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Preface

This thesis is submitted as a partial fulfilment of the requirements for the
Danish Industrial Ph.D. degree. The work has been carried out as a collabo-
ration between at the Department of Civil Engineering at the Technical Uni-
versity of Denmark and the Grontmij Consulting Engineers Inc. at the De-
partment of Structural and Fire Engineering at the Glostrup (Copenhagen)
Office. The main supervisor is Kristian Dahl Hertz from The Department of
Civil Engineering and Associate Professor Jonas Brunskog from the Depart-
ment of Electrical Engineering as co-supervisor. From Grontmij Consulting
Engineers Inc, Marketing Director Martin Venning Kjeer, Chief Advisor Poul
Erik Haurbeek, Head of the Department of Structural and Fire Engineering
Karen Gaarden, Per Alan Olsen and Claus Mgller Petersen, has all been a
part of a co-supervising team.
Four papers are appended as a part of this thesis.

e Paper I: Airborne and impact sound transmission loss in super-light
structures.

e Paper II: Simulation of flanking transmission in super-light structures.
e Paper III: Super-light concrete decks.

e Paper IV: Super-light precast deck elements integrated in a traditional
concrete precast element construction.

The acoustics tests have been designed by the author who also has made
the acoustical experiments and simulations. Likewise the analyses of the
acoustical results have been made by the author. The static and fire tests
have been designed, carried out and analysed in collaboration with the main
supervisor Kristian Dahl Hertz, phd-student in super-light structures Niels
Andreas Castberg and two M.Sc. students as a part of their master thesis.
The design of the super-light elements used for indoor pedestrian bridges
has been made by the author, as a part of the industrial Ph.D. project, at
the Department of Structural and Fire Engineering, Grontmij Consulting
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Abstract

Super-light structures is a newly developed and patented construction prin-
ciple for concrete structures. It combines some of the desirable properties
of normal strong concrete and lightweight aggregate concrete in order to
improve the utilization of the materials and to design improved concrete
structures and elements.

The super-light slab element in the present research is developed as a
holistic design including all relevant disciplines. The element is based on well-
known technologies and materials, which have been used for millenniums,
namely compression arches and lightweight expanded clay aggregate (leca)
along with a newly developed technology called pearl-chain reinforcement,
which is a system for post-tensioning. Here, it is shown how to combine
these technologies within a precast super-light slab element, while honoring
the requirements of a holistic design.

Acoustic experiments in a controlled laboratory environment have been
conducted with the element in order to evaluate its performance in airborne
and impact sound insulation. These results have been employed in simula-
tions of the flanking transmission to estimate the in-situ performance of the
super-light slab element. The flanking transmission has been done both in a
standard room consisting of precast concrete elements and as a parametric
study in order to estimate the accuracy of the used model.

Experiments on the ultimate limit state regarding moment, shear and
pull-out resistance is carried out for the super-light element. As a part of
the same test series elastic behaviour of the super-light element is also in-
vestigated. This is done to verify that requirements and methods supplied
by design codes can be applied to the element with sufficient accuracy. In
addition, the super-light slab element has been exposed to a standard fire
test.

A demo project, where a variation of the super-light element is included
as indoor pedestrian bridges, has been designed and constructed. The sup-
port system was complicated and included a high amount of point supports.
This required a high degree of versatility of the super-light element, as sev-



eral known technologies were integrated and developed for the super-light
element, in order to construct the pedestrian bridges.



Resumé

Super-lette konstruktioner er nyudviklet og patenteret konstruktionsprincip
for betonkonstruktioner. Det kombinerer nogle af de gode egenskaber af nor-
mal staerk beton og letklinkerbeton sa materialerne kan blive bedre udnyttet
og gor det muligt at designe forbedrede betonkonstruktioner og elementer

Det super-lette deeklelement i den neerveerende forskning er udviklet som
en holistisk design, ved at inkluderer alle relevante discipliner. Elementet
er baseret pa velkendte teknologier og materialer, der har veeret brugt i
artusinder, det drejer sig om trykbuer og letvaegtsbeton (LECA) sammen
med en nyudviklet teknologi kaldet perle-kaede aremering, som er et system
for efterspaending . Her er det vist hvordan man kan kombinere disse teknolo-
gier i et prae-fabrikeret super-let dackelement, mens kravene til et holistisk
design er honoreret.

Akustiske malinger er blevet udfgrt med elementet i et kontrolleret lab-
oratorie miljg for at evaluere dets praestation i luftlydsisolering og trinlyd-
sisolering. Disse resultater er blevet anvendt til simuleringer af flanketrans-
mission af et super-let deekelement for at vurdere dets in-situ preestation.
Flanketransmission er blevet undersggt i bade et standard rum, der bestar
af pree- fabrikerede betonelementer og ved en parametrisk undersggelse for
at vurdere praestationen i et ukendt rum og for at vurdere ngjagtigheden af
den anvendte model.

Forsgg af brudgraensetilstanden mht. moment-, forskydnings- og forankrings
baereevner er udfgrt for det super-lette element. Som en del af den samme
eksperimentelle testserie er de elastiske strukturelle egenskaber af det super-
lette element ogsa undersggt. Dette ggres for at kontrollere, at kravene og
fremgangsmaderne der er specificerede i design standarderne kan anvendes
til deekelementet med tilstreekkelig ngjagtighed. Desuden har det super-lette
daekelement succesfuldt veeret udsat for en to timers lang standard brand-
prgvning.

En modificeret udgave af det superlette element er blevet brugt til et
demo-project, hvor indendgrs gangbroer er blevet designet og bygget. Un-
derstgtnings betingelserne er komplicerede da der er stor maengde punkt un-
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derstgtninger. Dette kreevede en hgj grad af tilpasning af det super-lette
daekelement, hvor flere kendte teknologier er blevet integreret, samt udviklet
til det super-lette deekelement med henblik pa at kunne konstruere gang-
broerne.
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Part 1

Introduction and summary






Chapter 1

Introduction

Pre-fabricated concrete elements are used throughout the building industry
in Denmark and similar countries, where high labour cost favours prefab-
ricated elements rather than the labour-intensive in-situ cast method for
concrete structures (Jensen 1991). Additionally, the geographical location
of Denmark favours concrete rather than steel as building material since
the natural resources of Denmark can supply a self-sustained cement pro-
duction but not a steel production. Pre-fabricated building elements have
been used through history of time and dates back till 3000 B.C., e.g., the
sweet track, an ancient causeway is constructed from pre-fabricated timber
elements (Cunliffe 2005). However, the modern technology of pre-fabricated
concrete building elements, in particular for residential multi-storey hous-
ing, was invented in the late 19th century and early in the 20th century in
England (Sutherland et al. 2001). The speed of development was greatly in-
creased after the second world war, where large parts of the infrastructure
needed to be rebuild quickly and cheaply (Bullock 2002). In Denmark the
pre-fabricated concrete elements were developed as an industry in the 1950s
with the development of the hollow core slab, and from that time they have
more or less been the preferred choice for the building industry in Denmark
(Jensen 1991).

Since the 1960s demands of general living conditions and structures have
increased steadily. This is expressed in standards and in the Danish building
regulations (Bygningsreglementet 2008). Here a sharpening of the require-
ments in relation to the performance of structures and the quality of living
in general, constitute a basis of a new version of the regulations. In many
ways these new building regulations have acted as a motivation for develop-
ing the super-light slab element as an alternative to patching of older known
solutions, so that they comply with newer regulations. This includes fire
safety, where the structure at last should be able to allow for evacuation,
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before the structural safety is compromised, and demands to both building
and room acoustics. In addition, the level of vibration should be limited for
personal comfort, although this is not required by the building regulation.
The acoustic standards have likewise been developed in the 1960s, where the
first requirements were formulated, and they have since regularly been tight-
ened. Something else which has not yet been specified by any standard, but
regardless receives a lot of attention from media and public in general is the
influence on the environment caused by CO, emission.

To meet these trends of current and future expected requirements a super-
light slab element has been developed and designed as a holistic design, which
integrates and fulfil all functional requirements with respect to load-bearing
capacity, energy consumption, material consumption, acoustics, indoor cli-
mate, fire safety, economy, applicability, and aesthetics. One of the biggest
challenges in the design is to make the super-light slab element as light as
possible in relation to the goal of achieving an acceptable acoustical perfor-
mance, as this is traditionally associated with high mass. It is expected that
it is the acoustical properties, namely sound insulation, which will suffer most
from the reduction of mass, and therefore carries the main emphasis of the
design. The design is carried out in order to save material and thus reduc-
ing the cost of production and transportation along with the CO5 emission
(Hertz and Bagger 2011).

Super-light slab element

The super-light element is developed from the general super-light technology.
Due to requirements of a maximum element height, set to 215 mm, it is
not possible to utilize all the features of super-light structures, which are
described in Chap. 2. The height is limited in order to be compatible with
the existing pre-fabricated concrete element scheme. The original principle
of pearl-chains has been omitted in single elements, but the principle can be
applied to several elements as it is discussed n Chap. 2. If the design of the
element was based solely on statics, it would have been possible to utilize the
super-light principles so that the element would be lighter compared to the
present design of a super-light slab.

In order to save weight compared to comparable concrete elements the
super-light slab element is constructed from two different concrete materials,
namely a normal concrete and a lightweight aggregate concrete based on ex-
panded clay. In order to save material and achieve acceptable acoustics prop-
erties the function of the slab element depends on interaction between the
two concretes. In addition, the two different concrete parts are geometrically

4 Department of Civil Engineering - Technical University of Denmark
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formed, so that the element will behave isotropic in regards to optimizing the
acoustic properties of the plate. The use of porous lightweight expanded clay
aggregate concrete with a high thermal insulation greatly improves the ther-
mal insulation performance of the element and provides good insulation of
the pre-stressed reinforcement in regards to structural fire safety. The porous
structure of the lightweight aggregate structure also provides increased sound
absorbing qualities compared to normal concrete (McElroy 1990).

The statics of the element has been investigated for both the ultimate
and the serviceability limit state and the results are presented in Chap. 4
and the accompanying paper (Hertz et al. 2013) with a main emphasis on
validating known design formulas in relation to codes for actions on struc-
tures (Eurocode 1-1-1 2002) and (Eurocode 1-1-2 2002) and codes for con-
crete structures (Eurocode 2-1-1 2004) and (Eurocode 2-1-2 2004). A demo
project with a variation of the super-light deck element has been constructed
and built in practice. Here the element is used for indoor pedestrian bridges
serving as access routes. This project and the deck element is presented in
Chap. 5 and the accompanying paper (Christensen and Hertz 2013).

Acoustics

One of the main problems in relation to present standards of living is the
acoustic comfort. This is especially true for apartments, where both noise
coming from neighbours and the restraint of not being able to do noisy
activities in order to not annoy neighbours, are reducing the living qual-
ity for inhabitants of apartments. In addition, the acoustical requirements,
which were formulated in the 1960s, are based on speech and footfall as
the main noise sources. This is no longer the case. Especially hi-fi equip-
ment has changed the average power spectral density of noise produced by
households to include more noise in the lower and higher frequency range
(Hopkins 2007, Chapter 1). This means that even when the acoustical stan-
dards are obeyed, the acoustical performance can still be rated individually
as dissatisfactory, since the regulations are based on the building acoustic
frequency range limited to 100 — 3150 Hz. Traditionally acoustical ratings
of building elements are done by a single number rating for both airborne
and impact sound insulation. This is based, and dates back to the 1960s,
on a reference curve (ISO 717-1 1996) and (ISO 717-2 1996). Single num-
ber ratings can be obtained by laboratory measurements (ISO 10140-2 2010)
and (ISO 10140-3 2010) where flanking often is excluded. Single number
ratings can also be obtained through calculations (EN12354-1 2000) and
(EN12354-2 2000) where flanking can be included if the flanking partitions

Department of Civil Engineering - Technical University of Denmark 5
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is known. Later a correction term called the spectral adaption term has
been introduced to address problems with the limited frequency range for
building acoustics. This is done by supplying methods to obtain metrics
on an extended frequency range to 50 Hz to 5000 Hz (ISO 717-1 1996) and
(ISO 717-2 1996).

Legislation concerning sound insulation in the various European coun-
tries is documented by (Rasmussen 2010) and (Rasmussen and Rindel 2010),
where the difference in evaluation metrics regarding sound legislation is dis-
cussed. The analysis covers 24 European countries and reveals great inhomo-
geneous legislation across Europe for both requirements to the single number
rating and the metrics used to evaluate the acoustics. For airborne sound
insulation 9 different description are used with a difference in single number
rating requirements for multi-storey housing up to 5 dB. For impact sound
insulation 5 different descriptors is used and a maximum difference of 15 dB
is found in the various countries legislation. In addition only one country
(Sweden) has included low-frequency adaption terms in its legislation. The
many different descriptors in use make it hard to compare legislation between
different countries. Nine of the 24 countries have introduced a classification
scheme where buildings and buildings elements can be rated, (DS490 2007)
is valid for Denmark.

In the Nordic countries the sound insulation is rated from A to D in a
classification scheme, A being the best, C being the requirement and D the
worst only applicable in special cases. The pre-mentioned spectral adaption
term is for most countries only applied in class A and B as it is also the
case for Denmark. A survey shows that more than 90% of inhabitants are
satisfied with the insulation supplied by rating A and 50%-65% are with the
insulation supplied by rating C (DS490 2007). In Denmark the latest edi-
tion of building regulations came in 2008 (Bygningsreglementet 2008). Here,
vertical airborne sound insulation was increased in terms of the single num-
ber rating from 53 dB to 55 dB and impact sound insulation was increased
in terms of the single number rating from 58 dB to 53 dB. These new re-
quirements are identical with the classification C, but as the results of the
survey show for class C, which is identical to the new requirements, less than
two-thirds of the population is satisfied (DS490 2007). This leaves space for
further tightening of the legislation as a very realistic possibility in the fu-
ture. The super-light slab element is already partly prepared to such changes
by e.g. increasing the density of the lightweight aggregate concrete blocks,
changing the geometry of the lightweight aggregate concrete or developing
an element with a height of 265 mm, which is equivalent to the next tier of
element height in the pre-fabricated concrete elements construction scheme.

For the acoustic development of the super-light slab element the main em-

6 Department of Civil Engineering - Technical University of Denmark
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phasis has been on the airborne sound insulation, based on the idea that the
impact sound insulation is handled by an external floor. The acoustic mea-
surements, simulations and analysis of the super-light element is described
in Chap. 3 and the accompanying papers (Christensen et al. 2013a) and
(Christensen et al. 2013b).

Department of Civil Engineering - Technical University of Denmark 7
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Chapter 2

Super-light technology

A super-light structure is developed in order to optimize concrete structures,
so that the strong concrete is only applied, where it is needed, which is
usually in arches. A lighter weaker concrete fills out the shape and stabilizes
the strong concrete. The name super-light is derived from the original first
principle, which is also explained later in this section for a beam in Fig.
2.1. Utilizing a high-strength concrete (f. > 80 MPa) to construct the beam
in the example it can be made lighter than an equivalent steel beam. As
steel structures are generally considered lightweight structures compared to
concrete structures, the super-light structures was named in a provoking
fashion. However, due to the need for a high surface mass when considering
acoustic requirements, the first thought was to develop a super-light element
10 — 20% lighter than a hollow-core element which typically has a surface
mass of 340 kg/m”, (Betonelement 2010) and (Spaencom 2010), by utilizing
the combination of the two concretes. The very first super-light slab element
design, which is the one described in the end of this chapter, had a surface
density of 289 kg/m”.

The main concept of super-light structures is elaborated and described by
(Hertz 2010) and (Hertz 2009). Here those concepts are shown by a simple
tall beam. Several iterations of the principle where the complexity increase
are shown in Fig. 2.1. The first beam shows a normal reinforced concrete
beam where a full section of normal heavy concrete is present. The second
part shows an arch of normal concrete accommodating in shape both the in-
ternal and external load, but the supports must be able to take the horizontal
forces from the arch. The arch is surrounded by lightweight aggregate con-
crete in order to protect the load-bearing normal concrete against buckling
and fire. To further expand about the idea of minimal structures the load-
bearing concrete could be a high strength concrete of 100 MPa or more. The
third iteration adds reinforcement in the shape of prestressed high strength
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concrete taking the tension as unloaded compression. This is placed in the
bottom of the beam to deal with the horizontal forces associated with the
forces in the arch. Finally, the last iteration is statically equal to the third,
but here the arch is made from straight segments of concrete along with seg-
ments shaped as wedges to angle the straight segments in order to create the
arch. This concept is called pearl-chain reinforcement and it is elaborated
on in Sec. 2.3.

AWy

Figure 2.1: The overall principle of super-light structures explained in a
beam

By minimizing the material consumption by use of compression arches
it is possible to make the super-light element lighter than similar concrete
elements in analogy to the iterations in Fig. 2.1. In other words the main
feature of a super-light structure is to place the load-bearing high-strength
concrete where it is most useful. With the good compression strength of
concrete, this will often be as arches or vaults, but it could also be arranging
the load-bearing concrete in truss-formations using prestressed pearl-chain

10 Department of Civil Engineering - Technical University of Denmark



Super-light technology 2.1 Materials

reinforcement in tension elements. In all cases, the lightweight aggregate
concrete will be present for stabilizing against buckling, protecting against
fire, and in some cases for utility such as shaping the element to comply with
architectural features.

2.1 Materials

The super-light deck elements are made from two different concretes in ad-
dition to reinforcement. One of the concretes is a normal concrete with
a relatively high characteristic strength 55 MPa and density 2300 kg/m?,
the other is a lightweight expended clay aggregate with low characteristic
strength 3 MPa and density 600 kg/m®. The characteristic stiffness of the
concretes are 38 GPa for the normal concrete and 3 GPa for the lightweight
aggregate concrete. Loss factors for the concretes are 0.004 — 0.008 for nor-
mal concrete and approximately 0.01 for the lightweight aggregate concrete,
(Cremer and Heckl 1973). For the prototype elements used for the exper-
iments another normal concrete was used with a characteristic strength of
50 MPa and characteristic stiffness of 37 GPa.

The plasticity of a concrete used for e.g. hollow core elements is limited
so that the hollow cores can be created by an extruder without collapsing.
This consideration is not needed for the normal concrete used in the super-
light structures. Here it is desirable to have a high plasticity to ensure that
the connection between the lightweight aggregate concrete and the normal
concrete is strong by letting the normal concrete penetrate the surface of the
porous lightweight aggregate concrete. The increased plasticity also ensures
that the normal concrete reaches all corners which can be created by the
geometry of the lightweight aggregate concrete, which is important in order to
create a proper cover layer of the normal dense concrete at the reinforcement
in relation to steel corrosion.

2.2 Arches

The static properties of an arch combine well with the material properties of
concrete. If an arch is carefully constructed according to its load e.g. catenary
for self-weight, parabola for an uniformly distributed load or straight lines
between point loads, a cross-section in full compression can be archived and
the arch resembles the simple statics of a column.

In the general concept of super-light structures arches are widely em-
ployed as the load carrying mechanism. This is exemplified in a couple of

Department of Civil Engineering - Technical University of Denmark 11



2.3 Pearl-chain reinforcement Super-light technology

projects where the arches in super-light structures have been used as corner-
stones of the design (Castberg and Hertz 2012a), (Castberg and Hertz 2012b).
An investigation of the influence of the shape of arches in a concrete
beam as the ones shown on Fig. 2.1 has been carried out and is documented
in (Bagger and Hertz 2010). The main results were that sharp bends of an
arch would create locally concentrated stresses and that the forces would
follow the overall shape of the arch, whether it was shaped as part of a
circle, spline or straight segments adjusting the flow of compression forces to
the cross-section of normal concrete. This result has been used in the super-
light slab element, where the lightweight aggregate is cast with straight lines,
rather than a curved shape, while compression arches are still emerging in
the normal concrete over the of the shape of lightweight aggregate concrete.

2.3 Pearl-chain reinforcement

Pearl-chain technology is described by (Hertz 2011) and has been developed
in 2008, shortly after the actual concept of super-light structures was devel-
oped. The main purpose of pearl-chain reinforcement is to support super-
light structures by an alternative method to create arbitrary shapes of the
strong concrete of super-light structures without the need for expensive and
time consuming curved scaffolding and moulds.

Figure 2.2: The concept of pearl-chains in super-light structures, at the
top the shapes on a line, at the bottom after reinforcement have been post-
tensioned and an arch is established.

The general principle of pearl-chains is shown on Fig. 2.2, where segments
of straight and angled, easy to shape and cast, concrete elements are shown
and a vault is created by combining the linear straight blocks with the wedges
or by application of straight elements with inclined ends. More advanced

12 Department of Civil Engineering - Technical University of Denmark



Super-light technology 2.4 Super-light slab element

shapes can be created if so desired. Several super-light slab elements may
be combined as a pearl-chain to create an arch with a long span. The pearl-
chain segments are provided with a steel wire in a duct. The wire will be
post-tensioned and compresses the segments together, which then will shape
the curved structure they are intended to, and can serve by taking tension
stresses as unloaded compression.

