19.81 mm
|—| |
'—'+— ':-:__'_ — S0 me
| A R 1 A 12.5 mm
Ly C ) UL
048 mm =N 4 ' |
| [ =/ T et
| R
101 Zmm : 5134 mm

Top view of base plate ! \

232 mm ' 525 b l

I I
e V—‘ 1 I
U 5 mm pointed shaped

Fastening pin for the Pneutek system

Section A-A

Figure 2.30 Shear studs with base plate pin connected [45]
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Figure 2.31 Load-slip curve for perpedicular plate orientation and profiled sheeting
CF70 [45]
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The ductility and resistance can be improved by increasing the penetration depth of the
pins, increased properties of the base plate and installing the base plate parallel to the

beam axis.

Apart from the two solutions presented at this moment there is a wide variety of shear
connectors installed using powder actuated fasteners.

2.13 Injection bolts

The combination of steel and concrete requires large oversized holes in the top flange to
ensure the fit of the components and a fast execution and demounting. For this reason,
after assembly the composite action is not active. The bolt will slip until it starts bearing
on the hole wall. A solution to obtain slip resistant connections are resin injection which
has been used since the 1970’s in connections for railway bridges.

The need of large oversized holes required by demountable systems can be accommo-
dated with ease when resin injection is used. In composite structures the resin will in-
crease the ductility of the connectors due to its deformability without reducing the shear
resistance. Regulations for injection bolts can be found in [11] and [46].

Resin injection requires a special injection bolt which has a hole in the head. Moreover,
a special washer must be used in order to allow the resin to pass into the bolt-to-hole
clearance. To ensure that resin will completely fill the void between the hole wall and
the bolt shank there is a need of an air channel. The purpose of the channel is to provide
an escape path for the air.

injection hole
N chamfered washer

%/ TR

' v —_—

e air escape groove in the washer

Figure 2.32 Injection bolts in a double lap joint [47]
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Figure 2.33 Washer detail [11]

2.14 Demountable shear connectors

Traditional composite structures have the disadvantage of restricting the non-destruc-
tive disassembly of the components. Therefore, the research focus of composite construc-
tion shifted towards demountable mechanical connectors. In this way, easy dismantling
for the purpose of replacement, maintenance or reuse of concrete slabs is easily achieved
[48].

2.14.1. Bolted shear connectors

Bolted shear connectors can represent a viable solution to the traditional headed stud.
Commonly used in joints it was inherent to be adopted in composite construction. The
price difference per unit is slightly higher compared to headed studs but, reducing the
construction time can bring an economical advantage for bolts as means of mechanical

connectors.
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Figure 2.34 Bolted shear connectors [49]
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2.14.1.1. Friction grip bolts solutions

Friction grip bolts (Figure 2.34 a)) resists the longitudinal shear force through friction
between the steel and concrete interface. By prestressing the bolt through the thickness
of the concrete slab the friction force is achieved. On the other hand, due to prestressing
of the bolts, long term effects such as creep and shrinkage will influence the behaviour
of the shear connection. Moreover, due to the concentrated compressive stresses around
the bolt there is a need for special reinforcement and detailing. Another drawback is the
increased price of high-grade bolts which are needed for preloading.

According to [50] friction grip bolts have zero slip at serviceability stage while in later
stages at ultimate limit state the slip doubles compared to welded headed studs of same
dimensions. Design shear resistance for friction grip bolts is defined in BS 5400-5 [51]
but notably lower values than those obtained by [50].

250 1

200 -
Z 1501
o=,
E
- 11k
s04 -7 = = =Hole diameter 22 (20+2) mm
- Hole diameter 24 (20+4) mm
= : = Hole diameter 28 (20+%) mm
0

L] 5 10 15 20 25 30
Slip (mm)

Figure 2.35 Load-slip curve - friction grip bolt connectors [52]

As seen from Figure 2.35 the behaviour of the connector is governed by three stages. In
the beginning the shear force is transferred by the interface friction, constraining the
interface slip. When the friction is overcome, the bolt slips until it starts bearing on the
hole walls. In the final stage the connector is bearing on the steel and concrete walls up
to failure. Because the bolts are installed from the top there is a need of separate holes
in the slab and the beam. The hole tolerances in the two elements causes the large slip
in the second stage.