2.4 Super-light slab element

The super-light element is developed utilizing the above mentioned technolo-
gies when applicable. Developing a super-light slab element is an iterative
process, where many factors influence the direction of the design/redesign.
The first edition of the pre-fabricated element had a width of 1.2 m and the
testing described here has been done with that design. The latest design
has a standard width of 2.4 m, other parameters such as the geometry of
the lightweight aggregate blocks have also been changed. The changes are
due to numerous issues including demands and needs from manufactories,
which introduce limits for the geometry of the design, production cost also
influence some of the parameters, while other parameters are influenced by
design requirements. The various lab tests discussed in Sec. 3 and Sec. 4
have influenced the design along with the demo project discussed in Sec. 5
where an earlier edition of the element has been used. The changes to the
element and their influences are discussed in Sec. 6.

The element described in the following is the edition on which most of
the work in this thesis is based. The super-light element is made from the
two concretes described in Sec. 2.1. The lightweight aggregate concrete is
cast in a special custom-made mould so it constitutes a block. The block and
its measurements are shown in Fig. 2.3. This geometry creates grooves be-
tween the lightweight aggregate blocks which are as deep as possible without
compromising the thermal insulation property of the lightweight aggregate
concrete in relation to fire and the ability to cast the block. Moreover, still
deep and wide enough to place reinforcement strands in bundles in them
with a reasonable internal moment lever arm and concrete cover to protect
against corrosion and taking the prestress forces without cracking. A total
of three blocks are placed in the width of a 1.2 m wide element.

Department of Civil Engineering - Technical University of Denmark 13
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Figure 2.3: The lightweight aggregate block, dimensions and shape.

After the lightweight aggregate blocks are cast the prestressed reinforce-
ment is placed in the grooves. The 1.2 m wide element can accommodate up
to 8 strands with a nominal diameter of 12.5 mm. One at each side of the
element and three in a bundle in the grooves between the lightweight aggre-
gate concrete blocks. Between the blocks in the secondary direction slack
rebars with a diameter of 6 mm is placed to counteract the horizontal part
of the arch forces over each block and to stabilize the element and prevent
longitudinal cracking. This is of importance if the width increases beyond
1.2m, where longitudinal cracking becomes a bigger risk. The reinforcement
arrangement in the element is shown on Fig. 2.4.

Normal concrete Normal concrete

v\ & T & / o

Lightweight aggregate concrete blocks

o

Figure 2.4: Reinforcement in a 1.2 m wide super-light element.

Normal concrete is cast on top of the lightweight aggregate blocks to
create the rectangular form of the cross-section, as it can be seen on Fig.
2.5. At any place in the element the top layer of normal concrete is at least
30 mm, enough to fully constitute a maximum compression zone depth of
22 mm, when the element is fully reinforced with 8 prestressed rebars for a
plastic calculation of the moment capacity. The increased plasticity of the
normal concrete ensures that it penetrates the open pores of the lightweight
aggregate concrete blocks as shown on Fig. 2.6 and a strong connection
between the two concretes is created.
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Super-light technology 2.4 Super-light slab element

Figure 2.5: A slice of the completed rectangular cross-section of the super-
light element.

Figure 2.6: On the left cross-section of a fully cast element, on the right
comparison with the block without cast concrete.

Arches are locally created within the element due to the shape of the
lightweight aggregate concrete blocks. The arches span from one groove
to another where the main load carrying lines in the element are found.
The arches bring the distributed load to these grooves. Apart from having
the static influence on the element, the arches are shaped so that material
consumption and weight of the element are reduced.

Statically, the super-light element comes with the possibility to be clamped
at its supports. This is done by casting the element with grooves in the top
surface near the support along the grooves between the lightweight aggregate
concrete blocks. When installing the element, slack reinforcement is placed
in the grooves in the top surface across the support and concrete is cast into
the grooves. A concept drawing of this is shown in Fig. 2.7. The clamped
support of a beam element will greatly enhance its performance in the ser-
viceability limit state. Cracking will first occur at a higher load. Maximum
deflection at midspan is reduced compared to the simple supported case and
the natural frequency of the element will be approximately 2.25 times higher
than if the element was acting as a simple supported beam this is greatly
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reducing the acceleration of the vibration in the comfort related frequency
range.

Figure 2.7: Example on how to create a restraining moment at the support
in order to clamp the super-light slab.

The pearl-chain technology is not directly applied within a single super-
light deck element. The limited element height of 215 mm and the cost of
production means that it is not feasible to use it. Instead it can be used
to combine multiple elements. A space between two rows of lightweight
aggregate concrete blocks can be added to make room for a hollow duct
for the post-tensioning cable. Application of this across the deck element
opens up for possibilities of load-bearing in two directions yielding a further
reduction of deflections and vibrations.
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Chapter 3

Acoustic design

The super-light element is developed acoustically in regards to newly changes
in acoustic legislation in Denmark, which was discussed in Chap 1. In the
introduction it was also implied that the legislation is still insufficient to
provide an optimal acoustical environment for large parts of the population.
Therefore, the element is also prepared so that it is able to adapt for future
changes to the legislation.

The main idea behind the acoustic development of a super-light element
is an even stiffness distribution in the two principal directions in order for
the element to be considered isotropic along with a beneficial interacting
between the normal concrete and the lightweight aggregate concrete. The
focus is placed on the airborne sound transmission; this means that certain
requirements exist to the type of flooring, which should be used in combi-
nation with the super-light element. Moreover, the floor should be able to
compensate for the increased sound transmission coming from flanking when
comparing in-situ simulations to the laboratory measurements. For heavy el-
ements as, e.g., concrete floors, a rule-of-thumb is that this can be estimated
approximately to be 3 dB (Kristensen and Rindel 1989). Furthermore and
most importantly, the floor should account for fulfilling the requirements to
impact sound insulation.

Traditionally, hollow core slabs with a surface mass of 320kg/ m? has been
sufficient in regards to building acoustic performance when using concrete el-
ements (Kristensen and Rindel 1989). After the acoustic part of the building
code was changed a new recommendation was published where 440kg/ m” was
recommended for the pre-fabricated building scheme (Rasmussen et al. 2011).
Impact sound insulation is the cause for the steep increase to the requirement
of surface mass, and therefore development of floors has led to a new analysis
(Christensen 2012), where the results is that a surface density of 370 kg/m?
is needed to achieve R,, > 55dB and L, ,, < 53 dB. In (Simmons 2004) are
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3.1 Test setup Acoustic design

several measurements of concrete hollow core slabs available. The surface
mass of the included elements cover the range 255 — (480 4 90) kg/ m®, where
480 kg/ m” is the surface density of the hollow core slab and 90 kg / m” is the
surface density of an additional in-situ cast layer of concrete. All of these
measurements has been modified in order to be used as input data for Bastian
software, the method which the result has been modified is available within
the report. Some of the modified results of the sound insulation for the hol-
low core slabs are R, = 51dB and L/, = 89dB for a hollow core slab with a
surface density on 255kg/m”>, R), =53dB and L/, = 86dB for a hollow core
slab with a surface density on 290 + 25 kg/ m” comparable to the super-light
element in terms of surface density, R, = 55dB and L;, = 84 dB for a
hollow core slab with a surface density on 255 4+ 90 kg/m” and R/, = 57 dB
and L/, = 83dB for a hollow core slab with a surface density on 365 kg/m”.

The present acoustic investigation consists of a test element specially de-
signed for the acoustic test facilities. Here airborne sound insulation has
been measured along with impact sound insulation and the input mobility
of the super-light element, which is also the topic of the accompanying pa-
per (Christensen et al. 2013a). These results have been applied with the
acoustical simulation software Bastian to investigate flanking performance in
a room setup based on current partitions and methods in the Danish pre-
fabricated concrete element industry. In addition, a parametric study with
a wide array of partitions is also investigated, in order to obtain a more
general assessment of the flanking transmission; additional details regarding
the study of flanking transmission can be found in the accompanying paper
(Christensen et al. 2013b).

3.1 Test setup

The measurements were all carried out in the reverberation chamber at the
Technical University of Denmark. For the airborne transmission loss mea-
surements, the guidelines in (ISO 10140-2 2010) has been used. The impact
transmission measurements were made in accordance to (ISO 10140-3 2010).
The standard tapping machine was used in five different positions on the slab.
Different angles and positions related to the rib structure of the super-light
element created by the lightweight aggregate blocks was used for the tapping
machine. For the impact transmission the influence of external floors was
not measured, but as discussed later they have instead been simulated.
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Acoustic design 3.1 Test setup

Figure 3.1: Test setup fin the receiver room

Figure 3.2: Standard tapping machine for impact sound insulation mea-
surements.

The mobility of the slab has been measured after three weeks, in order to
establish the boundary condition and explain the uneven mode-dominated
transmission of the slab at lower frequencies compared to the more even
transmission in the rest of the frequency range. Three positions have been
used, two above ribs and one above the centre of a lightweight aggregate
concrete block. Due to limitations in the setup, where some of the equipment
was suspended from a crane locked in a rail in the ceiling, it was not possible
to avoid one of the main nodal lines in the element. In the case of a nodal
line in the centre of the element which was the case here half the nodes will
have no vibration along this line making it is impossible to identify all modes
in the mobility measurements.
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Figure 3.3: Setup mobility measurements.

The flanking transmission analysis is made with the acoustic software Bas-
tian (Metzen 2010). Bastian is based on the standards (EN12354-1 2000) and
(EN12354-2 2000) for airborne and impact sound insulation respectively. The
standard EN12354 was developed as an energy flow prediction model based
on work by (Gerretsen 1979) and (Gerretsen 1994). The model is also equiva-
lent to a first order SEA model as shown by (Nightingale and Bosmans 2003).
Gerretsen combine measured data for direct sound insulation with an aver-
age between transmission in one direction and reciprocal transmission in the
opposite direction; this means that radiation efficiencies can be ignored and
the model is simplified. In general the model has limitations regarding accu-
racy at low frequencies and for lightweight elements, note that the super-light
element investigated here, is despite of its name, not considered lightweight
in relation to the flanking transmission model in Bastian.

Accuracy of measurements and simulations

The nature of the calculation and measurements methods, including both
the laboratory and the in-situ, in general for acoustic problems introduce
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uncertainties in the results which is typically expressed in and evaluated by
standard deviations and confidence intervals or probability quantiles. These
uncertainties are further enhanced by the randomness of workmanship, which
could be caused by different traditions in construction methods, small cracks
or holes in the element, etc.

For the laboratory measurements, which the sound insulation measure-
ments of the super-element is based on, the uncertainties are based on two
things, variations in the sound fields in the source and receiver rooms and by
variations of different testing facilities. Studies on various laboratories are
used to create the repeatability and reproducibility values listed in Annex
A (ISO 140-2 1992). For the single measurement of the super-light element,
with one determination y, 95 % confidence intervals for the true mean of the
measurements can be established by the reproducibility values R as,

R R 31

v Ay (3.1)
The reproducibility values are higher at the lower frequencies increasing the
confidence interval on the measurements, for airborne measurements the con-
fidence intervals range are from +6.36dB at lower frequencies to £2.47dB at
higher frequencies, for impact measurements the confidence intervals range
are from +3.54 dB at lower frequencies to £1.77 dB at higher frequencies.
Another type of measurement errors are for in-situ measurements, these are
reported by (Craik and Evans 1989). Here, the exact same measurement was
carried out 7 times, the result of an average residual standard deviation was
found on this basis to ¢ = 0.83 dB, which was also concluded to be lower
than other uncertainties such as workmanship.

The uncertainty in the lab measurements is shown in Fig. 3.4, where also
the accompanying 95% confidence interval of the measurements is shown. For
the airborne measurements the data is based on 10 measurements as specified
by ISO 10140-2 and 20 impact measurements as specified in 10140-3.
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Figure 3.4: Confidence intervals for the laboratory measurements .

The confidence intervals are very large at low frequencies, up to values
of 20 dB is observed. At the middle frequencies the interval is narrow with
values below 3 dB, while the spread of the measurements are increased at
higher frequencies.

Both EN 12354-1 and EN 12354-2 acknowledge the lack of accuracy of
the model used for prediction flanking transmission and list the following
factors as the reason: accuracy of the input data, the fitting of the situation
to the model, the type of elements and junctions involved, the geometry of
the situation and the workmanship. They give estimate of the total accuracy
for the airborne sound insulation calculations for homogenous elements in
terms of a standard deviation of 1.5 dB for situations where everything in
the model is accounted for and 2.5 dB for more complex situations. For the
impact sound insulation the standard deviation is given as 2dB for a vertical
analysis.

The accuracy of the flanking transmission model in EN 12354 has been
investigated by (Mahn and Pearse 2009). This is done by an analysis of the
uncertainty regarding input data, and includes structural reverberation time,
in-situ resonant sound reduction index, in-situ direction averaged velocity
level difference and flanking transmission sound reduction index. The main
finding is a standard deviation in each of the one-third octave bands, ranging
from 0.9dB to 2.4dB with the largest uncertainties at the lower frequencies.
This corresponds to an average confidence interval of £2.5 dB when uncer-
tainty regarding workmanship is omitted from the analysis. Another analysis
on the uncertainties regarding the flanking transmission model in EN 12354
has been conducted by (Simmons 2005); here it is suggested to apply a safety
margin of 2 dB for R, and 2 dB for L,,, when designing acoustic solutions
by means of EN12354. This recommendation is based on measurements ac-
cording to ISO 140 and calculations according to EN 12354.

22 Department of Civil Engineering - Technical University of Denmark



Acoustic design 3.2 Test element

The uncertainty of EN 12354 for lightweight constructions is greater than
for homogenous, monolithic elements, especially at the lower frequencies.
In analogue the uncertainty of the model at lower frequencies is also an
issue for the super-light element where requirements for a good accuracy of
the SEA model are not meet for the lower frequencies, i.e. the amount of
modes in a one-third octave band is below 5 and the modal overlap factor
is below 1 (Hopkins 2005). (Oqvist et al. 2012) conduct a case study on a
lightweight timber floor. It is concluded, in agreement with the findings of
(Craik and Evans 1989), that the uncertainty regarding measurements are
small compared to other uncertainties, it is also indicated that uncertainty
regarding workmanship may be reduced for pre-fabricated elements compared
to in-situ constructions.

The workmanship of the entire constructions is also known to cause un-
certainties. This has been investigate by measuring ten identical floors,
(Craik and Steel 1989). The uncertainty regarding workmanship is found
to be 1.5 — 2 dB for each of the one-third octave bands and 1.3 dB for the
single number rating.

In general the statistic regarding the uncertainties has been carried out in
the domain of dB and all means and standard deviations are reported by dB.
This corresponds to the geometrical mean rather than the arithmetical mean.
The variances associated with the uncertainties are small, which means that
the geometrical means has been used as a good approximation.

3.2 Test element

A special test element has been designed for the acoustic experiments to ac-
company the facilities where the super-light element was tested. The element
is designed to mimic the original idea both statically and geometrically as
it is described in Sec. 2.4. Its cross-sections for both principal directions
are shown in Fig. 3.5. The element has a surface density of 315 kg/m?
comparable to the element it was modelled after of 289 kg/m?.
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Figure 3.5: Cross-sections of the super-light element used in acoustic tests.

The odd geometry of the hole separation the two floors, when compared
to the modular pre-fabricated concrete element, is causing that the size of
the lightweight aggregate concrete blocks does not align perfectly with the
hole. The hole is 3.3 x 3 m. The difference is accounted for by having full
sections of concrete at the edges of the element where, at least for the lower
frequency range, the amplitude of the vibration is less than at the middle of
the element. The size of the element is further controlled by a custom made
steel frame designed for the hole separation the two floors which the concrete
element has been cast in.

The boundary condition is established as shown in Fig. 3.6. It is impor-
tant as it determines the natural frequencies of the element and the lowest
of these will be dependent on the boundary condition, possible leading to
peaks in the sound transmission for certain frequencies. The connection be-
tween the test facilities and the super-light element is made by a mixture of
in-situ cast grouting mortar with extra water and sand added to improve the
workability of the mixture, the other part of the boundary condition is made
from mineral wool. The grouting mortar has compressive strength 30 MPa.
The influence of the curing time of the grouting mortar on the boundary
condition was unknown so both the airborne transmission loss and impact
transmission was measured at three different curing times, namely 18 hours,
1 week and 3 weeks, in order to investigate any significant changes in the
boundary condition.
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Floor steel frame

Cavity with mineral wool
and in-situ concrete

f

Surrounding lab .
flooring z:‘:;lrlght slab
Jﬁ Steel frame which the
>\ element was cast into
NAVAVAVAUAVAVAVAVAUAUAUAVAR

Mineral wool, decoupling the two floor structures
to reduce influence on measurements

Surrounding lab
flooring

Figure 3.6: The boundary connection between the super-light element, the
steel frame it is cast in and the laboratory flooring.

The stiffness development is of greatest interest of the properties of the
grouting mortar as it has the biggest influence on the boundary condition.
It is giving by Eq. 3.2, (Eurocode 2-1-1 2004)

Eon(t) = Boc(t) Eumn = exp (5 (1 - ?)) 5, (3.2)

where s is a coefficient depending on the cement type, here s = 0.25 for class
N cement is used and ¢ is the curing time in days, ¢ must be normalized to
account for days at 20°C', e.g. a day of curing at 5°C t is less than one,
here the concrete was kept at 20°C'. For the three measurements this means
that the stiffness had developed to 68%, 93% and 99% respectively. The
measurements after 1 and 3 week were very alike, while some differences
could be observed at the lower frequencies for the measurements after a day.
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For the flanking transmission simulations it is the measurements of the
element just described which is used as a basis. The analysis is made as a
parametric study of 168 different configurations of the room. The elements
used for the simulations fall in two distinctive main groups, a floor group and
a partition and room setup group.

Figure 3.7: The model of the room and partitions for the flanking setup.

The room setup for the analysis is shown in Fig. 3.7, it is a rectangular
room consisting of four partitions, a facade, an external partition, which
separate different apartments and two internal partitions separation rooms
inside an apartment. The different floorings in use is summed up in Tab.
3.1 and partitions in Tab. 3.2. Elaboration on floorings, partitions and
setups can be found in (Christensen et al. 2013b). In general the chosen
partitions are based on current trends and methods in the pre-fabricated
building industry in Denmark after the latest change of legislation to building
acoustic as discussed in the introduction.

In addition two room sizes has been used a normal size room of 5 x
4 x25m and 8 X 5 x 3 m and resilient layers applied in joints with thick-
ness ¢ = 12 : mm and stiffness £ = 3 GPa specified as being common by
(Osipov and Vermier 1996).

3.3 Theory

In this section the main ideas behind the improvement in acoustical per-
formance compared in relation to surface mass and similar traditional pre-

26 Department of Civil Engineering - Technical University of Denmark



Acoustic design 3.3 Theory

Table 3.1: Overview of the parametric study and the choices of different
partitions, AR and AL is the improvement of the flooring in a laboratory.

Flooring
No. Description AR,AL,[dB] Ref.
1 Knudsen kilen with a layer of filt 3/24 (Hoffmeyer 2011b;
Hoffmeyer 2011a)
2 Knudsen kilen without a layer of filt -/21 (Hoffmeyer 2011c)
Harpun lydbrik -/26 (Hoffmeyer 2005)
Swimming floor, 22 mm chipboard 9/23 (Metzen 2010)

on 30 mm rockwool

fabricated concrete elements are explained along with a model used to give
a statistical energy analysis (SEA) model of the element.

One of the most significant improvements compared to pre-fabricated
concrete elements is that the super-light element with its blocks is designed
in a way that makes it behave as an isotropic plate contrary to a hollow core
slab. For the acoustic test element the bending stiffness has been calculated
and is for each direction B; = 1.282 - 10" Nm and B, = 1.153 - 107 Nm,
which leads to an effective torsional rigidity for an orthotropic plate, based
on theory by (Szilard 2004), to Bis = +/B1Bs = 1.216 - 10" Nm, with the
stiffness in each direction so close it is clear that the element can be thought
of a isotropic; the calculations of each of the bending stiffness is given in
App. A.

The critical frequency, (Cremer and Heckl 2005) page 486, describes the
frequency where matching of bending waves between bending waves in the
super-light deck element and in the ambient fluid, in this case air. Around
the critical frequency this creates an amplified sound radiation, above the
radiation is dominated by resonance waves with almost constant radiation
efficiency, below it is a forced radiation, which is of limited interest for the
super-light element. It is important for the critical frequency to be as low
as possible and especially below the building acoustic frequency range of
100 Hz — 3150 Hz. The critical frequency is

Z Im
N Ty .
fe -\ B 96 / (3 3)

where c is the acoustic wave speed in air, m is the surface density and B is
the bending stiffness, By will be substituted into the equation as an approx-
imation for the bending stiffness of the element. Using B; and B, yields a
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Table 3.2: Overview of the parametric study and the choices of different
partitions.

Facade walls

No. Description AR,, Ref.
[dB]
1 150 mm concrete wall with insulation and 54 (Metzen 2010)

masonry 200 kg/m?
2 150 mm concrete wall with insulation and 54420 (Metzen 2010)
masonry 200kg/m? with gypsum cladding
3 13mm gypsum - 145 mm rockwool - 9mm 48 (Metzen 2010)
gypsum - 28 mm air - 28mm wooden panel
External partitions

1 200 mm concrete wall 59 (Metzen 2010)

2 3 x 13 mm gypsum - 190 mm rockwool - 73 (Metzen 2010)
80 mm air - 3 X 13 mm gypsum
Internal partitions

1 100 mm lightweight aggregate concrete 42 (Metzen 2010)
wall 1350 kg/m?
2 13mm gypsum - 30 mm rockwool - 90 mm 49 (Metzen 2010)

air - 13 mm gypsum

critical frequency of 93.9 Hz and 99.0 Hz which confirms the idea that the
slab behaves as an isotropic slab. The critical frequency is below 100 Hz, this
means that for most of the building acoustic frequency range the radiation
efficiency o,., is expected to be close to 1.

Due to the low critical frequency contribution to the sound transmission
through the forced transmission can be neglected, and the resonant SEA
model, which is given by (Vér and Holmer 1988), can be used to calculate
the sound transmission loss of the slab, which can be compared with the
measured sound transmission. It is based on a statistical description of energy
transfer, caused by modes, between subsystems. Here, the source room,
receiving room and the super-light element acts as subsystems.

Tfm c2o? AN)
R... =201lo —— ] —10lo res 3.4
glO ( pc ) glO (QUtOtSf Af ( )

where f is the frequency, m is the surface mass, p = 1.21kg/ m® is the density
of air and ¢ = 344 m/s is the speed of air, both at 20°C. The first part of the
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equation constitutes the common mass law. o, is the radiation efficiency,
Mot 1s the total loss factor, S is the surface area and AN/Af is the modal
density. All of these factors can be boiled down to be dependent on the
stiffness, mass and damping as is common for dynamic problems.

The modal density is a measure for how many modes are present within
a limited frequency range. For bending modes, which is most important in
relation to single number rating, it is proportional to the critical frequency
further enhancing the desire for a low critical frequency, which is done by
a reduction of the mass and increase of the stiffness. The modal density
used here is based on work by (Rindel 1994), both the modal density for thin
plates and thick plates are used, the thin plate model is used when bending
waves are present in the element at the lower frequencies, and the thick plate
model is used when surface waves are present in the element. Half the cross
over-frequency

2 Im

determines which model will be used, ¢, is the speed of shear waves in the slab
element and f, is the cross-over frequency. The modal density is calculated
as

(3.6)

AN | ZSf. iff<L,
Af ] 5SS iff>§

The modal density for the bending waves has been calculated for an isotropic
element by setting B = B = 1.216-10" Nm. It is found as AN/Af = 0.025.
The modal density for an orthotropic plate is based on calculating natural
frequencies for the orthotropic plate based on (Szilard 2004) and Eq. 3.7
beneath.

4 2,2 4

- ”2\/% (3 +2855m + B3y

Jnn = or 2 (37)
When the modal density is calculated accordingly to the first part in Eq.
3.6 with the material parameters of the super-light slab the modal density
was found as AN/A f;s, = 0.025. Calculated according to Eq. 3.7 with the
material parameters of the super-light slab it averages AN/A fy.1no = 0.024.
The small difference is due to the randomness of counting modes compared
to the statistical value and is of no importance here.

Compared to a more normal concrete element it is expected that the
loss factor is increased in the super-light slab element due to the presence
of lightweight aggregate concrete. As reported by (Cremer and Heckl 1973),
lightweight aggregate concrete has a higher loss factor, 0.01 than normal
concrete 0.004—0.008 meaning that the porous lightweight aggregate concrete
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has a loss factor 1.25 — 2.5 times the loss factor of normal concrete. But
more importantly is that the blocks of lightweight aggregate concrete can
be thought as damping layer as described by (Cremer and Heckl 1973) (page
243-247) further increasing the damping in the element.

As an rough estimate the formula provided by Cremer and Heckl is eval-
uated for the super-light slab element. The formula is developed with a
simpler element in mind. The super-light slab is simplified in order to com-
ply with the modal, all the material has been smeared into two layers with
constant height and then this simplified model is used in order to estimate
the additional damping of the bending waves when the lightweight aggregate
blocks are considered as an attached layer

Elcdlca2
Bl2

N = Nic = 0-17710 (38)

where ;. = 1-1072, dj. = 99 mm is the average depth of the of lightweight
aggregate concrete over the element, a = 64 mm is the distance between the
centre of equilibrium of each of the two materials found from the values in
Eq. A.1 and Eq. A.3. With n, = 11072 it means that total loss factor of
bending waves in Eq. 3.8 equals ng = 0.001. The value of the loss factor ng
is lower than both the loss factor of both the normal concrete and lightweight
aggregate concrete, implying that Eq. 3.8 can not be used to describe how
the damping layer influences the super-light deck element, but the principle
of an added damping layer should still be sound.

3.4 Input mobility

Fig. 3.8 shows the input mobility measured for the slab, from these mea-
surements natural frequencies and loss factors have been determined as peaks
and half power bandwidth respectively. The natural frequencies is used to
identify the actual boundary condition in Fig. 3.6 and trends in peaks and
anti-peaks for the sound transmission at the lower frequency range.
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Figure 3.8: Input mobility measurements of the super-light element in fre-
quency range 1 — 6400 Hz

The main results obtained from the input mobility measurements are
summed up in Tab. 3.3. The blank entries are covering the modes which
either was not possible to identify from the measurements or from the setup
of the measurements. Noise from the surrounding floor structure on the
input mobility of the super-light slab has been identified by measuring the
surrounding floors input mobility with the super-light slab being driven by
the driver. The influence from the floor on the input mobility of the super-
light slab then has been removed, by identifying and comparing peaks in the
input mobility of the two measurements.

Estimations to the results listed in Tab. 3.3 can be made due to the
near isotropic bending stiffness distribution of the element and the table can
be expanded. It is argued that (1,2) has a similar result to (2,1) and that
(2,2) should be close four times (1,1)-4 = 220 Hz creating a limited frequency
range (188 Hz — 262 Hz) with a large concentration of some of the lowest
modes. Elaborations on the influence and significance of the input mobility
is available in the enclosed paper (Christensen et al. 2013a).

3.5 Airborne sound insulation
The airborne sound transmission loss of the super-light slab element has
been measured and in Fig. 3.9 it is shown after three weeks of curing for the

concrete constituting the boundary. The SEA-model given by Eq. 3.4 and
the mass law is also depicted.
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Table 3.3: Input mobility results
Mode  fin, [Hz] 1 [%]

25 4.9
188 0.4

262 5.1
235 4.1
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Figure 3.9: Airborne transmission loss of the super-light slab compared with
SEA model Eq. 3.4

The main results are the single number ratings of the measurement and
SEA model transmission losses, they both are found to R,, = 55 dB accord-
ing to the method supplied by (ISO 717-1 1996). For the spectral adaption
term there is a difference between the two curves, Cs0_50001a0 = —3 dB and
Cs0-5000,s54 = —1 dB. However the SEA-model cannot be expected to de-
scribe the transmission loss at low frequencies very well so there is uncertainty
about Cso_s5000,s54 = —1 dB. In general there is a good agreement between
the theory and measurements above 315 Hz with an exception for very high
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frequencies where the SEA model provides superior transmission loss, how-
ever, this decreased sound insulation do not affect the single number rating
R, and C59_5000. Above 315 Hz the modal overlap factor is sufficient high
so that the transmission can be described with statistic methods. Below this
frequency there is a lot of variation on the measurement comparable to the
distribution of natural frequencies in the element as discussed and presented
in Tab. 3.3.

The mass law for a 315 kg/m2 heavy element is included in Fig. 3.9,
and it can be thought of as an upper value for what is possible to achieve
in transmission loss given a certain mass. It has a single number rating
of R, = 66 dB, 11 dB higher than the measurements and SEA prediction
implying that there is still room for improvement on the sound transmission
loss of the super-light slab, by improving on the critical frequency, modal
density or the loss factor.

3.6 Impact sound transmission

The impact sound transmission measured on the super-light element with-
out any external flooring is shown on Fig. 3.10 along with a prediction as
described by the SEA model and the mass law for an element with a surface
density on 315 kg/m>.
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Figure 3.10: Impact transmission of the super-light slab compared with SEA
model

The main results from Fig. 3.10 of the impact transmission are the re-
quirements of flooring in order to achieve acceptable acoustic ratings. The
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single number rating of the element is of less interest due to the nature of
how the single number rating is found. For the element without a floor it
is solely the higher frequencies that determines the single number rating. If
a floor is applied to the element it is solely the lower frequencies that will
determine the single number rating.

For the impact sound transmission a difference in the single number rating
was found L, 1ap = 79dB and L, 4 sea = 76 dB with spectral adaption terms
Criap = —12dB and Crga = —9 dB. For impact the uncertainties regarding
accuracy of the SEA model should be minimized as it is primary the high
frequencies determining the results where the accuracy of the SEA model
should be at its best. However a difference of 3 dB is observed caused by the
fact that for high frequencies SEA predicts significant less transmitted sound
compared to the measurements. At the lower frequencies the trends of mode
distribution in the super-light slab, from Fig. 3.8, is clearly visible.

The mass law for a 315 kg/m” heavy element is included again and can
be thought of an upper value. The single number rating for the mass law is
L, ., = 70dB. As expected the difference between the mass law and the SEA
model and measurements is of the same magnitude, ~ 10 dB, as it was for
the airborne transmission loss, leading to the same conclusions for possible
improvements of the super-light slab.

In the flanking transmission analysis several floorings was tested and com-
pared to each other and a setup with no floor, the results is shown in Fig.
3.11 where it is standard room setup which has been used is described in Sec.
3.7 along with the four floors.
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Figure 3.11:

In relation to the single number ratings, the floors shift the determining
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frequencies from the higher range to the lower range. All the simulated floors
vastly improve the single number ratings and are 50 dB, 55 dB, 49 dB and
52 dB for floor 1, 2, 3 and 4 respectively giving a AL, ,, = 24 — 30 dB. The
first three floors, which are lay-up floors, work particular well with super-
light slab, while the fourth floor, a floating floor expected to give the largest
improvement, and has a poor performance in the important lower frequencies.

3.7 Flanking transmission

From Tab. 3.1 and Tab. 3.2 a standard room setup is created by using
the first floor and partitions listed in a normal sized room without any re-
silient layers applied to the junctions. The standard room setup carries the
main emphasis of the flanking transmission analysis and constitutes the first
part; the standard room setup mimics the current pre-fabricated construction
scheme. The second part of the flanking transmission analysis is a paramet-
ric study on all of the combinations of floorings, partitions, room sizes and
junction detailing.

In Fig. 3.12 the airborne sound transmission loss is shown for the flank-
ing analysis in the standard room setup. It is compared to the laboratory
measurements available in Fig. 3.9

80 ! ! ! ! ! ! *

Airborne transmission loss [dB]
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Figure 3.12: Flanking transmission of airborne sound insulation for the
super-light deck element with the standard room setup
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The single number rating of the airborne flanking transmission loss is
R,, = 54dB, one dB lower than the lab measurement. The initial expectations
that the floor should compensate for the increased transmission caused by
flanking did not hold true. (Christensen et al. 2013b) shows that the direct
transmission accounts for 58 % of the transmitted sound, which is a little
higher than the 50% implied by the rule-of-thumb that flanking transmission
decrease the airborne sound transmission loss by 3 dB. This leads to the
conclusion that the floor is not providing an increase of the airborne sound
transmission loss of AR = 3 dB as it has been measured on the standard
140 mm massive standard concrete slab.

In Fig. 3.13 the impact sound transmission is shown for the flanking anal-
ysis in the standard room setup with and without the floor. It is compared
to the laboratory measurements from Fig. 3.10

Impact transmission [dB]

20k —©— Lab measurements
: : : : —+&— Flanking transmission with floor
: : : : —=A— Flanking transmission without floor
10 I I I I T T I
63 125 250 500 1000 2000 4000
Frequency [Hz]

Figure 3.13: Flanking transmission of impact sound insulation for the
super-light deck element with the standard room setup

The single number rating of the impact flanking transmission is L, ,, =
50dB and L, ,, = 78 dB with and without the floor respectively, meaning
that AL = 28 dB. If Fig. 3.10 is studied, it can be seen that at the higher
frequencies there is a slight tendency, that the slope of the measurements is
greater than the slope of the SEA model and mass law, accounting for some
of the difference i AL compared to specification of floor 1 from Tab. 3.1.

In Fig. 3.14 show histograms of the distribution of single number ratings
for the parametric study for both airborne and impact sound insulation.
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Figure 3.14: Histogram of the single number ratings of all simulations, on
the left airborne sound transmission, on the right impact sound transmission.

The statistics of Fig. 3.14 yields average single number ratings and stan-
dard deviations of R,,(u, o) = (58.3+£0.45dB,2.0+0.32dB) and L,, ,, (i1, 0) =
(50.1 £0.32dB, 2.1 + 0.23 dB), where the £ sign indicates the 95 % confi-
dence intervals of the means and standard deviations. The single number
rating of the standard setup (R, = 54 dB) is in the lower bracket, im-
plying that improving just one of the partitions would vastly improve the
single number rating. For impact, the same cannot easily be identified as
the floorings have a much larger influence of the results. The standard setup
(Lnw = 50 dB) is placed in one of the middle brackets. It is shown that
groups of floorings can be decoupled from the rest of the flanking trans-
mission (Christensen et al. 2013b), and that the within each floor group the
distribution of single number ratings could be described as a normal distribu-
tion, except for floor 4, which is the swimming floor, for the airborne flanking
transmission.
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Figure 3.15: Standard deviation spectrums for the group consisting of floor
1 for airborne sound insulation of the left and impact sound insulation on
the right.

In Fig. 3.15 the spectrums of the standard deviations for the group of both
airborne and impact flanking transmission based on floor 1 are shown along
with their 95% confidence intervals. In (Christensen et al. 2013b) a model of
how to incorporate these uncertainties in the model for calculating the single
number ratings of the super-light element including assessments regarding
uncertainties is available. A total standard deviation for the results of the
parametric study regarding unknown partitions, including uncertainties of
measurement reproducibility, workmanship and the model in EN 12354, were
found for two different floors to be og,1 = 2.79dB and ogy4 = 2.95dB for
the airborne flanking transmission simulations and o, = 1.18 dB for all
floorings regarding the impact flanking transmission simulations based on
the parametric study.
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Chapter 4

Static design

Apart from fulfilling acoustic requirements, which was a main emphasis in
the design of the element, the element must also fulfil static requirements,
including both the ultimate limit state (ULS) and the serviceability limit
state (SLS). For a super-light slab element it means that bending and shear
have to be tested experimentally to verify that the element behaves as it can
be expected from the already known theory. Also anchorage of the steel wires
has been briefly addressed. Furthermore, deflection and dynamic properties
such as vibration have been investigated. Finally, as another branch of test
the elements resistance against fire have been investigated. Elaborations on
some of the key findings are described by (Hertz et al. 2013).

For investigation of the statics the slab has been considered a simple sup-
ported beam eliminating plate-like behaviour. This is usual for prefabricated
slabs. At first known beam theory is applied on the slab in order to estimate
the expected performance. This is then later compared with experimental
results to verify the applicability of the theory.

The normal concrete used for these test series have a characteristic com-
pressive strength of 50 MPa, an elastic modulus of 37 GPa and density
2300kg/ m®. The lightweight aggregate concrete has a characteristic compres-
sive strength of 3 MPa, an elastic modulus of 3 GPa and density 600 kg/ m®.
The prestressed steel used has a characteristic tensile strength of 1860 MPa
and an elastic modulus of 210 GPa, the strands have a diameter of 12.5 mm
with a nominal steel area of 93 mm? and they have been prestressed to 75%
of their tensile strength.
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4.1 Test elements Static design

4.1 Test elements

A couple of elements have been designed for the different purposes of the
static tests. For each type of the test in the ULS the element and test setup
must be designed properly in order to provoke the correct type of failure.
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Figure 4.1: Two elements used where only the length is varying. The long
one s for bending, deflection and vibration, while the short one is for shear
and anchorage.

In general two elements are designed for the ULS and SLS tests. A long
one with length 4.2 m which is exposed to bending failure and a short one
with length 2.7 m which will be more susceptible to shear failure. For all
calculations of cross-section resistances the characteristic material properties
have been used.

The expected failure loads are evaluated in the following for bending. It
is the classic plastic calculation, where the internal lever arm between the
tensile reinforcement and the centre of the compression zone in concrete is
used, (Nielsen and Hoang 2010)

M, = F;z = 133 kNm (4.1)

where Fy, = A,f, is the yield force of the reinforcement and z = d — 0.4x
is the internal lever arm between the reinforcement and compression zone
which have the depth of 0.8x in order to balance the yield force in the steel
reinforcement.
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Static design 4.1 Test elements

An approach for shear of wide beams without shear reinforcement is used.
This approach includes the improvement by an arch-like behaviour near the
support, which will increase the shear resistance of the cross-section by up
to five times near the supports. It is the same approach as the one available
in the Eurocode for concrete structures (Eurocode 2-1-1 2004).

Vive = B (Crek (100p£)'"* + 17y ) Ay = 217 KN (4.2)

where § = 2.5d/z¢ is the arch strengthening contribution near the support
and z; the distance from the cross-section to the support, Cr. = 0.18,
k =1+ ./200/d < 2 = 2 for this cross-section since d = 137 mm < 200
and k is the scale effect, p; = Ag/bd is the degree of tensile longitudinal
reinforcement in the element, f. = 50 MPa is the characteristic compression
strength, ky = 0.15, 0, = Ng/A. = 6.67 MPa < 0.2f. = 10 MPa is the
compression stress from the prestressed longitudinal reinforcement and A,
is the concrete area between the longitudinal reinforcement and centre of the
compression zone. For this calculation, the full cross-section including the
lightweight aggregate blocks has been used determining the compression o,
from the prestressing. Here only the strong concrete is applied calculating
the shear capacity. This is because the tensile strength of the lightweight
aggregate concrete is very low compared to the tensile strength of the normal
concrete, and it gives a slightly conservative evaluation of the expected shear
resistance of the cross-section. Additionally it is very rare that it is the shear
resistance of a slab element that ends up being decisive for the design.

The flexural bending stiffness has been calculated and is included in App.
B only for the full cross-section, the calculation for the reduced cross-section
follows the same principles. The main result is the total flexural stiffness of
the test element and it is calculated to EI = 12.76 MNm? for a full cross-
section, Fl.q = 10.95 MNm? for a reduced cross-section, where the bottom
30mm of the lightweight aggregate concrete blocks has been excluded, so the
total height of the element is 185 mm. A small gap exists between the blocks
at the bottom of the element. These gaps may open in deflection causing
that some of the block will not deform fully as the rest of the element. The
flexural stiffness of the element must therefore be expected to decrease. This
principle is illustrated in Fig. 4.2. The two values are extremes and the
actual flexural stiffness will be somewhere in between.
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Figure 4.2: Flexural stiffness model, top part: un-deformed the gaps are
constant as the element deforms and the blocks contribute 100% to the flexural
stiffness, bottom part: the gap increases as the element deforms causing the
bottom 30 mm of the block to not contribute to the flexural stiffness of the
element.

These results are used in the models for predicting the deflection, cracking
moment and first natural frequency of the slab element. The deflection is
assessed in the elastic range, and only short term conditions are included,
which means the long term effects of shrinkage, creep and relaxation are
excluded because the tests consider short term loads. The beam deflections
formulas are then simple and can be found in a technical handbook, as e.g.
(Teknisk Staabi 2004). The deflection model of the element applied includes
the influence of camber due to prestressing in order to evaluate its size.

The camber is caused by a constant moment from the prestressing along
the beam which gives the following maximum deflection at midspan

1 M2 1
camber,maxr — G =3 4.
Ucamber, Wi for 2l (4.3)

where My = Ny (d — e) is the moment from the prestressing, Ny is the the
prestressing force, d is the depth of the prestressing and e is the depth of the
centroid Eq. B.39, ET is the bending stiffness and [ is the length of the slab
element.

The dead load of the beam is a constant line load with a maximum
deflection at midspan

5 ql* 1
B N ¢ —— 4.4
Hdeadmar = geypp 1O T3 (44)
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where ¢ is the line load.
The applied load for testing is a point load in the middle of the beam
that should give an elastic maximum deflection at midspan of
1 QP 1

Ugpp,maz = EE for == §l (45)

where @) is the point load, FI is the bending stiffness and [ is the length of
the slab element.

These different contributions yields a combined expected deflection of the
element of as a function of the applied load @)

Umazr = Udead,maz + Uapp,maz — Weamber,mazx .6
= 0.94 mm + (0.104 mm/kN) Q — 8.1 mm (4.7)
= (0.104 mm/kN) @ — 7.16 mm (4.8)

where the contribution of the camber is negative as it works in the opposite
direction of the load.