A refined design for friction bolts is presented and tested in [57] in the form of a friction
bolt with cast in cylinders. The shear connectors consist of a steel cylinder casted into
the concrete slab, an L-profile around the slab edges to protect it from damage and top
plate to transfer the prestressing force.
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Figure 2.36 Friction bolt with cast in cylinders |53

Push-out tests included solid and profiled sheeting slabs. In all tests the failure was

governed by shearing of the bolt with average resistances of 150kN. A similar behaviour

to the regular friction bolt was observed where the three stages were distinguished.
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Figure 2.37 Load-slip curves - friction bolt with cast in cylinders in solid and profiled

After failure, the specimens were

sheeting slabs 53]

reassembled and tested again obtaining similar re-

sistances and failure modes. However, lower friction resistance and larger relative slip

was observed.
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2.14.1.2. Bolt without embedded nut

In Figure 2.34 b) a bolted shear connection without embedded nut is represented. Lit-

erature review carried by [9, 38, 49| revealed that the shear resistance is 80% of headed

studs while the stiffness is only 15%. The cause of this reduced stiffness is the slip and

rotation of the bolt. Because of this reduced stiffness 54| concluded that they are not

suitable as mechanical connectors.

Research was carried by [53, 55-59] on threaded headed studs

in solid and profiled

sheeting slabs. The studies concluded that the connectors can be demounted easily in

push-out and beam tests, and simple calculations can be used to estimate the shear

resistance and ultimate moment capacity.

Figure 2.38 Threaded headed stud [59]
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Figure 2.39 Load-slip curve -welded and threaded studs in solid slab [55]

Push-out tests of threaded studs in solid and profiled sheeting slab showed similar

resistance as welded studs however, they have higher slip capacity but lower initial

stiffness.
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Figure 2.40 Load-slip curves - welded and threaded stud in profiled sheeting slab [56]

2.14.1.3. Bolts with single embedded nut

10 12 14 16 18
Slip (mm)

Because the rotation and slip of the bolt in the hole is the cause of the low stiffness, nuts
at the base of the bolt can be embedded in concrete. (see Figure 2.34 ¢)). Research
carried by [49] showed that bolts with single embedded nut have a resistance approxi-
mately 95% of that of headed studs. However, the stiffness is reduced by 50% due to the

slip in the hole.

Two failure modes were identified by [33] for bolted connection with single embedded

nut: shear failure of the bolt and pryout failure of the concrete (see Figure 2.41). At
the lower bound of shear connector height to diameter ratio (he./d = 2.5) slip at failure

is increased above 6 mm due to concrete cone failure, leading to a ductile behaviour of

a bolted shear connector [49].
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Figure 2.41 Failure modes of bolted shear connectors influence of bolt diameter |54
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Figure 2.42 Load-slip curve - M16 bolts with single embedded nut [49]

Design resistance of bolted shear connectors with single embedded nut is defined by [54]

following [18] framework:

P, = 55a,d"? (femlec)04 1 92000 o, = 222 > 1.0.

Pb,u = abfubAs

34

ay, = 0.6(—>0'23

d

According to [54], adding a second embedded nut (see Figure 2.34 d)) does not have a
significant influence on the stiffness and resistance. Consequently, the most viable solu-

tion for precast solid decks is the bolt with single embedded nut.
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2.14.2. Resin injected bolt coupler system

The bolt coupler system comes as a solution to regular embedded bolts which are vul-
nerable to damage during construction and transportation. The shear connector consists
of an embedded bolt and coupler which are connected from below by an injection bolt.

(T ¥ fwzmssizn

7 Ae—AM20, 10.9 COUPLER, L=60]

¥ el0UuBAR]

| L80XB0XE, L=870, S356|

v/ PL 40X40X12

—{M20, 8.8, L=60|

Figure 2.43 Resin injected bolt coupler system [53]

The coupler is designed of higher grade (10.9) compared to the external bolt in order to
prevent any damage in case of overloading, ensuring the deck can be reused. The em-
bedded bolt has the role to resist uplift forces. To protect the concrete edges during
transportation and installation, L-profiles are placed all around the bottom side of the
deck. The width of the decks is limited by normal transportation demands to 2.4-2.6
meters, if transported horizontally. With the application of epoxy resin, larger tolerances
can be allowed without compromising the load-bearing capacity where the execution of
large deck components makes it necessary [53].