The expected cracking moment is calculated according to the method-
ology used by the Eurocode for concrete structures (Eurocode 2-1-1 2004)
which is an elastic model based on cracking to occur when the stress in the
element exceeds the flexural tensile strength of the concrete in use. The
flexural tensile strength will be modified statistically according to the beam
height.

fctm,fl = max{ }1'6 B

ctm

__h
w00mm) Jetm 5 50 MPa (4.9)

where h = 185 mm as it is the height of the slab element and f.,, =
4.1 MPa which is the flexural tensile strength for a concrete with a com-
pressive strength of 50 MPa. This modified strength is used as a criterion
for how much moment is needed to apply to the slab element before cracks
occur, meaning that the cracking moment can be calculated as

Mpace = My + ( Fetm g1 + %) It _ 451Nm (4.10)
At h—e

where M, is the moment caused by the prestressing, Ny is the normal force
caused by prestressing which is countered first, A; is the transformed area,
I, is the transformed second moment of area and e is the distance from the
centroid to the bottom of the element, where the cracking happens. All three
cross-sectional constants are found according to the calculations in App. B

for the reduced cross-section.
The natural frequency of the deck element is calculated as a one dimen-
sional beam element being simple supported as this is how the element could
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be tested. The first mode is considered as this is measured and the expected
natural frequency is found by Eq. 4.11

w1 s EI

=—=—4/—=186H 4.11
fl 27 2[412) 1 8.6 Hz ( )

where L, = 4 m is the length of the beam EI = 12.76 MNm? is the bending
stiffness of the beam and p = 355 kg/m is the mass pr. length of the beam.

The moment capacity after 120 minutes of a standard fire is calculated
for a hot condition, the cold condition after the fire exposure is not inves-
tigated in Sec. 4.6. The normal concrete in the section is insulated by the
lightweight aggregate concrete and there will be no reduction to its strength
or size during the hot condition in the compression zone of the concrete. The
prestressed steel will have its strength reduced depending on how hot it gets.
The coefficient for the strength reduction is found with the program ConFire
(Confire user guide 2012) with the thermal conductivity for the lightweight
aggregate concrete A = 0.3 W/mK. The strength reduction coefficient for
the steel is found to be

Eside = 0.7959 (4.12)

Emidale = 0.7253 (4.13)
1

§120 = ¢ = (28side + 4&midaie) = 0.7488 (4.14)

since there are two prestressing wires in the side of the element and four in
the middle of the element. These reductions correspond to a temperature of
191° in the cold drawn prestressed wires.

With this knowledge the moment resistance is calculated by the same
method as the pre-fire moment resistance was calculated in Eq. 4.1 with
the difference that the yield force of the steel wires is lower and therefore
the internal lever arm is slightly larger as the concrete compression zone is
slightly smaller.

Mr,firel20 = Fs,firelZOZ = 101 kNm (4-15)

The characteristic capacity is reduced from 133 kNm to 101 kNm after two
hours of standard fire.

4.2 Bending

An element spanning L, = 4 m is exposed to three-point bending with a
point load at the middle of the element as shown on Fig. 4.3, where a small
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steel I-profile is placed across the width of the element in order to distribute
the point force

Figure 4.3: Test setup for bending test of super-light element, the steel
profile along the element is for deflection measurements.

The element is being loaded with a constant increasing rate of pressure.
Fig. 4.4 shows the deflection-force diagram of the two test carried out on
identical test elements along with prediction models of the deflection
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Figure 4.4: Deflection-force diagram of the bending tests, with theoretical
elastic deflection models. At the right a detailed view of the first part of the
deflection.

The contribution from the dead load of the beam is not included in Fig.
4.4. The size of the moment from the dead load at midspan is calculated by
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1/8¢L* = 7.0 kNm with ¢ = pg = 355 kg/m - 9.81 m/s* = 3.48 kN/m and
L =4m.

The first test yielded a failure moment of 146 kNm and the second test
a failure moment of 148 kNm, whereto 7 kNm should be added considering
the dead load. This is a little larger than the expected moment resistance of
the slab element of M, = 133 kNm which show that the calculated moment
resistance is on the safe side. It is worth noting that both elements failed at
approximately the same load and by exactly the same mechanism. Fig. 4.5
shows the development of cracking in one of the tests at failure.

Figure 4.5: Cracking development in the super-light slab element tested in
bending, the wet area is leaked oil from the oil press.

The pattern of cracks in the element is a little disturbed by the fact that
the layer of normal concrete is rather shallow in the lower part of the element
at the edge towards the lightweight aggregate block which also is indicated by
the drawings in Fig. 4.1. Nevertheless several vertical tensile cracking lines
can be identified on the element. Late in the test, just before failure, a long
longitudinal crack between the two different concretes appeared at the side
surface as it can be seen in Fig. 4.5. This happened due to the combination
of a very large deflection of the element and that cracks are more likely to
follow paths in the lightweight aggregate concrete close to the border to the
strong concrete than in the strong concrete, under normal structural loads
these cracks will not occur and it has have no influence of the performance
of the slab element.

On Fig. 4.4 the first part of the rate of deflection is very linear corre-
sponding to the linear elastic deformation of the element. When the moment
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reach between approx. 65 —80kNm the slope of the deflection rate decreases
which indicates the beginning of cracking and an accelerated deflection rate.
This is in pretty good agreement with the estimate from Eq. 4.10 which
predicted a cracking moment of M,,...x = 84.5 kNm when the moment of the
dead load is included which means that cracks are predicted to start when
the moment reach 77.5kNm in Fig. 4.4. Due to limitations of the capacity of
the automated deflection measurement equipment only deflections till 40 mm
have been measured. This means that the influence of steel yielding is not
visible on the deflection-force diagram, the deflection at failure was manually
measured to approximately 200 mm.

4.3 Shear

The shear test was made with the short element in Fig. 4.1. The test setup
is shown in Fig. 4.6, where it can be seen that the point force is applied
near one of the supports so that the shear force in the element is increased
compared to the moment and shear can be the failure mechanism. At the
same time the force must be applied at least in a distance 2.5d = 373 mm
away from the support in order to avoid increasing the shear resistance of
the cross-section to due to the arch effect. This is the reason that the force is
placed in a distance to the support of 485 mm. Since the model is empirical,
the extra 100 mm makes it on the safe side. Furthermore, it can be seen that
the anchorage length is sufficient long in order to avoid any mechanisms due
to failure of the anchorage of the prestressed wires.

Figure 4.6: Test setup for shear test of super-light element.
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At failure the shear force applied to the element was 265kN well above the
prediction model from the Eurocode regarding shear resistance in elements
without shear reinforcements which was found in Eq. 4.2 to Vg, = 217 kN.
The rather large difference can partly be ascribed to the fact that the contri-
bution from the lightweight aggregate concrete is omitted in the prediction
model and that the model is empirical and some statistic, based on a scat-
tering of test results, has been applied in order to make it safe to use.

On Fig. 4.7 the element is shown just after failure where several tensile
cracks caused by a moment was developed before the element failed in shear.

Figure 4.7: Shear test at failure, cracking occurred from tensile stresses
with a sudden shear failure.

The actual moment in the element at failure had a magnitude of 113kNm
which explains why the tensile cracks occurred, and as the previous bending
test showed the moment was not large enough to cause failure for the element.

A similar test was made with a much shorter anchoragelength of the re-
inforcement at the support. The ultimate load was measured with a shear
force of 149 kN, well below the previous result and the prediction model,
indicating that here it was an anchorage failure namely in the bond between
the prestressing wires and the concrete causing the failure. This is further
confirmed as it was observed that the prestressed reinforcement was with-
drawn approximately 20 mm into the end of the element. The mechanics
behind this failure is further explored in depth in the accompanying paper
(Hertz et al. 2013) and by (Hertz 1982).
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4.4 Deflections

The deflection setup is visible in Fig. 4.3, the measurement equipment is
mounted on top of the element which means it is calibrated to be zero af-
ter the effects of prestressing and dead load have been applied to the slab,
meaning that it is only the deformation caused by the external applied load
which is measured. On Fig. 4.4 the theoretical deflection is included as a
function of the moment for both models of the bending stiffness. At the
start of loading the rate of deflection follows the elastic model quite well as
it is in between each of the limits specified by the two bending stiffness, but
after a few millimetres of deflection inelastic behaviour starts to occur as the
tangential E-modulus is reduced as the load increases.

4.5 Dynamic

The natural frequency of the element was measured by hanging a mass from
the element in a string. By burning the string the element was set into a
free harmonic vibration. The oscillation was measured by an accelerometer
placed at the middle of the super-light element above the point where the
mass was hanging. Here it translated the measurement of the acceleration of
the vibration into the natural frequency of the element in its accompanying
software. The measurement gave a natural frequency of the slab element of
14.8 Hz, which is considerable lower than the one of 18.6 Hz estimated by Eq.
4.11. The general accuracy of the test setup and measurement equipment is
estimated to be +1Hz. From Eq. 4.11 it is clear that the boundary condition,
the length, the stiffness and the mass are factors which have influence on the
natural frequency. For the test, the element was resting on wooden blocks
having a rather short anchorage length, which means that the restraining
moment is negligible small and the slab is very close to be perfectly simple
supported. The span of the element was measured and is accurate. The same
goes for the mass of the element which was weighted. Taking a closer look
at Fig. 4.4 reveals that at very low deflections the slope of the deflection
curve of the element is parallel with the theoretical value which means that
the stiffness used for the vibration test should be quite accurate.

4.6 Fire

The element has been tested for fire safety. The test was a two hour stan-
dard fire with a load corresponding to Danish domestic live load Gimposeda =
1.5kN/ m” and an estimated supplementary permanent load gsy,, = 1kN/ m?
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(Eurocode 1-1-1 2002). After two hours of standard fire the load was in-
creased until failure. The slab was tested with four point bending and the
pistons delivering the load was placed at the quarter-points, meaning that a
constant moment of 1/4Q L was present between the pistons with @) being
the force applied by one piston. The test setup was made by installing two
1.2 m wide super-light elements with a length of 6.4 m in a durable frame
which was placed on top of an oven providing the standard fire. The total
free span of the super-light elements was 6.0 m, the setup is shown in Fig.
4.8 where equipment for measuring temperature and deflection is present.

=

Figure 4.8: Test setup for fire test of super-light element.

The moment from domestic load including the dead load (15.68kNm) and
additional permanent load had a total magnitude of 29.2 kNm correspond-
ing to each of the pistons acting with a force 1/2¢L = 9 kN. The moment
from the domestic load was significant smaller than the moment resistance
and no indication of failure could be observed, a deflection at midspan of
25 mm was measured after 120 min of standard fire exposure. Then the load
was increased. Each of the pistons was increased to their maximum capacity
applying a total force of 61.25 kN corresponding to a moment on the slab
element of 110.1 kNm without any failure in the element, approximately 10%
more than the capacity estimated by calculation. At this time, a steel tem-
perature of 150°C' was measured well below the calculated temperature of
191°C' from ConFire, thus increasing the moment resistance of the element.
At the maximum load the deflection was measured to 200 mm. After un-
loading the element the deflection was 35 mm. A relative small permanent
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damage from the fire and load. As it is seen from Fig. 4.9 showing the ele-
ment from below, the element is unharmed after the two hour standard fire

test.

Figure 4.9: View of the element used for the fire test from below after the
test.
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Chapter 5

Design with super-light
elements

Besides the super-light elements that have been designed as a part of the
experimental production series for full-scale testing of acoustics, statics and
fire, another project has been carried out, in which super-light deck elements
have been applied in a building.

5.1 Indoor pedestrian footbridge

In this project an indoor pedestrian footbridges are hung down in two levels
from the ceiling. They are made with super-light deck elements. It is a two
storey building, has a plan area of 2000 m? and consists of eight individual
towers. The super-light pedestrian bridges provide access between these tow-
ers and have a total area pr. storey of 200 m?, which means a total area of
400 m?. The plan of the building including the placement of the super-light
deck elements can be seen on Fig. 5.1.
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Figure 5.1: Plan of the building with the super-light indoor pedestrian bridge
connecting the eight towers with each other.

There is a requirement that a footbridge should have a width of at least
1500 mm in order to provide accessibility to disabled persons, which in com-
bination with additional architectural features of the bridge meant that it
was not possible to use the standard widths of either 1200 mm or 2400 mm.
The elements were instead custom made in special moulds and prestressing
them was therefore not a possibility.

The non-existing possibility of prestressing was the cause for introducing
short spans to eliminate the risk of cracking and thus very large deflections
and vibration amplitudes. This meant that a maximum span of 5.5 m was
used in the design. The supports consist of three different kinds of point
supports and one continuous support. In total there was a superior amount
of point supports compared to continuous supports. There was also a need to
prepare the super-light elements for a large amount point forces, not some-
thing the lightweight aggregate concrete blocks are especially suited to han-
dle.

The lightweight aggregate concrete block had the geometry as depicted
earlier in Fig. 2.3. Therefore it was a necessity to enhance the existing
design of the super-light slab element so that it could accommodate all the
requirements to geometry, supports and constructability.

In Fig. 5.2 a section of the finished pedestrian bridges are shown, includ-
ing parts of the support system in form of hangers.
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Figure 5.2: View of some of the finished super-light bridge elements.

Edge-, end-, cross-beams

The concept of edge-, end-, and cross-beams in the super-light deck elements
was developed in this project as special solutions. They consist of concrete
beams integrated into the elements and include stirrups and longitudinal
reinforcement as shown in Fig. 5.3 where the reinforcement arrangement can
be seen before the normal concrete is cast and how the internal beams looks
like in the element.

Figure 5.3: Internal beams in the super-light element, on the left before
normal concrete is cast on the right how the beams are wvisible in the final
product. The steel parts are interim supports and the nut plate support a
hanger carrying the element.
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The internal beams are advantageous in relation to the varying width of
the pedestrian bridge, as the size of lightweight aggregate concrete blocks
lack flexibility. This is instead supplied by the internal beams which support
widths between 75 — 150 mm. The minimum is in order to have room for
stirrups and the maximum is limited by the fact that if they were any wider,
an extra line or row of lightweight aggregate blocks could have been placed
instead. In the internal beams there are room for more longitudinal rein-
forcement and without lightweight aggregate concrete blocks at the bottom
these can have a larger depth. This increased reinforcement and stiffness
reduces the penalty caused by not pre-stressing the elements. Finally, the
beams are ideal for establishing the point supports, as it is possible to have
nests of reinforcement around the support details in both directions.

Design of support solutions

In total four kinds of supports were used in the building, three point supports
and one line support. The line support is common and there has been no spe-
cial preparation of the super-light element for it other than edge or end beams
are placed at the support. The point supports consist of a hanger suspended
from steel beams in the ceiling. A support based on inserts to exchange forces
with adjacent walls, a console connection attached to a wall and finally ele-
ments connected with a blade connection solution rather than applying bed-
ding materials to connect the elements. All of these connections is described
more in-depth in the accompanying paper (Christensen and Hertz 2013).

The hanger support is completed by supplying the element with a hole in
an intersection between an edge-beam and a cross-beam. Here, beam rein-
forcement surrounds the hole in both directions absorbing the concentrated
point force and eliminating any risk of punching shear. The point force is
further distributed by a 200 x 200 x 16 mm thick steel plate beneath the
element.

The insert connection is made by casting four inserts into the concrete
edge beams in the element. Here they are connected via steel parts, over a
gap of 100 mm, to the wall on which the steel parts are bolted. The inserts
are supported in the internal cross-beam where longitudinal and stirrup rein-
forcement has been placed to anchor the tension forces from the inserts over
a larger concrete area.

The console connection is completed by bolting steel parts on a wall and
placing the super-light deck element to rest there. The only preparation of
the element is that cross- or end-beams are present at this kind of support
in order to absorb the concentrated point forces.

The final detail mentioned here in the indoor pedestrian super-light bridge
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is the connection between two super-light deck elements. Here a blade con-
nection has been designed so that through-out the construction of the build-
ing the elements are overlapping each other and are bolted together to create
a solid transfer of forces between the elements.

Insert with countersunk
/threaded rod

/ /—Cunsoles

,Crossheam

218

§ éu £

Jid

Edlge beam—

Figure 5.4: Left: detailed drawing of the connection, middle: example on
how connection and reinforcement is established in a super-light element,
right: example of the detail.
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Chapter 6

Discussion

6.1 Acoustic design

The single number ratings of the airborne and impact sound insulation labo-
ratory measurements was found as R,, = 55dB and L,,,, = 79 dB. Recently
measured hollow-core airborne and impact sound insulation are not publicly
available, (NM and BR 1974a) and (NM and BR 1974b) supplies results for
a 185 mm hollow-core element with a surface mass of 300 kg/m> for air-
borne and impact sound insulation. The results of the measurements are
R, =53dB and L,,, = 80 dB for the case without any additional flooring.

With the statistics obtained for the flanking results, quantiles of thresh-
olds of the super-light slab element is obtained, see (Christensen et al. 2013b)
for an elaboration of which models and statistics are used to obtain the results
discussed in the following. For the standard room the uncertainties is ad-
dresses using the work by (Mahn and Pearse 2009), (Craik and Steel 1989)
and (Craik and Evans 1989) as lack of accuracy of the flanking transmission
model, workmanship and measurements errors. The results are expressed in
terms of the probabilities P(R,, > © = F,(ftg'w,Orw) and P(L), > x =
Fy(rmw, 0rmw) with F' being the cumulative distribution function of a nor-
mal distribution.

P(R,,>55dB) =42.0%
P (L nw1§53dB) =94.0: % 6.1)
P(R,, 4z >55dB) >95.0% , x>3.7dB '

P (L

nw,1

— 25 <53dB) >95.0% , 22>02dB

In regards to legislation requirements, as they were discussed in the intro-
duction, the single number rating of the airborne flanking transmission for
the super-light slab element was just below the requirement. When includ-
ing uncertainties, this gives a probability of achieving the requirement of the
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6.1 Acoustic design Discussion

legislation on less than 50 %, from Eq. 6.1 it is also evident that a large
improvement of the single number rating of the super-light element is needed
to achieve 95 % probability of satisfying the legislation. The results are more
optimistic regarding the impact flanking transmission, where a probability of
95 % satisfying legislation is almost obtained. In Sec. 6.3 it is discussed how
improvements to the slab can be made in order to achieve a better quantile
for the standard room when considering airborne sound insulation.

For the parametric study the partitions are unknown, this gives rise to
another uncertainty, which together with the uncertainties of the accuracy
of the flanking transmission model, workmanship and measurements errors,
can be described by probabilities. Here, the quantiles is addressed in groups
dependent on the floor. Results regard the airborne flanking transmission
are listed in Eq. 6.2 and in Eq. 6.3 for the impact flanking transmission
simulations.

—86.7%
=91.2%
>95.0% = g, >15dB
>950% = Zrwa>09dB

P (Rgﬂ,1 > 55dB
P (R, >55dB
P (R;U,1 + TRy > 55 dB
P (R, 4+ Tguwa > 55 dB

(6.2)

NN N

The probability that the super-light element in the unknown room will pass
legislation requirements are overall high and only a small amount of im-
provement is needed to obtain probability of 95 %. As the standard room
was placed in the lowest bracket of the full simulation see, e.g., Fig. 3.14,
it is clear from the results of the parametric study that improvement of the
flanking partitions is a strong alternative to improving the airborne sound
insulation of the standard room compared to increasing the surface density
of the super-light element. Only a small difference between the floor groups
exist, this is unexpected as the laboratory measurement of the two floors
were very different AR; = 3dB and AR, = 9dB.

L. ,<53dB
<53dB

) =923%

) =573%

<53dB) =99.3%

s <H3dB) =79.6%

Lhwy = Trmwy < 53dB) > 95.0%
)
)
)

P (6.3)
P (L;sz — TL'nw,2 S 53 dB Z 95.0 %
P
P

TLinw,1 > 0.5dB
TLinw2 > 3.2dB
TLinw,3 > —1.7dB
TLinwd > 1.8dB

Lws — Tomws < 53dB) > 95.0%
Lys = Tomwa < 53dB

L4 e

> 95.0 %
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The results of the parametric study for the impact flanking transmission
analysis show a much higher degree of dependency on each of the floor groups
compared to the airborne flanking transmission analysis. As the standard
deviation is equal for all of the floor groups, since all flanking transmission
paths originate from the floor, the difference of x.,, is also a difference of
the mean of single number rating in each of the floor groups. Combining
the super-light element with floor 1 yields very good results with little need
for improvement of the super-light slab element, while floor 3 requires no
improvement at all.

The flanking transmission analysis for the standard room can be directly
compared to a flanking transmission analysis made with similar concrete
elements in form of hollow-core slabs (Christensen 2012). These simulations
are made for a room setup equal to the standard room. Here an element
with surface density 316 kg/m2 has been simulated for both airborne and
impact flanking transmission. The results are for airborne sound insulation

waie = 93 dB and for impact sound transmission Ly, 3,6 = 54 dB. It is

nw,31

also shown that the mass needed to achieve an airborne sound insulation
of R, > 55dB is 367 kg/m2 and to achieve an impact sound insulation
L, <53dB is 323 kg/m” for a hollow-core slab. In Sec. 6.3 it is argued by
means of Eq. 6.4 that an airborne sound insulation of R!, > 55dB would be
achieved for a super-light slab element with surface mass 328 kg/ m?, while
the requirement of impact sound insulation L], < 53 dB is obeyed be a
margin of 3dB for a super-light element with surface mass 315 kg/ m®. With
the limited amount of data sets available it cannot be proven that there is
a statistical difference of the two results, as the results listed are subject to
the earlier discussed uncertainties regarding building acoustic performance
evaluation for flanking transmission. But the difference obtained here of
40kg/ m? indicate that the super-light slab element design is an improvement
compared to the similar hollow-core concrete element.

Traditionally when constructing multi-storey housing with pre-fabricated
concrete elements, the load-bearing elements are installed first. This means
at the time internal partitions, typically 100 mm wide lightweight concrete
elements with a density of 1350 kg/mg, are installed, the floor slab above
it already has been installed. Due to the tolerance associated with pre-
fabricated elements the height of the internal partition will be less than the
height of the storey it is to be installed in. The bottom of the internal
partition is grouted with a mortar in order to seal it, this mortar typically
has a compressional strength of f. = 30 MPa, and will not influence the
attenuation of structure-borne sound in the junction. However, at the top of
the internal partition it will be sealed to the floor slab by soft expanding foam,
creating a resilient layer to the junction between the internal partition and the
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floor slab Fig. 6.1. From the parametric study of the flanking transmission,
where resilient layers were included as a parameter, it is known that those
resilient layers improve the performance of the super-light slab element in
flanking transmission. For the standard room the airborne sound insulation
R, is increased by 3.2 dB from 54.6 dB to 57.8 dB, while the influence of
the resilient layers are less pronounced for the impact sound insulation L, ,,,
here, the performance is increased by 0.6 dB from 49.9 dB to 49.3dB. In the
simulated situation the resilient layers are applied in eight places in the room
for all four junctions, while for the situation in-situ just described, it would be
applied in just two places in the room, so the influence is not to be expected
to be as large as the simulation show. However, (Christensen et al. 2013b)
showed that the internal partitions contributed the largest amount of flanking
transmission so this condition of how internal partitions are installed could
improve the airborne flanking transmission performance of the super-light
slab element.

Internal LWAC |partiotion Internal LWAC |partiotion

Super-light slab Super-light slab

Expanding foam
Resilient layer

Internal LWAC |partiotion Internal LWAC |partiotion

Figure 6.1: On the left the junction model used in simulation, on the right
Junction model with implementation of an expanded foam seal between the
partitions.

6.2 Static design

The results obtained in Chap. 4, where the static performance of the super-
light element was evaluated, is based on test procedures and calculations
according to the design codes for concrete structures (Eurocode 2-1-1 2004)
and (Eurocode 2-1-2 2004). These are often based on simplifications and/or
empirical models, this means that models have been used despite it will be
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less accurate and return a lower load-bearing capacity than what the situation
for the super-light slab actually is.

In general secondary effects from the pre-stressing and long-term loading
of the element have been ignored. The experiments conducted here along
with verifications of the ultimate limit state in live buildings are done ac-
cording to short term loading. The long-term effects of loading regarding,
relaxation of the pre-stressing wires, shrinkage of the concrete and creep
are relevant regarding the serviceability limit state. The long-term effects
for normal concrete are well documented both by the daily application of
pre-stressed concrete and in literature by, e.g., (Collins and Mitchel 2001,
chapter 3). The long-term effects of the lightweight aggregate concrete in
combination with prestressing and in combination with normal concrete is
unknown and subject for further research. It is mentioned that the effect of
creep has been included in the design of the pedestrian bridges in relation to
the verification of the SLS requirements.

The shear has been calculated according to an empirical method based
on experiments available in the structural concrete code for concrete beams
without stirrup reinforcement. Shear failure and the mechanics behind has
been subject to a lot of research and some of the most important findings are
given by (Nielsen and Hoang 2010, chapter 5), where the crack sliding theory
is presented for beams without shear reinforcement. Here, it is argued that
the shear capacity of a cracked concrete section compared to an uncracking
concrete section will be lower, as indicated by Fig. 6.2.

éP

R

p
Load
bearing Shear
P capacity capacity

Cracking
load

Figure 6.2: Crack formation and shear capacity of concrete beams without
shear reinforcement.

The theory is based on a homogenous beam of plain concrete and can
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therefore not be directly applied to the super-light element. It is proposed
that some sort of weighting, of either the normal concrete area or the com-
pression and tensile strength of the concrete depending on ratio of normal
concrete to lightweight aggregate concrete, needs to be done to use the theory
with the super-light slab element. This is further complicated by the lower
bound solution of the shear capacity which is derived based on a diagonal
region of concrete in uniaxial compression from the a point force to the sup-
port, this region has a height of half the beam. Depending on where a cut
in the section of the super-light slab is taken, the ratio of normal concrete
and lightweight aggregate concrete is changing. It is not possible to make
any assessments to this idea as only data from one experiment is available.

6.3 Future changes to design of super-light
slab

Since the testing series of the super-light slab element has been carried out
for acoustics, statics and fire, several iterations of the super-light slab design
has optimized the performance. The tests are all based on comparing the
element with regulations; verify known theory and calculation methods. For
the static test series this was all fulfilled. However, a rather large difference
of the dynamic measurements of the vibration of the slab compared to the
expected was observed. In the fire test, the super-light slab element behaved
as expected and the results of the two hours test can be extrapolated to a
four hour standard fire. For the acoustic measurements and simulations the
super-light slab was 0.4 dB lower than the requirement of the regulations for
the airborne sound transmission loss rating when the setup was the standard
partitions and floor, this result is something that requires an improvement of
the element, also in relation to the general uncertainties for the measurements
and simulations as discussed in Sec. 3 and by (Christensen et al. 2013b).

Apart from completing the holistic design of the super-light slab covering
all requirements and regulations other heavy weighing factors is influencing
the design of the element, most notable cost, which can relate to many things,
but also the production setup should be compatible with the design of the
element.

The most important change for the element is that the density of the
lightweight aggregate concrete increases from 600kg/ m® to 800kg/ m®. This is
made for two reasons, to improve the acoustics and to improve the production
speed of the element. The lightweight aggregate will be cast continuous
and when the density is increased the stiffness and strength likewise will be
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increased this will allow that the normal concrete can be cast earlier without
compromising the integrity of the lightweight aggregate concrete shape. This
allows that the elements can be cast within a day cycle. For a 2.4 m wide
element this means an increase in surface mass from 328 kg/m” to 349 kg/m”
and for the acoustical test element it would mean an increase from 315kg/m”
to 335kg/ m? corresponding to increases of the surface mass of 6.4% and 6.3%
respectively for the general element design and the element designed for the
acoustic test. For the acoustic element used in the measurements compared
to the final surface mass of 349 kg/m” this is an increase of 10.1% in the
surface mass. In terms of the mass law this can directly be estimated to
increase the airborne sound transmission loss by

AR, =201log,, (1.063) = 0.54 dB (6.4)
AR,, =20log,, (1.108) = 0.89 dB (6.5)

which should accommodate the requirements for the most common room and
partition setup.

Another major change is the width of the element, going from the former
standard width of 1200 mm to 2400 mm. The slack cross reinforcement of
the super-light slab element makes it possible to double the width of the
element. The main motivation behind this change is to reduce the number
of element lift at the construction site which should constitute significant
economical and time benefits, which is further enhanced by the fact that the
fewer elements also requires less details to complete the construction. The
doubling of the width is done by mirroring the 1.2 m wide element implying
that the experimental work carried out on the 1.2 m wide element can be
applied for this wider element as well, as it is a mirror.

A smaller redesign is new geometries to the blocks which will be narrower
and longer. From having a box dimension of 400 x 500 x 185 mm to having
a box dimension of 375 x 600 x 185 mm. The blocks have been made less
wide in order to make room for a solid block of concrete in the centre of the
element, if needed; a duct can be placed here in order to prepare the element
for posttensioning. The redesign of the block shape create a new stiffness
distribution in the element, in order to see the influence of the redesign the
bending stiffness is calculated for the element used in bending test, Fig. 4.1,
but remade with a total width of 2400 mm and the new block design. The
influence of the redesign of the blocks on the surface mass of the element has
been included in the calculations in relation to Eq. 6.4. For the old design
this gives an array of 6 x 8 blocks while for the new design it is an array of
6 x 6 blocks. The second moment of area is calculated by the same method
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applied in App. A, and are as following

B1,=10.85-10° By, =9.61-10° Bi2o = \/Bi,,B2, = 10.20 - 10°

By, = 13.00 - 10° By, = 9.78 - 10° Bion = \/BinBan = 11.24 - 10°

(6.6)
where the subscript , indicates old design and the subscript ,, indicates new
design. The new block design makes the slab 9.6 % more stiff improving
on vibration, deflection and the critical frequency. However it is also more
orthotropic, with the old design there was a difference of 11% in the bending
stiffness in the two principal directions, now there is 25% difference, this
corresponds to critical frequencies for each the principal directions on f.; =
97 Hz and f.o = 112 Hz, but still almost within the same one-third octave
band.

Another option is to cover the bottom of the element with a plaster. The
design with super-light structures for the pedestrian bridge and the super-
light element used for the experimental tests showed that the bottom of the
element did not always look good. Uneven distributions of moisture could
be observed on the blocks and the block array was not always straight which
disturbed the pattern and in some places concrete would leak through the
small cavities between the blocks. And overall the pattern of blocks may
not always be satisfying all architectural desires. Some of these issues are
indicated on Fig. 4.9 and Fig. 5.3 where the bottom of the element is visible.
The method of casting the lightweight aggregate concrete has changed so it
is a continuous big block only interrupted by sections of full concrete for
anchorage at supports. As the whole element is cast in one sequence, uneven
moisture patterns should be eliminated and there is no disturbance of the
pattern or no places where the normal concrete can leak. The opportunity
to cover the lightweight aggregate in plaster will cause the element to lose
the sound absorbing qualities, coming from the porosity, in regards to room
acoustics.
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Chapter 7

Conclusions

A super-light floor element has been holistically designed. Not all disciplines
of a holistic designed is treated in this thesis, but they may have affected
choices made for the disciplines treated. Statics, dynamics, structural fire
safety and building acoustics have been addressed with a main emphasis on
the building acoustic part. In addition, it has been shown that combination
of lightweight aggregate concrete and normal concrete gives the super-light
element the properties wanted in relation to production, through casting of
prototypes to the test series of the element and casting of elements used for
the super-light pedestrian bridges. In the conclusions the main findings for
each of the chapters in the thesis are reviewed.

The first design of a super-light element has been carried out. By means of
a production of prototypes it has been shown that the design of a super-light
slab element is producible. The lightweight aggregate blocks are produced
by means of moulds according to the geometry in Fig. 2.3. The blocks are
placed by hand in a desired array on a plane surface and normal concrete is
cast on top of the lightweight aggregate blocks. From Fig. 2.5 it is shown that
the plastic normal concrete completes the section without leaving any voids
in the section or causing other complications. This is further confirmed by
Fig. 2.6, where the penetration of normal concrete in the porous lightweight
aggregate concrete is shown to be equal through a line along the connection
of the two concrete materials.

It is shown that the single number ratings of the airborne and impact
sound insulation of the super-light element are R,, = 55dB and L,,, = 79dB.
This is for an investigation of the super-light slab element in a controlled
environment in a laboratory; these ratings are without an additional floor
covering. By means of the flanking transmission model based on calcula-
tion standard EN 12354 and the results of the laboratory measurements,
the performance in-situ of the super-light element is found. The flanking
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transmission analysis is split into two parts. The first one shows that the
sound insulation of the super-light slab element in a standard room based
on the current construction scheme, in terms of single number ratings, is
R, = 54dB and L/, = 50 dB for airborne and impact flanking transmis-
sion respectively. The analysis include a second part, where the element was
investigated for unknown flanking partitions, this was done by means of a
large parametric study. It was found that each of the floorings applied to
the super-light element could be decoupled from the full analysis and it was
shown that within such floor group the distribution of single number rat-
ings was normal, allowing each floor group to be described by a mean and
a standard distribution in order to predict the general performance of the
super-light element depending on the additional floor covering. The results
of this analysis are shown and summarized by Eq. 6.2 and Eq. 6.3, and from
that it is concluded that improvement of the flanking partitions is a more
feasible design solution than just adding mass to the super-light slab element
in order to obtain 95 % quantile of obeying legislation.

It is verified by means of tests of the load-bearing capacity in the ul-
timate and serviceability limit state, that the super-light element behaves
as expected and the test results can be described and calculated by known
theory. A simple plastic moment calculation provided a moment resistance
of the cross-section of 133 kNm Eq. 4.1, which is on the safe side compared
to the bending test results of 148 kNm and 146 kNm. The shear capacity of
the element, verified by a simplified model without including the contribu-
tion of the lightweight aggregate by Eq. 4.2, is on the safe side compared
to the experiments, 217 kN compared to 265 kN, this method is equivalent
to how the element will be designed in relation to design codes. By means
of the bending tests, elastic behaviour regarding deflections and vibrations
have been observed with a tendency that the super-light element is not as
stiff as first expected. A two hour standard fire test confirmed, that the high
thermal insulation of the lightweight aggregate blocks protect the reinforce-
ment and normal concrete so that excellent results of fire safety are achieved
for the element.

It is shown that a variation of the super-light element successfully has
been designed and introduced in a live construction as indoor pedestrian
bridges. In order to construct the bridges, it is shown that a wide array
of known technologies is applicable to use with the super-light element in-
cluding edge-, end- and cross-beams, applications of connection details such
as inserts, holes for hangers and blade connections. This design shows the
versatility of the super-light slab element and expands the array of design
solutions it is possible to apply with the element.
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Appendix A

Stiffness calculation for
acoustic test element

This appendix contains the stiffness calculation for the acoustic element used
in the experiments regarding sound transmission, and calculations of flanking
transmission. It is based on the element shown in Fig. 3.5 and the block
geometry in Fig. 2.3.

The bending stiffness of the element is calculated from the area, centre of
equilibrium (measured form the top of the element) and second moment of
area, which all has been taken directly from the CAD-model of the element
and are both directions. The normal concrete is denoted by the subscript nc
and one block of lightweight aggregate concrete is denoted with the subscript
lc and multiplied according to the total number in each direction.

Apeq = 2843 10" mm® e,y =69.23mm [,y = 7.91- 10" mm
(A1)

Apeq = 5.12- 10" mm? eleq = 137.31mm I,y = 1.34- 10" mm
(A.2)

For the other direction the same geometrical constants are found to

Apen =20.60-10* mm? e, =64.383mm  [,.» = 7.37- 10 mm
(A.3)

Apez = 8.79 - 10* mm? Clep = 125.199mm ;.o = 2.45 - 10* mm
(A.4)
With a stiffness ratio of a« = Ei./E,. = 3 GPa/37 GPa = 0.081 the trans-

formed areas is found

Apr = Apeq +a - (TAjer) = 3.13 - 10° mm? (A.5)
Ajg = Apes +a- (64,.2) = 2.49 - 10° mm? (A.6)

7



Stiffness calculation for acoustic test element

and the first moment of area from the top of the element can also be calcu-
lated

St71 = Snc,l + Slc,l = Anc716n6’1 + 7a(Alc,16lc,1) =237- 107mm3 (A7)
St,2 = Snc,2 + Slc,Q = Anc,2enc,2 + 6a(Alc,2€lc,2> =1.86- 107H1Hl3 (A8>

and with this the can the centre of equilibrium for the whole element be
found as

S

€1 =~ = 75.55 mm (A.9)
Aia
S

€y =~ = 74.83 mm (A.10)
Ars

with this can the second moment of area be calculated

[t,l - Inc,l + Anc,l(enc,l - et,1)2 + 7a([lc,1 + Alc,1<6lc,1 - et,1)2>

=9.89 - 10° mm* (A.11)

Lio = Inco + Anca(€nca — €:2)* + 6a(Lico + Ajcaleren — er2)?)
=9.88 - 10° mm* (A.12)
(A.13)

and this leads to the bending stiffness being able to be calculated as
Enc]t,l

B = —1%  —19282-10"N A.14

1 L1 — 22) m ( )
Enc]tQ 7

By = —2¢%  —1.153-10"N A.15

2 La(1 — 122) m ( )

where L; = 3m and L, = 3.3 m is the size of the slab element and poisons
ratio is p = 0.2. The stiffness in each direction gives the effective torsional
rigidity for an orthotropic plate Byy = /BB, = 1.216 - 10" Nm as shown
earlier.

78 Department of Civil Engineering - Technical University of Denmark



Appendix B

Stiffness calculation for beam
element

This appendix contains the stiffness calculation for the beam element used
in the experiments regarding deflection, cracking moment and natural fre-
quency. It is based on the element shown in Fig. 4.1 and the block geometry
in Fig. 2.3. The stiffness calculation is based on calculation one block with
a width of 400 mm and then upscale it to the full width which is three three
blocks 1200 mm. For the strong normal concrete it is split up into six parts,
rectangles and triangles as shown on Fig. B.1

v 400 v

S
)
)
S

5
el @ 4
NG 6
D 85 D 60 D 60

Figure B.1: The siz parts the normal concrete is divided into

At first the cross-sectional constants is calculated, the influence of the
different concretes stiffness is added in the end when the modulus of elasticity
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Stiflness calculation for beam element

is considered in order to get the bending stiffness.
The area of each of the six considered parts is calculated, for all parts it is
the total area of it which is considered

A1 =400 - 30 = 12000 mm? (B.1)

Aco =2-85-40 = 6800 mm? (B.2)
1

Apz =2 560 - 40 = 2400 mm? (B.3)

Aeq =2-60-75 = 9000 mm? (B.4)
1

Aps =2 525 75 = 1875 mm? (B.5)
1

A =2 560 - 40 = 2400 mm? (B.6)

6
A=) Ag; = 34475 mm’ (B.7)

1=1

And their corresponding depths to their centroid in regards to the top surface
of the element, the centroid of a triangle is found at one third of the height
from its base.

30

Cel = 5 = 15 mm (B.8)
eco =30+ %40 = 50 mm (B.9)
€es =30+ 540 = 43.3 mm (B.10)
€es =30 + 40 + %75 = 107.5 mm (B.11)
ecs = 30440 + %75 = 95 mm (B.12)
€ =30 + 40 + 75 + %40 — 158.3 mm (B.13)

The first moment of area is then simply found for each of the parts in regards
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Stiffness calculation for beam element

to the top surface of the element

¢l = €c14c1 = 1. . mim .
S.. 14,1 =1.80-10° mm® B.14
Seo = €enAen = 3.40 - 10° mm® (B.15)
Ses = €c3Ac3 = 1.04-10° mm?® (B.16)
Seq = €esAeq = 0.97 - 10° mm? (B.17)
S5 = €esAes = 1.78 - 10° mm® (B.18)
Ses = €esAes = 3.80 - 10° mm? (B.19)
6
Se =) Sei = 2150 - 10° mm? (B.20)
=1

The centroid of the combined normal concrete is found, again with respect
to the top of the element

€e = % = 62.4 mm (B.21)

(o

The second moment of area of the normal concrete is calculated with regards
to the combined centroid e,

1
Loy = 75400 30% 4+ Aeq (o — €cq)” = 27.81 - 10° mm* (B.22)
1
Ip = 25585 40° 4+ Aes (€0 — €0)” = 1.94 - 10° mm* (B.23)
1
Lo = 25560 40° 4+ Aes (e — €.3)” = 1.08 - 10° mm* (B.24)
1 3 2 6 4
I.,= 2560 ST5% + Aca (e — €cq)” = 22.56 - 10° mm (B.25)
1
Lo = 2525 75° + A (€ — e05)’ = 2.58 - 10° mm* (B.26)
1 3 2 6 4
Ig= 2%60 -40° + Acg (e — ecp)” = 22.32 - 10° mm (B.27)
6
I.= ZI =21.50 - 10° mm* (B.28)
=1

The cross-sectional constant contribution from the lightweight aggregate con-
crete is derived from the fact that the total cross-section is rectangular and
the cross-sectional constants are known for the normal concrete this means
the area of a lightweight aggregate concrete block is

Ay = 215 - 400 — A, = 51525 mm? (B.29)
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Stiflness calculation for beam element

And the first moment of area is found in the same fashion

1
Sie = 5400 215% — S, = 70.95 - 10° mm? (B.30)
And the depth to the centroid of the lightweight aggregate block
Se
Cle =7 = 137.7 mm (B.31)

This again gives the second moment of area around this centroid for the
lightweight aggregate block as

1 5 215 ? 6 4
fie = 75400+ 215" — I, — Ay | = — €1 ) =13569 - 10° mm"  (B.32)

The axial stiffness for the different parts are than

AE, = A.E, = 1275.6 - 10° N (B.33)
AE,. = A E,. = 157.6-10° N (B.34)
AE, = A,E, =39.1-10°N (B.35)

where the pre-stressed rebars are included by AE, and they consist of the
six strands with a diameter of 12.5 mm with a nominal area each of 93 mm?
and modulus of elasticity for steel of 210 GPa.