Push-out tests carried by [53] for solid slabs with 150mm height failed by shearing of
the bolt at an average load level of 131kN per connector. The initial stiffness decreased
from 100kN/mm at load level of 50kN to 30kN/mm. Figure 2.44.
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Figure 2.44 Load-slip curves - injected bolt coupler connector in 150mm solid slab [53]

Push-out tests have been carried by [60] on solid slabs with a thickness of 120mm. The
initial stiffness was reported by [61] to 55kN/mm and a resistance of 110kN (see Figure
2.45). Beam tests have been carried out in this thesis for the bolt coupler system in
120mm thick prefabricated decks with tapered beams.
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Figure 2.45 Load-slip curve - injected bolt coupler connector in 120mm solid slab [61]

Push-out tests have been performed by [62] on profiled sheeting slabs with a thickness
of 150mm. The connector has an average resistance of 56kN with an initial stiffness of
30kN/mm. Beam tests have been carried out by [63] on demountable profiled sheeting
slabs with the bolt coupler system as means of connectors.
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3 Feasibility of construction

The assembly of prefabricated systems require a tight control of the tolerances in order
to achieve the desired connection. Solutions involving prefabricated composite flooring
systems exist but require some sort of in-situ casting. The casting increases the construc-
tion time, costs and obstructs the non-destructive demountability of the decks and beams.
These issues can be overcome by using a connector which provides the possibility of
demountability.

sl o jrant filled
h cemant mortar

In situ concrete or grout infill

along shear key joints In sifu concrete infill

Opened core

Headed shear studs

Transverse reinforcement

Universal beam with prewelded shear connectors

Figure 3.1 Prefabricated solid slab with pockets (64| and composite beam with hollow
core slab [31]

The focus of this thesis is to assess the suitability of using bolt coupler connectors in
large prefabricated concrete decks. The feasibility of construction will be assessed

through experimental work and finite element models.

3.1 Problem definition

The outcome of this research is to understand the influencing factors and their implica-
tion on the assembly and disassembly of demountable steel-concrete composite floorings.

Manufacturing imperfections, deformation of the structure during construction and the
speed of construction influences the required tolerances of the steel beam holes. The
assembly and disassembly were investigated in laboratory conditions on large scale car
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park specimens backed up by a wide range of imperfection measurements and finite

element models.

Resin injection is used as a measure to obtain slip resistant connections. Injection of
small scale push-out specimens was successful but it has not been applied to full-scale
composite beams yet. Demountable flooring systems require vertical injection of a large
number of bolts and the easy removal of the resin plug after disassembly. The repetitive
process requires to be labour efficient and to be able to reliably fill the gap between the
bolt shank and hole wall. Through injection of a large number of bolts, the quality of
the injection is assessed and practical advice will be given based on experimental expe-

rience.
Research questions:

e  Which are the influencing factors for assembly and disassembly of demounta-

ble systems?

e Can resin injection be used reliably and labour efficiently for large demount-
able buildings?

3.2 Car park specimen

Experimental research was carried out as a part of RECS-project REDUCE (Reuse and
Demountability using Steel Structures and the Circular Economy) at TU Delft’s Stevin
IT lab. Full scale laboratory experiments were conducted to study the feasibility of con-
struction of a novel demountable flooring system. Based on design of a car park carried
out by [36], an experimental setup was manufactured.

Laboratory space constraints led to a reduction to 90% of the original car park design.
The setup consists of three tapered beams and four concrete decks. The dimensions of
the setup are appropriate sizes for a car park [65]. The dimensions of the tapered beam

are summarized in Figure 3.2.
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Figure 3.2 Tapered beam dimensions
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The influence of fagade columns is studied having one of external beams supported in
three additional positions at a spacing of 3.6 meters. Through the testing program, the
beams were braced to prevent lateral torsional buckling. As [9] pointed out, the beam is
prone to instability effects during construction.

II mmmmm A ccount for imperfections

Figure 3.4 Car park specimen in laboratory

The dimension of the decks were 7.2 meters x 2.594 meters. The size of the prefabricated
concrete decks should be as big as practically possible to reduce the amount of work at
the construction site [61]. The thickness of the deck was 120mm. In longitudinal direc-
tion a gap was considered to account for any imperfections. Transversally, at mid-span,
the decks were designed without an account on tolerances (see Figure 3.3). The reason
behind is the necessity of the decks to transfer the normal force.

For consistency and simplicity in expressing the result, the following notation was used
to define a connector position on the beam. The beams are numbered from I to III and
each half-span is defined by A and B. Each connector is assigned with a number from 1
to 24 counting from support to mid-span.
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During the feasibility study, the deflection was measured for beams I and II using six
Sakae S13FLP50A potentiometers. The LVDTs were placed at mid