The first moments of area are calculated with their stiffness weight

SE,=S.E,=179.5-10° Nm (B.36)
SE,. = S.E.=21.3-10° Nm (B.37)
SE, = Aye, = 5.3 - 10° Nm (B.38)
This allows for the total centroid of the full cross-section to be calculated
SE.+ SE.+ SE,
= =723 B.39
Ao+ A+ A, — (B:39)

The flexural stiffness for each of the materials including the steel rebar in
regards to the total centroid of the full cross-section

El, = I.E.+ AE, (e — e.)* = 3.02 - 10° Nm? (B.40)
El, = I1,.E. 4+ AE (e — e,.)” = 1.07 - 10° Nm? (B.41)
El, = AE, (e —e,)> = 0.16 - 10° Nm? (B.42)
EI = El.+ El. + EI, = 4.25 - 10° Nm” (B.43)

This means that 3E] = 12.76 - 10 Nm? is the flexural bending stiffness of
the element.
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Abstract

Super-light structures is a newly invented concept for creating concrete con-
struction and concrete building elements. In this study the super-light deck
element will be investigated for its acoustic performance, namely in airborne
and impact sound transmission.

The super-light deck element is being developed to be lighter than compara-
ble pre-fabricated concrete elements by utilizing arches to improve the static
performance. In spite of it being a lighter element it should still achieve an
acoustical performance on the same level or better as compared with com-
mon concrete elements. It is the airborne sound transmission loss which then
carries the main emphasis in the design of the slab as external flooring for
improving performance in impact is not considered here.

Through calculated estimates it is expected that the mass of the super-light
deck element can be reduced by 10-15% compared to similar concrete ele-
ments and still achieve the same acoustical performance in airborne sound
transmission loss. These expectations are being verified experimentally.
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1. Introduction

Traditionally good properties of building acoustics for a floor element is
associated with a high mass or adding of mass, due to the mass law. During
recent years a higher emphasis on lightweight structures and environmental
friendly building elements have emerged. In order to accommodate these new
desirable properties research have been carried out in e.g. wood structures
[1] and [2] and other materials [3] and [4]. Super-light structures explore
another branch of possibilities by optimizing on a monolithic concrete struc-
ture by introducing a composite concrete element consisting of two different
concretes.

Super-light structures were invented in 2007 [5] and the accompany-
ing pearl-chain theory was later developed in 2008 [6]. The overall prin-
ciple of super-light structures is to combine a high-strength concrete with
a lightweight aggregate concrete in order to optimize the utilization of the
favorable properties of the different concretes. Most important are the high
compression strength of concrete utilized by arches in compression in the el-
ements and the high thermal insulation of the lightweight aggregate concrete
in order to increase fire safety, these principles are further elaborated in Ref.
[7].

The super-light deck element considered here started development in
2009, the development is holistic and demands from both ultimate and ser-
viceability limit state closely have been considered during the development.
This includes statics, stability, fire safety, deflections, thermal performance,
vibrations, room and building acoustics which all have influenced the design.
Testings have been carried out on the statics and fire safety and are due to
be published at a later date.

The super-light element is made from blocks of lightweight aggregate
concrete, they are shaped in order to establish arches within the element
across its width as exemplified on Fig. 1. Six blocks are placed in the
width of the element and thus six arches are established, considerations of
the production of the blocks also influenced their design.

The element and blocks are designed so that the compression zone depth
is sufficient in the complete width of the element to ensure the structural
integrity of the element while keeping the span to height ratio of the arches
as low as possible. Prestressed reinforcement to accommodate tension forces
and prevent cracking is placed in the grooves between the lightweight aggre-
gate blocks. Slack reinforcement is placed in the secondary direction at a



spacing corresponding to the block length. If necessary, the element can be
prepared for post-tensioning in both directions. The combination of normal
concrete, lightweight aggregate concrete and steel reinforcement yields an el-
ement surface density of 314 kg/m?. The lightweight aggregate blocks have
a very open porous structure which means that the plasticity of the normal
concrete ensures that it penetrates the pores of the lightweight aggregate
concrete by 5 — 10 mm creating a strong and stable connection of the two
concretes.

The acoustical performance of the super-light slab is enhanced by combin-

Figure 1: Super-light slab element

ing pre-made blocks of lightweight aggregate concrete and normal concrete
in a vaulted form to enhance the geometrical stiffness of the element. This
causes the critical frequency to be lowered as compared to a homogenous
concrete plate, which is further enhanced by the deck elements lower weight.
Furthermore, the introduction of lightweight aggregate concrete increases the
damping in the deck element which is further enhanced by the connection
between the two different concretes.

2. Method and Theory

2.1. Super-light Element

The dimensions of the super-light deck element used for this investigation
of acoustic properties is fitted to accommodate the geometry of the hole
which separates the source and receiver room at the testing facilities. The
test element is designed to mimic the actual super-light element as much as
possible.



The cross-sectional views of the tested element is shown on Fig. 2. The
dimensions of the element is 3.330 x 3.000 x 0.185 m. This leaves room for
six times seven lightweight aggregate concrete blocks in the element leaving
an excess space of 200mm and 330 mm that the lightweight aggregate blocks
cannot cover compared to the overall geometrical demands of the element and
testing facilities. These spaces has been filled with full sections of concrete
at the edges of the element to reduce the influence the increased weight will
have on the measurements. The element is reinforced with six slack Y16
rebars in the principal direction and seven slack Y6 rebars in the secondary
direction. The element is reinforced to such a degree that no cracking occurs
in the concrete so that the full sections of concrete is contributing to the
stiffness of the element.

Slack reinforcemen t, Y16mm, 550MPa

]|

102 396, 3% | 396 |, 396 |, 3% , 39 . 39 102
3000

Slack reinforcemen t 6, 550MPa

(7 v v v ¢ ¢ V]

067, 496, 496, 496 . 496 496 496 167,

3330

Figure 2: Cross-sectional views of the super-light element.

2.2. Ezxperimental Method

The measurements were carried out in the reverberation chamber at the
Technical University of Denmark. Two loudspeakers were present in the
source room and were used for the airborne sound transmission measure-
ments. Five different microphone locations were used in both the source and
receiver room, according to the requirements specified in ISO 10140 [8]. The
impact measurements were carried out by the standard tapping machine at
five different locations on the slab varied in placement on the ribs of solid
concrete, lightweight aggregate blocks and angled differently compared to the
ribs and lightweight aggregate blocks. Four different microphone positions
in the receiver room were applied according to requirements [9], no floor
coverings were included in the tests. Reverberation time and background
noise were measured at three different positions in the receiver room. Craik
and Steel discusses [10] the accuracy of the method used to test an element

4



for airborne and impact sound transmission and it is shown that the stan-
dard deviation of such measurements can be expected to be around 1 dB in
laboratory conditions.

The super-light deck element was cast into an L-shaped steel frame formed
to fit the opening between the source and receiver room. The steel L-frame
was placed on another steel frame in the separation hole with a layer of min-
eral wool in between the two steelframes. The bottom third of the cavity
between the steel frames was filled with more mineral wool while the top
two thirds was filled with in situ cast grouting mortar with a characteristic
compression strength of 30 MPa. The mortar was mixed with extra water
and sand to improve its workability; it was expected that this connection will
be close to a clamped boundary condition. The boundary condition was cre-
ated in order to compare measurements results with previous measurements
of hollow-core concrete slabs, in addition the boundary condition closely re-
sembles those used in-situ with pre-fabricated elements. Measurements were
made after 18 hours, 1 week and 3 weeks at an average curing temperature
of 20°C in order to assess the influence of the different curing time.

A sound level meter B&K 2250 was used for the measurement and the
built-in microphone was recording the signals.

Input mobility measurements were carried out on the element in order
to investigate the boundary conditions and to help explain the nature of
transmission through the super-light element at lower frequencies. The in-
put mobility measurements were made with the same installations as the
airborne and impact sound transmission measurements, but only once after
3 weeks. The element was put in motion by a shaker suspended from the
ceiling through a force transducer. An accelerometer were placed next to the
contact point to record the vibration. Measurements of the input mobility
were made in various frequency ranges from 1Hz — 12.8 kHz with various res-
olutions from 0.0625 Hz — 2 Hz corresponding to 6400 discrete measurements
in each frequency range investigated. The input mobility was measured at
three points along a line in the middle of the super-light element and at the
floor structure at the measurements facilities. The placements of the mea-
surements on the elements were in the middle above a rib, denoted placement
1, on the middle of an adjacent lightweight aggregate concrete block, denoted
placement 2 and on the next concrete rib, denoted placement 3, these place-
ments are shown on Fig. 3 along with nodal lines. The nodal lines describe a
line where the element for a given mode will have no oscillation and therefore
they have a potential to influence the identification of modes if measured on



a nodal line.

Nodal line, n=2

Nodal line, m=3

— Position
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3300
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3000

Figure 3: Placements on the super-light slab element where the input mobility has been
measured.

2.3. Theory

In this section it is discussed which mechanics causes the expectation
that the super-light deck element can achieve the same building acoustic
properties with less mass than comparable concrete elements.

The vaults created by the lightweight aggregate concrete blocks geomet-
rically stiffens the element while at the same time the lightweight aggregate
concrete reduces the total surface mass of the element. Increased stiffness
and lower surface density both contributes to decreasing the critical frequency

[11]

02 m

“\B W

which is dependent on the factor /m/B, where m is the surface density and
B is the bending stiffness. The surface mass of the element is 316kg/m?. Due
to the geometry and orientation of the lightweight aggregate concrete blocks
the super-light element is orthogonal; therefore the bending stiffness for the
two different directions have been calculated and are By = 1.282-10” Nm and

fe
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B, = 1.153 - 10" Nm respectively, leading to the effective torsional rigidity
of an orthotropic plate By = /B1By = 1.216 - 10" Nm, which is a valid
approximation when poisson’s ratio is the same in each of the directions, Ref.
[12]. Tt has been shown that orthogonality weaken the acoustic properties
of plates, Ref. [13]. However the difference of the bending stiffness in the
two principal directions of the super-light slab element is 5%, which can be
considered small and in general the plate can be expected to behave as an
isotropic plate.

These results of the surface mass and the bending stiffness of the super-
light element leads to an expected critical frequency of f. = 95.4 Hz. This is
below the common building acoustic frequency range of 100 — 3150 Hz used
to address metrics in regards to legislation [14]. This means that for the
entire building acoustic frequency range the radiation efficiency o,.s can be
expected to be close to or equal to 1 and the contribution from the forced
transmission can be neglected, here for the super-light element it will be
calculated according to Ver and Holmer [15]. Additionally this also means
that the increase in transmitted sound due to resonance around the critical
frequency is less influential on the single number rating compared to elements
with a higher critical frequency.

Tfm o, AN

R, 2010g< . ) 101og (Q%tsf Af) 2)
where f is the frequency, m is the surface density, p = 1.21 kg/m? is the
density of air, ¢ = 344 m/s is the speed of sound in air, 0, is the radiation
efficiency, n, is the total loss factor, S is the surface area and AN/Af is
the modal density which is based on both thin and thick plate theory as
described by Rindel [16]. Below half the cross-over frequency from bending
waves to shear waves, Eq. (3), it is based on bending waves and thin plate
theory, above it is based on shear waves and thick plate theory.

02 m

== 3
fs=5\5 (3)
The modal density can then be calculated as

AN St if f <L
USRS 0
The porous lightweight aggregate concrete has an internal loss factor which
is 2-3 times higher than the internal loss factor of normal concrete [11].
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Furthermore, with regard to the damping, it is expected that the lightweight
aggregate concrete further increases the damping as its is acting as a damping
layer as described by Cremer and Heckl [11] (page 243-247).

3. Results and Discussion

3.1. Input mobility

Input mobility has been measured to identify modes and boundary con-
ditions in the super-light slab element.
Fig. 4 shows the input mobility of the super-light slab element. At lower fre-
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Figure 4: Input mobility of the super-light slab element in the frequency range 15 Hz —
6.4 kHz.

quencies the mobility oscillates around the theoretical value for the mobility

of an infinite plate,
1

Yoo 8v/mB )
at higher frequencies the mobility is increased as it is governed by the lo-
cal stiffness. This explains the difference that the mobility is measured
higher at position 2 than position 1 and 3 at the higher frequencies. Po-
sition 2 is placed at the middle of a lightweight aggregate concrete block
which have a stiffness based on the geometric average of the slab element:
(heE. + hiE).)/h = 7.7 GPa where the subscript ¢ denotes concrete and
the subscript lc denotes lightweight aggregate concrete, F. = 37 GPa and




E;. = 3 GPa. The theoretical value of the mobility when controlled by the
local stiffness Eq. (6), Ref. [17]

B f
T 24RG(1 + in)

The local stiffness is based on the diameter of the contact point on the
concrete R and the shear stiffness of the concrete in the element G. The
agreement between the theoretical value of the mobility and the measured
results at position 2 is good while the agreement between the measured value
at position 1 and 3 is not quite that good compared to the expected mobility.
If the stiffness is decreased to 18.5 GPa the agreement is better. The reason
is that the rib of normal concrete is quite narrow, especially in the bottom
of the element, causing the lightweight aggregate concrete to have influence
on the stiffness and will thereby increase the mobility of the element.

The frequency resolution on Fig. 4 is rather low with a spacing of 1 Hz.
On Fig. 5 a narrower frequency spacing of 0.0625Hz for the lower frequencies
range of 15 Hz — 400 Hz is used. By comparing the mobility of the lab floor
with the mobility of the super-light slab element the deceiving peaks coming
from the vibration of the floor in the lab can be eliminated when identifying
the natural frequencies of the super-light slab element. Half the mode-shapes
will have a nodal line in the points where the mobility was measured (this
was unavoidable due to the mounting of the setup for measuring the mobility,
parts of the equipment was suspended in a crane in the ceiling which were only
allowed movement in one direction along the nodal line), thus eliminating half
the natural frequencies that could be identified.

The four lowest natural frequencies are found at 55 Hz for mode (1, 1),
188 Hz for mode (2, 1), 235 Hz for mode (1, 3) and 262 Hz for mode (3,1). It
is expected that mode (1,2) have a frequency comparable to (2, 1) since the
stiffness in each direction are very similar and the plate dimension of 3.3 x 3m
is close to being quadratic. The same arguments can be used to approximate
the natural frequency of mode (2,2) to four times the one of mode (1,1) as
~ 220 Hz. As a result it is noted that a lot of the dominating mode-shapes
and their natural frequencies are present within a rather narrow frequency
range of ~ 188 Hz — 262 Hz.

By means of the half power bandwidth the loss factor n have been calcu-
lated for the four lowest identified modes, they are 4.9%, 5.4%, 4.1% and 5.1
%.

Fig. 6 shows the input mobility after the grouting mortar constituting the

(6)
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Figure 5: Input mobility of the super-light slab element and lab floor structure in the
frequency range 15 Hz — 400 Hz.

boundary condition has been removed so that the super-light slab element is
simple supported.

The lowest natural frequency for the simple supported plate is 36 Hz which
is significantly lower than the one measured when the grouting mortar was
in place. As an approximation it can be shown that by using the Rayleigh’s
Quotient, Ref. [12], the ratio of the natural frequency between a clamped
and a simple supported isotropic plate is >~ 1.89 for quadratic plates to ~ 2.3
for oblong plates. This imply that if the boundary condition had been fully
clamped for the super-light slab it could be expected to be ~ 70 Hz. The
measured value of 55 Hz implicated that some restraining moment has been
present due to the grouting mortar so that the actual boundary condition is
undefined.

3.2. Airborne transmission

Fig. 7(a) shows the difference in the three measurements made at differ-
ent curing times of the concrete in the cavity. The theoretical transmission
loss for the element based of the resonant SEA formulation Eq. 2 is also de-
picted. The influence of the curing time is shown in the development of the
stiffness of the grouting mortar which after 28 days at a curing temperature
of 20°C will have achieved 100% of its characteristic stiffness value. Accord-
ing to the model in the concrete Eurocode [18] for stiffness development over
time in concrete, the grouting mortar can be expected to have developed into
68%), 93% and 99% of the characteristic stiffness at 18 hours, 1 week and 3

10
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Figure 6: Input mobility of the super-light slab element on pinned supports and lab floor
structure in the frequency range 15 Hz — 400 Hz.

weeks respectively, yielding a significant difference in the stiffness develop-
ment between 18 hours and 1 and 3 weeks. This assessment of the stiffness
can be identified on the measurement where they for the higher frequency
range, where the modal overlap factor is high, are very alike. For the lower
frequencies a clear difference in the 18 hours measurements compared to the
measurements after 1 week and 3 weeks can be observed since the difference
in stiffness of the grouting mortar constituting the boundary condition gives
different restraining moments and thereby changes the natural frequencies of
the super-light slab element.

The cluster of natural frequencies identified at the frequency range ~
188 Hz—262Hz can be observed by a drop in performance of the transmission
loss at the one-third octave band at 200 Hz.

In the middle range of frequencies from 315 Hz —2kHz the measurements
are constant with an increase in the airborne sound transmission loss of
approximately 7 dB pr. octave. The measurement is also comparable to the
SEA model for resonant radiation, Eq. (2). This range where the element
perform as described is the most important for the improvement of sound
insulation comparing to other concrete elements of similar mass. The tested
element had a rather small surface area of 10m? with an increasement in the
area it can be expected that the natural frequencies will be lowered and this
range will be extended to lower frequencies, thus increasing this important
frequency range.

11
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element with a surface density of 314 kg/m?.

Figure 7: Airborne measurements

Fig. 7(b) shows the single number calculations of the measurements of the
super-light slab element after 3 weeks here it was calculated R,, = 55dB and
the spectral adaption term Csg_5000 = —3 dB. It is worth noting that the
allowed unfavorable deviation from the reference curve is spread out in a large
frequency range from 100 Hz — 1 kHz where as it was earlier discussed also
partly covers the frequency range which is expected to have the best increase
in airborne sound insulation. The single number rating for the resonant SEA
calculations are R,, = 55dB and the spectral adaption term Cxq_5000 = —1dB

3.3. Impact transmission

On Fig. 8(a) the variation of the impact transmission at different times
is shown. Contrary to the airborne measurements there exist no significant
difference of the measurement at the lower frequencies for measurements
made at different times. The high concentration of natural frequencies earlier
identified at ~ 188 Hz — 262 Hz can be identified in the impact transmission
loss measurements centered around the one-third octave bands with center
frequencies 160 Hz and 200 Hz.

For the frequencies from 315 Hz and up to 5 kHz the slope is rather
constant with an increase of approximately 6 dB pr. octave. There is a
tendency that a slight difference between the measurements after 3 weeks and
the other measurements exists. Between 315Hz and 1kHz the measurements
after 3 weeks are a couple of dB worse while at the higher frequencies they
are a couple of dB better. On Fig. 8(b) the calculation of the single number

12
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Figure 8: Impact measurements

rating for the impact sound transmission of the super-light element is shown.
A rating of L, ., = 79 dB is achieved, the unfavorable deviation is located
at the highest frequencies, the spectral adaption term is calculated at C; =
—12dB. The single number ratings have also been calculated for the resonant
SEA calculations and is L, ,, = 76 dB with the spectral adaption term as
Cr=-9dB.

3.4. Discussion

Recently the building acoustic legislation for vertical sound transmission
between dwellings have been changed in Denmark. The new requirements
are rated by the apparent weighted sound reduction index R! from a single
number rating of 53 dB to 55dB in vertical airborne sound transmission and
by the apparent weighted normalized impact sound pressure level L;, ,, from
a single number rating of 58 dB to 53 dB in impact [19]. This has created an
opportunity to develop an element optimized for these new requirements, in
the current state of development the emphasis is on the airborne sound trans-
mission as the impact sound is dealt with at a later state through external
means.

The super-light element used in the testing is different than the general
design of the super-light element. From the time the experiments were carried
out further iterations have been applied in the design of the super-light slab
element. The changes are due to difficulties in the production process of the
element. Most noteworthy is a slight increase of the density of the lightweight
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aggregate blocks from 600kg/m? to 800kg/m?, a new standard width of 2.4
metres rather than 1.2 metres, and slight altering of the lightweight aggregate
blocks dimensions which will be less wide so that the outer box dimension is
375 x 500 x 185 mm compared to 400 x 500 x 185 mm. There alterations is
based on other reasons than acoustics, most noteworthy an optimization of
the production time. The element was first designed with a surface density
290kg/m?, with the discussed changes the element will have a slight increase
in its weight comparable to the surface density of the measured element of
316 kg/m?.

4. Conclusion

Measurements of the airborne and impact sound insulation have been
carried out for a newly developed prefabricated composite concrete slab ele-
ment. The element was mounted in the testing facilities partly with an in-situ
grouting mortal and therefore measured at different times to eliminate the
influence of the strength and stiffness development in the grouting mortal.

The super-light element achieved an airborne sound transmission loss sin-
gle number rating of 55dB and an impact sound transmission single number
rating of 79 dB. The acoustic performance seems to be improved compared
to similar pre-fabricated concrete elements through an increased damping in
the elements and that the orthogonality is small so that the element can be
considered as an isotropic plate.
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Abstract

Super-light structures is a new invention, which is developed to optimize
concrete structures. Super-light structures combine a strong load-bearing
concrete with a protective lightweight aggregate concrete in order to save
material. A newly developed pre-fabricated super-light deck element is being
investigated regarding flanking transmission in the present study.

The airborne sound insulation and the impact sound insulation of the
super-light element has been measured in a laboratory. These results are ap-
plied in the acoustic software program Bastian to investigate the performance
of the element by means of a parametric study of the flanking behavior com-
bined with commonly used building elements and several external floorings.

The analysis is split up into two parts. The first part gives assessments
of the performance of the super-light slab element for flanking transmission
in a common construction based on current methods and trends in the pre-
fabricated industry. The second part gives assessments on a more general
level of the flanking transmission performance of the super-light slab ele-
ment when the partitions are unknown. This is done by a parametric study
on typically used partitions. By means of statistic tools the expected perfor-
mance of the super-light element for flanking transmission is addressed.
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structures

1. Introduction

The concept of super-light structures was first invented in 2007 [1, 2]
and the accompanying pearl-chain theory was developed in 2008 [3] . The
super-light deck element is a pre-fabricated concrete deck element and is de-
veloped as a holistic design, a design method, which integrates and fulfil all
functional requirements with respect to load-bearing capacity, energy con-
sumption, material consumption, acoustics, indoor climate, fire safety, econ-
omy, applicability, and aesthetics. The super-light slab element is designed
to be lighter than comparable concrete elements, in addition, the super-light
deck element will be able to span longer, have better fire protection and de-
cent building acoustic properties. The main feature is the combination of the
strong concrete and lightweight aggregate concrete, which are shaped so that
arches are created within the element in order to improve it static behavior,
see Fig. 1. With this method the high compression strength of concrete is
being utilized by using the strong concrete in the parts of the cross-section
in compression.

The super-light deck element is designed in order to have at least as good
acoustic measures as comparable concrete elements in terms of surface density
and single number ratings of sound insulation [4, 5]. The combination of the
two concrete materials increase the performance of the element in building
acoustics as the lightweight aggregate concrete can be thought of as an added
damping layer, furthermore the element is developed with a geometry which
causes the elements to be close to equally stiff in each of its directions and
act as an isotropic plate, which is not the case for e.g. a concrete hollow core
slab.

The lightweight aggregate parts are made up by precast blocks which have
a shape that can accommodate the establishment of internal arches of strong
concrete. The prestressed reinforcement is placed in the grooves between the
blocks in the main direction of the element to improve the performance in the
serviceability limit state by preventing cracking, which reduces the stiffness.
An example of a super-light element is shown in Fig. 1

The aim of the present work is to elaborate on the acoustic performance of
the super-light deck element, which have had its airborne and impact trans-
mission loss measured and documented earlier [6]. The flanking transmission
evaluation of the super-light element is split up into two analysis. The first



Figure 1: A super-light slab element

part is an analysis, where the partitions are known and are based on a com-
mon method applied for pre-fabricated concrete element constructions when
multi-storey residential buildings are considered. For the second analysis the
partitions are unknown and the performance is addressed by a parametric
study in regards to flanking transmission. In total 168 combinations have
been used in order to assess the flanking transmission performance of the
super-light slab element, the array of different partitions are based on com-
mon and proposed solutions and cover both heavy and lightweight partitions.
The super-light slab element is evaluated by means of a statistical analysis
of the results, where uncertainty caused by variations in measurement meth-
ods, workmanship and accuracy of the model used to simulate the flanking
transmission, are included.

2. Method and Theory

2.1. The super-light element

The super-light element constitutes the base of the investigation and it is
described in [6]. Here, airborne sound insulation and impact sound insulation
was measured for the element and its single number rating along with spectral
adaption terms for included lower frequencies was determined as R,, = 55dB
and Cso_5000 = —3 dB for airborne sound insulation. For impact sound
insulation the results were L,,,, = 79dB and C; = —12 dB.



The element was cast to accommodate the test facilities while mimicking
the original design as it is shown in Fig. 1. The cross-sections of the test
element is shown in Fig. 2, the element has a surface density of 315 kg/ m®.

Slack reinforcement, Y16mm, 550MPa
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Figure 2: Cross-sectional views of the super-light element.

The difference of the bending stiffness in each of the principal directions
of the slab is very low with this design, allowing the element to be thought
of as isotropic. The strong direction, which is the top section in Fig. 2 has
bending stiffness of B; = 1.282 - 10" Nm, while the less stiff bottom section
has bending stiffness of B = 1.153 - 10" Nm.

2.2. Flanking transmission predictions

Bastian is the acoustical software [7] used for the flanking transmission
predictions. Bastian is based on EN 12354 [8, 9] for airborne and impact
transmission respectively. The calculation standard EN 12354 is based on
Gerretsen’s work [10, 11], and is equivalent to a one way SEA [12]. A key
point made by Gerretsen’s and the EN 12354 models are an averaging be-
tween transmission and reciprocal transmission in opposite directions com-
bined with measured data for direct sound transmission. The model does not
work well with lightweight structures, but the super-light concrete element
used here is not to be considered lightweight in that sense. The model is
based on resonant sound radiation, meaning that the model is more accu-
rate when the amount of modes in a one-third octave band is higher than
five and the modal overlap factor is at least 1 [13]. In [6] it is revealed that
these requirements are first met in the one-third octave band with a center
frequency of 200 Hz, decreasing the accuracy of the model in the one-third
octave bands below 200 Hz.

It is not possible to enter the orthotropic data for the super-light element
in Bastian, the stiffness, and thereby critical frequency [14], has been entered
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using the effective torsional rigidity for an orthotropic plate By = /B B>
[15] as the bending stiffness. The difference in bending stiffness in each of
the directions however is low. This means that the orientation, and thereby
change of stiffness ratio between the super-light element and the partitions,
will have little influence on the results.

2.8. The parametric study

A large array of different configurations of flanking partitions have been
applied in the parametric study, which consist of 168 different rooms. The
varying factors that have been investigated includes different floorings, fa-
cades, internal partitions, external partitions, room sizes and connection de-
tails, a summery of these is available in Tab. 1. The considered room and
partitions are shown in Fig. 3. In addition to an external floor it consist of
one facade, two internal and one external partitions. This means that for
the flanking transmission analysis one T-junction and three X-junctions are
present. Windows and doors have been omitted from the analysis.

W /0=

Figure 3: The room and partitions used for the flanking transmission analysis.

Four different floorings have been used in combination with the super-
light slab element for the parametric study in order to improve the impact
sound insulation. They are three recently developed lay up floors and a



floating floor. Of the lay-up floors two are of the local Danish brand Knudsen
kilen (The Knudsen wedge) [16], the two floors are equally based on a wedge
called Kombi Max. The only difference between them is a thin layer of filt
that has been added to one of the systems beneath the wedge. The third
floor is of the brand Harpun and is also based on a wedge [17]. The lay up
floors have been measured in a laboratory on a standard 140 mm reinforced
massive concrete plate. Only for one of them is its influence in the airborne
sound insulation single number rating been measured, AR = 3 dB [18], this
is for the lay-up floor based on the Knudsen wedge and a layer of filt. For the
improvement for impact sound insualtion the floors measured improvement
of 24 dB [19], 21 dB [20] and 26 dB [21] for Knudsen kilen with the layer of
filt, Knudsen kilen without the layer of filt and the Harpun wedge system
respectively. The fourth floor is a floating floor with a 22 mm chipboard
placed on 30 mm rockwool, it has been measured to have an increase of the
airborne transmission loss of AR = 9 dB and impact transmission loss of
AL = 23dB [7]. The floors performance for the frequency domain is shown
in Fig. 4, here it is also evident that the lay-up floors has only been measured
in the reduced frequency range 100 — 5000 dB, which is why there will be
no calculations of the spectral adaption terms for the flanking transmission
simulations.
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Figure 4: The floors in use measurements on a 140 mm reinforced homogenous concrete

slab.

There are three different categories of flanking walls being used in the
study: facade walls, external partitions between dwellings and internal par-
titions between rooms within the same dwelling. Three facade walls have



been used, a heavy double wall made of 150 mm concrete, insulation and ma-
sonry with a surface density of 200 kg/m?. A variation of this double wall is
included in the study, where the concrete is clad with gypsum boards in order
to increase the acoustic performance of the facade walls. Finally a lightweight
wooden triple wall: 13 mm gypsum-145 mm rockwool-9 mm gypsum-28 mm
air-28 mm wooden panel is included. Two external walls have been used, a
monolithic concrete wall with width 200 mm and a lightweight double gyp-
sum wall consisting of three 12.5 mm gypsum boards separated by a cavity of
270mm filled with 190 mm rockwool. T'wo internal partitions have been used
for the study, a monolithic lightweight aggregate concrete wall with a density
of 1350kg/m? and a width of 100mm, also a lightweight double gypsum wall
have been tested which is built-up by two 12.5mm gypsum boards separated
by a cavity with width 120 mm filled with 30 mm rockwool.

Variation in room size, and thereby partition and floor size, has been
addressed by investigation the flanking in a normal sized room 5 X 4 X 2.5 m
and a large sized room 8 X 5 x 3m.

Finally influence of the connection details have been simulated in terms of
applying resilient layers at joints. T'wo different cases have been investigated,
one without any resilient layers and one with resilient layers when they are
compatible with the applied flanking walls and joint used in Bastian, which
means that the resilient layers have not been used in combination with double
walls. If resilient layers are applied to the simulation they are placed at all
compatible joints. Fig. 3 shows the type of junction for each of the partitions,
which is X-junctions for the internal and external partitions and T-junctions
for the facade element. The resilient layer has the physical properties of
thickness of 12 mm and an elastic modulus of 3 GPa discussed as common
by Osipov and Vermier [22].

The choices of the different partitions that have been used is based on
the pre-fabricated concrete element building industry in Denmark 2012 along
with a sample of gypsum based double walls with good acoustical proper-
ties, which have been proposed to be used in order to decrease the flanking
transmission. A standard set of flanking walls and the additional configura-
tions of the room is created and used as a basis and reference throughout
the study. The standard room configuration is created by the combination
of the Knudsen kilen floor with filt, the heavy double facade wall without
gypsum cladding, monolithic concrete partitions both external and internal,
the normal (small of the two sizes investigated) sized room and no use of
resilient layers at connection details.



2.4. Model of single number rating of the flanking transmission

An analysis of the variation of the parametric study has been carried of
out in relation to estimate the uncertainties in the single number ratings for
both airborne and impact sound insulation. The analysis is made for groups
of each of the floors, which are floor 1 and 4 for airborne sound insulation
and all four floors for impact sound insulation. The analysis of the variation
is based on the null hypothesis that the single number ratings of the flanking
transmission, for each of the floors, is a normal distribution. This will be
investigated by a x? goodness of fit test, p. 311-313 [23] at a 95 % level of
significance, the x? is calculated as,

2

e=y el (1)

e.
=1 ¢

with k£ being the number of observations, o; is the observed value and e; is
the expected value according to a normal distribution based on the mean
and standard deviation of the considered population.

The single number rating model is described by multiple factors

R;U = Rw,o + ARwﬂ‘ + ARw,f + ERfi (2)
L;lw = an,O + Aan,i + Aan,f + ELfi

with R, 0 and Ly, o as the sound transmission measured in laboratory with-
out the influence of any floorings, AR, ; and AL,, ; is the improvement
from the floor, AR, ; and AL, ¢ is the means of the influence of flanking
transmission and egys; and €1, is errors, here as stochastic variables with
zero mean and a variance estimated from the parametric simulations. The
variance is used to describe uncertainties in the single number ratings of the
super-light element and can also be used to find the probability that the
single number rating is better than certain thresholds, e.g. demands from
legislation, based on the cumulative normal distribution function.

The accuracy of the models can be increased by including errors from
workmanship ¢,, the measurement procedure &, and uncertainty of the
flanking transmission model in EN 12354 ¢,,,.

R;UJ‘ = Rw,O + ARw,i + ARw,f + ERfi +ewtem+ Emo (3)
L = an,O + Aan,i + Aan,f + ELf,i +ewt+Em+t Emo

nw,t

In [24] and [25] several identical floor elements were measured in-situ to
identify the uncertainty caused by workmanship. Here, it was concluded
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that the standard deviation from measurements on the single number rating
was 0.8dB and that the standard deviation of the workmanship was 1.3dB on
the single number rating of the tested floors and that these two values were
statistical independent. Mahn and Pearse [26] provides an estimate of the
uncertainties of the model in EN12354 regarding input data. The uncertainty
of EN 12354 has a standard deviation ranging from 0.9 dB to 2.4 dB with
most uncertainty at the lower frequencies.

The total error coming from the four different sources of error is estimated
by adding the four standard deviations as,

Orw = \/af%f%—afu + 02 4 02,

_ 2
O Lnw —\/ULf%-U%U—I—Ufn—I—U%O

(4)

which is valid when the covariance is zero and the stochastic variables describ-
ing the different errors are independent for the assessment of the parametric
study. For the assessment of the accuracy of the standard room ogy = 0 and
ors = 0 will be used. The final model can be described by a single combined

error
Riu,i = pr + ARwﬂ' + ARwJ + ERw,i

L - an,O + Aan,i + Aan,f + ELnw,i (5)

nw,t
Here R, 0+ AR, ; + AR, s is the mean for a floor group and eg,,; the error
with 4 = 0 and 0 = op,. If the distribution is normal the probability that
the airborne or impact sound insulation exceeds certain thresholds for the
single number rating is

P(R,;>z) =1—F.(ur, ,0r ) 6

P(L{nwﬂ‘ S IL’) = Fm('uL/mu i’aL'/nw 7.) ( )
where Fy (i, o) is the cumulative distribution function for a normal distribu-
tion with mean p and standard deviation o.

3. Results

A total of 168 combinations of different rooms for the flanking transmis-
sion have been tested with Bastian, but due to limited information available
on floor 2 and 3; only 84 combinations of rooms have been made for airborne
sound insulation.



3.1. Influence of Flanking Transmission on Super-light Deck

The stand-alone effects of flanking transmission on the super-light deck
is first investigated. In Fig. 5 the laboratory measurements and flanking
transmission simulations for the standard room without the floor is shown
in order to evaluate the influence of flanking transmission on the floor-less
super-light slab element. For the airborne sound transmission loss almost no
differences can be seen for frequencies below 200 Hz and frequencies above
2.5kHz. Between these limits the flanking simulation provides less transmis-
sion loss with a maximum difference of 4 dB at the one-third octave band
with center frequency 315 Hz. The total single number rating of the labora-
tory measurement was R,, = 55dB, the flanking simulation had reduced this
rating to 53 dB, 2 dB less, but still a slightly better performance than the
expected rule-of-thumb of 3 dB for heavy-heavy constructions, which is the
case for the standard room. For impact transmission the flanking transmis-
sion simulation transmits approximately 2 dB lower impact noise over most
of the frequency range. The super-light element without a floor it is only
the higher frequencies above 1.6 kHz that influence the single number rating
due to the shape of the reference curve for impact noise transmission. For
the laboratory measurements of the slab it was found to be L, , = 79 dB
while the simulation with Bastian also is L; , = 79 dB. The reason that
no reduction in the single number rating can be observed may be caused by
difference in floor size, which is 10 m? for the laboratory measurements and
20 m? in the simulations increasing the total length of the joints from 12.6 m
to 18 m.

3.2. Standard Room Setup

The results in Fig. 5 was simulated for the standard room without a
floor. The standard room setup includes a lay-up floor and this simulation
is shown in Fig. 6. The floor is expected to increase the performance of
the super-light slab for both airborne sound insulation, and in particular for
impact sound insulation.

In Fig. 6 all the flanking transmission paths are shown: the total, the
direct and each of the four flanking paths. For airborne sound transmission
the results are more or less as they could be expected, the direct path is
dominating the amount of transmitted sound with a contribution on 58 %,
which is not far of the rule-of-thumb on 50 %. The heavy facade (7 %)
and external partition (2 %) have the least flanking transmission. For the
facade this is despite it is the weaker T-junction compared to a X-junction in
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Figure 5: On the left airborne sound insulation of the super-light element measured in
laboratory and simulated with flanking transmission, on the right impact sound insulation
of the super-light element measured in laboratory and simulated with flanking transmission
without flooring.

relation to flanking transmission. The two lightweight internal partitions are
somewhere in between and contribute (14 % ,I) and (19 %, II). The difference
is caused by the different sizes of the internal partitions as it is shown in Fig.
3. The single number rating of this airborne flanking transmission analysis
yields R), = 54dB which is 1dB lower than the measurement in the laboratory
and 1 dB higher than the flanking simulation without a floor. This means
that the floor increases the airborne sound transmission loss with 1dB rather
than 3 dB, which was measured on a standard massive concrete floor in a
laboratory. For the flanking transmission for impact sound insulation some
of the same observations are applicable. The direct path contributes by far
the most transmission (74 %), while the internal partitions have the second
and third most (9%, I) and (11 %, II), the facade has little contribution (4 %)
as do the external partition (2 %). The single number rating for the impact
transmission is 50 dB increasing the impact transmission performance with
28 dB compared with the floor-less flanking simulations, which is 4 dB higher
than the measured AL, ,, = 24 dB improvement of the floor measured in a
laboratory.

3.3. Parametric Study

The full array of simulations in the parametric study gives a broad range
of results. Fig. 7 shows a histogram of all of the single number ratings in the
parametric study for both airborne and impact sound insulation. The mean
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Figure 6: On the left airborne flanking transmission loss of the super-light element for
standard room setup, on the right impact flanking transmission of the super-light element
for standard room setup. The legend refers to Fig. 3

and standard deviation are pg,, = 58.6dB, with a 95% confidence interval of
58.1—59.0dB, o, = 2.08dB, with a 95% confidence interval of 1.81—2.46dB
for the airborne simulations. For the impact sound insulation, the statistic
measures are fir,, = 50.1dB, with a 95% confidence interval of 49.8 —50.4dB,
Ormew = 2.11 dB, with a 95 % confidence interval of 1.90 — 2.37 dB. These
results, amongst others, are summed up in Tab. 2, where it is also evident
that the null hypothesis, that the distribution of single number ratings is a
normal distribution, are rejected.

The single number ratings of the airborne sound transmission loss varies
from 54dB to 62dB. The standard room setup is placed in the lower bracket,
but as it is also evident from Tab. 1 that most of the room variations com-
pared to the standard room should be building acoustical better solutions,
whether it is double wall solutions, cladding, heavier solutions or incorpora-
tion of resilient layers. At single number ratings of 59 dB, 60 dB and partly
58 dB there is a peek of simulation results. This is corresponding to when
two of the acoustical better solutions have been substituted into the stan-
dard configuration, this situation is the most common room for all of the 84
different room for the flanking transmission analysis.

The single number ratings of the impact sound transmission varies from
46dB to 55dB. The different floors in use have a lot of influence on the direct
transmission which makes it hard to identify any of the same, or any other
trends in the room configuration as it was possible for the airborne single
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Figure 7: Histogram of the single number ratings of all simulations in the parametric
study, on the left for airborne sound insulation and on the right for impact. The single
number rating for the airborne sound insulation is 54 dB and for the impact transmission
it is 50 dB for the standard room setup.

number ratings, e.g., the standard room setup were identified as having a
rather poor performance in relation to flanking transmission. The floor used
here is decent in impact flanking transmission, and therefore the standard
room is placed in one of the middle brackets with a single number rating
L, ., =50dB.

In Fig. 8 and Fig. 9 the standard deviation spectrums are shown for
both the airborne and impact flanking transmission. Each spectrum is based
on a floor group, this means that each of standard deviation spectrums are
calculated for a sample size of 42 simulations.

Both spectrums of the two floor regarding airborne sound insulation have
the same shape overall. The standard deviation is small at the low and high
frequencies, while there is a peak of the magnitude of the standard deviation
in the middle frequencies from 250 Hz to 1000 Hz.

The standard deviation spectrums for the four floors for the impact flank-
ing transmission are all identical. This is due to the model and the fact that
all flanking paths originate from the floor, contrary to the airborne case
where flanking paths exists outside of the floor. The improvement of the
floor in impact sound insulation is for all cases applied before any junction
attenuation, which means the variance for all rooms will be the same. The
same argument is used to claim that the standard deviation regarding the
single number rating should be equal despite that they vary a little, see Tab.
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Figure 8: Standard deviation spectrum based on airborne flanking transmission for floor
1 (left) and 4 (right), including standard deviation on the single number rating and 95 %
confidence intervals of the standard deviation.

2. This is caused since the single number ratings is calculated in increments
in steps of one dB regarding the unfavorable deviation. The four standard

deviations is averaged, which gives o o0 = 1/ (Z?:l af) /4 =0.89 dB.

The standard deviation for the impact flanking transmission is small com-
pared to the standard deviation for the airborne flanking transmission. It is
constant for the lower frequencies until 250 Hz. Here, a small peak exists,
just like for the airborne spectrums.

Fig. 10 show the histograms of the distribution of single number ratings
of the airborne flanking transmission, grouped for each of the floors. Floor 1
has a mean of 58.1 dB and a standard deviation of 1.91 dB and floor 4 has a
mean of 59.0 dB and a standard deviation of 2.18 dB .

The distribution mirrors the one in Fig. 7 with peaks for the same values
of single number ratings. A x? goodness of fit reveal that the null hypothesis,
that it is a normal distribution, is accepted for floor 1 while it is rejected for
floor 4. The plots also reveal that the difference, which is 0.9 dB between
the lay-up floor and the swimming floor is small compared to their labo-
ratory measurements, which yielded an improvement of the airborne sound
insolation of AR = 3 dB for floor 1 and AR = 9 dB for floor 4.

In Fig. 11, histograms of the distribution of single number ratings for
impact flanking transmission shown. The means are 49.9dB, 52.6dB, 47.7dB
and 51.2 dB for the four floors and the standard deviation 0.88 dB, 0.86 dB,
0.91 dB and 0.90 dB.
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Figure 9: Standard deviation spectrum based on impact flanking transmission for floor 1,
including standard deviation on the single number rating and 95 % confidence intervals of
the standard deviation.

The null hypothesis for all the distributions have been accepted, implying
that they can be described by a normal distribution. Contrary to the air-
borne flanking transmission, the difference in the measured improvement for
the four floors is in agreement with the means of the impact flanking trans-
mission. The standard room is placed in the 50 dB-bracket, 55 dB-bracket,
49 dB-bracket and 52 dB-bracket respectively for the four floors.

The results of the means and standard deviation along with the results
of the x? goodness of fit test against normal distributions are summed up for
the groups investigated in Tab. 2.

4. Discussion

The results regarding which samples of the population that can be de-
scribed by a normal distribution are listed in Tab. 2. For the two groups
with all the measurements of single number ratings the normal distribution
is not a good approximation to describe the spread of the results. If the vari-
ation of the floor is removed, by looking at samples based on floor groups,
it is clear the distribution of results can be described by a normal distribu-
tion. These results support the idea to decouple the floors from the flanking
transmission.

The accuracy of the parametric simulations are evaluated with Eq. 5,
where variations from workmanship, measurement procedure and the flank-
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Figure 10: Histogram of the single number ratings grouped by floors for airborne sound
insulation. On the left for floor 1, on the right for floor 4.

ing transmission model are included as a standard deviation.

By means of Eq. 4 the total error, expressed by a standard deviation,
is determined for each of the floor groups. As argued all floors for impact
sound insulation will have the same standard deviation. The total errors
is determined for each of the two investigated cases regarding known and
unknown room. The standard deviation of the standard room with the com-
mon partitions are determined by the uncertainties regarding workmanship,
measurement procedure and inaccuracy of the flanking transmission model
in EN 12354, it is given by Eq. 7,

ORw — OL'nw — 1.99dB (7)

while the standard deviations for the more general case where the partitions is
unknown is given Eq. 8 and calculated with the standard deviations obtained
from Fig. 8 and Fig. 9 along with uncertainties regarding workmanship,
measurement procedure and inaccuracy of the flanking transmission model

in EN 12354.
Orw1 = 2.79dB

Orwa = 2.95dB (8)
Orme = 2.18dB

In comparison EN12354-1 estimates a standard deviation of 1.5 — 2.5dB
for airborne sound insulation and EN12354-2 estimates a standard deviation
of 2 dB for impact sound insulation.
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Figure 11: Histogram of the single number ratings grouped by floors for impact sound
insulation. On the top left for floor 1, on the top right for floor 2, on the bottom left for
floor 3 and on the bottom right for floor 4.

The investigation of the flanking properties was partly made with the new
Danish legislation for building acoustics in mind [28]. The requirements of
vertical sound insulation for the apparent weighted sound reduction index R/,
have increased from 53 dB to 55dB and for the apparent weighted normalize
impact sound pressure level L, from 58 dB to 53 dB; on an European scale
these are amongst the strictest acoustical legislation [29].

One of main result of the study regarding the Danish legislation is the
flanking transmission of the standard room. The single number ratings are
obtained as the mean of Eq. 5, they are found as 54.6 dB for airborne
sound insulation and as 49.9 dB for impact sound insulation. By means of
Eq. 6 probabilities based on the cumulative distribution function for the
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normal distribution can be found, in relation to the Danish building code
and the standard room setup with common partitions, P (R], > 55dB) =
42.0 % and P (L!,, < 53dB) = 94.0 % is obtained. As the airborne flanking
transmission simulation of the standard room was below 55 dB it is clear
that the probability for it to above must be less than 50%, as the errors are
based on normal distributions. For the flanking simulation of impact sound
insulation the result of the single number rating is higher than the legislation
requirement by a margin of 3 dB yielding a high probability to obey the
legislation when uncertainties are considered. The requirement of the of R,
and L/  in order to obtain a probability of 95 % that they will obey the
building code, is found by solving the equations P (R., + z g, > 55dB) >
95.0% and P (L], — Tpmw < 53 dB) > 95.0 %, which give z g, > 3.7dB and
ZTrmw > 0.2dB respectively. This implies that it is needed to improve R, by
3.7dB and L/, by 0.2dB, equivalent to single number ratings of the airborne
flanking transmission of R! > 58.3 dB and impact flanking transmission of
L., <49.7dB, in order to obtain a probability of 95% that the standard room
setup will pass the legislation requirements when including uncertainties.

The other main results are for the more general case when estimating
the super-light slab element’s performance with unknown partitions. The
probabilities are calculated by Eq. 6, when the partitions are unknown for
all floor groups and uncertainties, in addition to the unknown partitions,
including workmanship, measurement errors and the error of the model in EN
12354. The single number ratings for airborne and impact sound insulation
is listed in Tab. 2 for each of the floor groups.

P(R),, >55dB) =86.7%
P(R,,>55dB) =912% (9)

The results of Eq. 9 reveal that a large amount of the different rooms
tested for airborne flanking transmission will fulfill the new legislation and
that the difference on the two floors performance is less than it was indicated
in Fig. 4.

P (L,  <53dB) =923%
P (L, <53dB) =57.3%
P (L, <53dB) =99.3% (10)
P (L, <53dB) =79.6%

As expected, the floors have a much larger influence on the impact flank-
ing transmission, as Eq. 10 reveals. Floor 1 and 3 demonstrates good results
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and have almost no requirements to the flanking partitions in order to obtain
a good performance. It is worth noticing, that the only difference between
floor 1 and 2, the thin layer of filt is having such a large influence on the
impact flanking transmission results.

P (R, + Tpw1 >55dB) >950% = apy1>15dB "
P(R,\+2pws > 55dB) >950% = wpus>09d3 (D

In Eq. 11 it is shown, that in order to obtain a probability of 95 % of
the super-light slab element will be obeying legislation for an arbitrary room
in airborne flanking transmission, it is needed to increase its single number
rating by 1.5dB for floor 1 and by 0.9dB for floor 4. Compared to the standard
room setup, a smaller improvement is needed of R/ (1.5 dB and 0.9 dB
compared to 3.7 dB) in order to satisfy legislation, despite the uncertainties
are larger for the parametric study compared to the uncertainties in the
analysis of the standard room. This is caused since the means of the single
number ratings of the parametric study in airborne flanking transmission are
58.1 dB and 59 dB for the two floors, while the single number rating of the
standard room in airborne flanking transmission is 54.6 dB.

P(LLyy— Tpmwy <53dB) >95.0% = 2pmw > 0.5dB
P(LLys— Tpmwe <53dB) >95.0% = 2pmwe > 3.2dB
P (Lhs — tmws <53dB) > 950% = apmes > —1.7d8 (12
P(Lhys = Zrmwa <53dB) >95.0% = 2rmws > 1.8dB

In Eq. 12 the influences of the various floors used is shown, only in the
room with floor 3 will there be no need to improve the sound insulation in
order to obtain a probability of 95 % to obey legislation.

For a mass production on a daily cycle, i.e., casting, curing and prestress-
ing of the super-light slab element, the lightweight aggregate concrete is to
fragile to act as a formwork for the normal concrete without risking the ge-
ometry of the lightweight aggregate concrete to be compromised. In order to
increase the early stiffness and strength of the lightweight aggregate concrete,
it is proposed to increase the density from 600 kg/m? to 800 kg/m?. This
corresponds to an increase of the surface density of 7 %, which in terms of
the mass law is translated into an increase of 0.6 dB, estimating that R, for
the standard room will be above 55 dB.

However, in order to obtain P (R,) > 95.0 % an increase of 3.7 dB is
needed corresponding to an increase of the surface density in terms of the
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mass law on more than 50 %, which is not a feasible design change for the
super-light element. Instead the parametric study reveals that improving
on the internal partitions, which are not load-bearing and thereby easier to
change, would greatly improve the flanking sound transmission by changing
it to either a light-weight double wall or installing resilient layers in the joint
of the super-light floor slab.

Another solution is to choose a different flooring. This has partly been
investigated here, as the improvement of floor 1 is AR; = 3dB and floor 4 is
AR4 = 9dB, when measured in a laboratory. This indicates that not all floor
types are optimal in combination with the super-light slab element as, e.g.,
it was the case of a floating floor. Therefore, if a different flooring should
be used to increase the performance, special attention needs to be payed
towards making sure that the combination of the floor with the super-light
slab element will significant increase the improvement of the airborne sound
insulation.

5. Conclusion

The study of the airborne and impact sound insulation performance of
the super-light element in flanking transmission is done by two parts. The
first part regarding flanking transmission has been carried out for a stan-
dard room. Here, it is shown that the single number rating of the airborne
transmission loss including flanking is R, = 54 dB, this value is decreased by
1dB compared to the laboratory measurements of airborne sound insulation
of the super-light element. For impact sound insulation, including flanking
transmission it is shown that the single number rating is L/, = 50dB, which
is a great improvement compared to the laboratory measurements and spec-
ification of the used floor. These results of single number ratings have been
evaluated in relation to uncertainties regarding workmanship, measurement
errors and accuracy of the flanking transmission model. In total, these un-
certainties are evaluated by a standard deviation of og, = opmew = 1.99 dB.

In the second part of the of the flanking transmission, the performance of
the super-light slab element was evaluated for a room with unknown parti-
tions. Here, it is shown that the average airborne and impact sound insulation
was R, = 58.6dB and L/, = 50.1dB

It is shown that the parametric study can be subdivided into groups
depending on the floor. The single number ratings within a floor group is
described by a normal distribution. For the airborne flanking transmission
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the total standard deviations of the uncertainties, which include the unknown
partitions, workmanship, measurement errors and accuracy of the flanking
transmission model, is found as opr,1 = 2.79dB and opa = 2.95 dB for
floor 1 and 4. Due to all flanking paths originating from the floor, the four
different floor groups will have different mean, but have the same standard
deviation oy, = 2.18 dB.

By means of Eq. 6 and the result of the parametric study the performance
of the super-light element can be evaluated. In regards to obtain a 95 %
probability to successfully obey with the new building code the single number
rating needs to be improved for the super-light element in airborne sound
insulation. This observation is valid both for the standard room and the
parametric study regarding unknown partitions.
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Table 1: Overview of the parametric study and the choices of different partitions.

Flooring
No. | Description AR/AL, | Ref.
[dB]
1 | Knudsen kilen with a layer of filt 3/24 20, 18]
2 | Knudsen kilen without a layer of filt -/21 [19]
3 | Harpun lydbrik -/26 [21]
4 | Swimming floor, 22 mm chipboard on 30 mm rockwool 9/23 [7]
Facade walls
No. | Description AR,,[dB]| Ref.
1 | 150 mm concrete wall with insulation and masonry 200 kg/m? | 54 [7]
2 | 150 mm concrete wall with insulation and masonry 200 kg/m? | 54+20 [7]
with gypsum cladding
3 | 13 mm gypsum - 145 mm rockwool - 9 mm gypsum - 28 mm air | 48 [7]
- 28 mm wooden panel
External partitions
No. | Description AR,.[dB]| Ref.
1 | 200 mm concrete wall 59 [7]
2 | 3 x 13mm gypsum - 190 mm rockwool - 80 mm air - 3 X 13mm | 73 [7]
gypsum
Internal partitions
No. | Description AR,,[dB]| Ref.
1 | 100 mm lightweight aggregate concrete wall 1350 kg/m? 42 [7]
2 | 13 mm gypsum - 30 mm rockwool - 90 mm air - 13 mm gypsum | 49 [7]
Room size
No. | Description - -
1 | Normal size room 5 x 4 x 2.5 m -
2 | Large room 8 X 5 x 3m -
Connections
No. | Description 25 - -
1 | No specific detail connection - -
2 | Resilient layer with ¢t = 12 mm and stiffness £ = 3 GPa - -




Table 2: Overview of the parametric study and the choices of different partitions.

pldB] o [dB] x*[] DoF [] al[] xZ(DoF)[] Hypothesis [
Ry 58.6 2.08 16.7 6 0.05 12.6 Rejected
Lnw 501 211  21.2 7 0.05 14.1 Rejected
Ry 1 58.1 1.91 4.1 2 0.05 6.0 Accepted
R4 59.0 2.18 9.0 2 0.05 6.0 Rejected
Lpwi 499 0.88 4.0 3 0.05 7.8 Accepted
Lpwa  52.6 0.86 1.4 3 0.05 7.8 Accepted
L3 477 0.91 3.2 3 0.05 7.8 Accepted
Lpws 512 0.90 7.3 3 0.05 7.8 Accepted
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SUPER-LIGHT CONCRETE DECKS

Kristian Dahl Hertz, Jacob Ellehauge Christiensen, Niels Andreas Castberg

Biography:

Kristian Dahl Hertz is a Professor, M.Sc. Ph.D. Struct. Eng. at the Department of Civil
Engineering of the Technical University of Denmark (DTU) has a background as a consulting
engineer and has made research in fire exposed concrete structures, anchorage, explosive
spalling, and BIM, and he has invented the super-light structures.

Jacob Ellehauge Christensen is a M.Sc. Structural Engineering is an industrial Ph.D.
student on super-light structures from Grontmij Consulting Engineers Inc. Denmark.

Niels Andreas Castberg is a M.Sc. in Architectural Engineering is a Ph.D. student on super-

light structures in cooperation with BIG Architects Inc. Denmark.

ABSTRACT
The paper presents initial investigations on a prototype series of a new super-light prestressed
concrete deck element designed by Abeo Inc. called the SL-Deck to investigate its
performance with respect to load-bearing capacity, fire safety, and acoustical insulation.
The intension is that the new deck structure should have a low weight compared to the sound
insulation, a sufficient fire resistance, and a possibility of establishing fixed-end supports to
obtain long spans and flexible floor plans.
In addition, the design aims at resource savings in terms of consumption of raw materials,
energy for production and transport, and need for supporting structures.
Full-scale tests and theoretical investigations show that the deck structure performs as

intended, and that it is possible to assess by calculation the load-bearing capacity in bending
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and shear, the pull-out strength of prestressing reinforcement, the fire resistance, and the

acoustical insulation.

Keywords: super-light structures, deck structures, precast concrete, lightweight concrete,

prestressed concrete, structural design, testing structural elements.

INTRODUCTION

Super-light structures consist of an ordinary strong concrete placed, where the designer wants
compression forces interacting with a light-aggregate concrete stabilizing the strong parts and
filling out the shape Hertz'?3. The concept won the Clean Tech Open Global Ideas
competition in San Francisco November 2010, because super-light structures with their
application of more than one type of concrete in structural elements allows minimization of
the weight of the elements as well as the amount of cement. A result of this is a reduction of
20-50% of the embodied energy and produced CO, compared to normal concrete structures,
and a larger reduction compared to similar steel structures (Hertz and Bagger®).

The SL-deck is a result of a holistic design process aiming at simultaneous fulfilment of a
multitude of functional requirements for decks in domestic- and office buildings (Christensen
and Hertz®, Castberg and Hertz®).

This means that the deck should not only be able to carry sufficient dead- and live load, but at
the same time it should have a sufficient fire resistance and acoustical insulation for airborne
and impact noise. The fulfilment of the many requirements leads to a quite different structural
solution than if separate parts take care of them one at a time. For example, we often see a

load-bearing construction protected against fire by a cladding and providing noise insulating
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by separate layers of flooring leading to a more complex and expensive total structure with a

larger production of CO, from the construction process.

RESEARCH SIGNIFICANCE

The present paper deals with investigations made on a series of prototypes of the first super-
light structural element intended for mass-production: the SL-Deck.

Because it is a result of a holistic design process the research must be multi disciplinary,
showing how this load-bearing structure at the same time fulfils a multitude of functional
requirements. Since the SL-deck is a first example of a super-light structure, the research also
gives an idea of the possibilities of this new patented technology, and especially it unveils if
super-light structures based on two widely different concrete materials may cause unforeseen

problems.

SL-DECK TEST SPECIMENS
A SL-Deck specimen contains blocks of light aggregate concrete of density 600 kg/m® (37.5
Ib/ft®) and compressive strength 3 MPa (435 psi) with a curved surface (Fig. 1). A block stone
factory produced the light aggregate blocks for the prototypes and a concrete element factory
produced the pre-tensioned SL-Deck elements on a 100 m (328 ft) track (Fig. 2), where they
placed the blocks with prestressed wires and slack cross reinforcement between them (Fig. 3)
(Tassello”). Then plastic concrete of 50 MPa (7.25 ksi) was cast to the final thickness of the
deck. A diamond saw has cut the elements in lengths leaving a zone of massive concrete in

the end of each element in order to improve the anchorage of the prestressing wires and the
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stress distribution at the supports. The time interval between new castings on the same track

was 24 hours, and curing takes place at a storage facility.

At a construction site the intension is that a contractor will place reinforcement in grooves
between the elements and cast out these grooves without application of additional mould
pieces.

If the structural design applies a fixed-end support of an element, the contractor places
additional reinforcement in grooves in the top of the element (Fig. 4) between the internal
light blocks. The factory has made the grooves and the contractor casts them out at the
construction site together with the grooves around the element. Alternatively, a long element

is placed continuously over the supports.

MOMENT RESISTANCE

The research group at the Technical University of Denmark tested prototypes of the SL-Deck
mechanically in order to investigate whether the deck will break in a tough and ductile
manner with a reasonable warning or not and to unveil any unforeseen effects, when the
structure is loaded to its ultimate capacity, and to indicate whether it is reliable to apply
commonly accepted methods for estimating the load-bearing capacity.

Each of two test specimens for moment resistance tests are 215 mm (8.5 in) thick and 1.2 m
(3.94 ft) wide SL-elements with 3 light aggregate blocks of 400 mm (15.8 in) across the
width.

The span width of the elements was 4 m (13.1 ft) between the centre lines of the supports and

they were reinforced by 6 prestressing wires of diametre 12.5 mm (0.5 in) and characteristic
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strength 1860 MPa (270 ksi). The strong concrete has a characteristic compressive strength of
50 MPa (7.25 ksi), and the compressive strength of the light-aggregate concrete is 3 MPa
(435 psi). The deck has a weight of 300 kg/m? (61.4 Ib/ft?) and the moment from dead load at
midpoint is 7.0 KNm (5.2 Kip*ft).

Two jacks apply the load at the midpoint of the span through a steel beam distributing the
stresses across the width of the deck element.

Mechanical and electronic gauges measure deflections at the midpoint (Fig. 5).

An ordinary plastic design calculation gives a characteristic failure moment of 132.6 kNm
(97.8 kip*ft).

The measured ultimate failure moments were inclusive dead load 153.3 (113) and 154.8 KkNm
(114 kip*ft). The test results are therefore approximately 17% safe compared with a
calculation (Tassello®, Lauricina®, Halldorsson'®).

The fracture was ductile with a gradual crack formation during the last part of the loading
period (Fig. 6). This proves that the specimen responded as a coherent structure and no sign
of separation occurred between strong- and light-aggregate concrete.

In Figure 7 is shown the relation between deflection and applied moment load (exclusive
dead load and measured by electronic gauges) for the first 40 mm of deflection, where the
ultimate moment resistance occurred at a deflection of approximately 200 mm (measured
mechanically). A linear behaviour is seen up to approximately half of the ultimate applied

moment load.
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SHEAR RESISTANCE
A SL-Deck element has no shear reinforcement. The structure therefore transfers shear forces
by means of compression- and tension stresses in the strong- as well as in the light-aggregate
concrete and across the interfaces between the two materials.
We made a shear resistance test to investigate whether the structure can transfer a calculated
ultimate shear force in a zone, where anchorage does not reduce the capacity.
The specimen was therefore loaded relatively close to a support with a relatively long
anchorage zone extending from the support (Fig. 8). The distance between the load and the
support was chosen in order to make space for a shear transfer mechanism consisting of
inclined compression and to some extent tension and in order to have a representative cross
section with light-aggregate blocks and strong concrete. Because we needed this distance, we
knew that we could probably not obtain a pure shear failure without having a bending failure
too.
A 215 mm (8.5 in) thick and 1.2 m (3.94 ft) wide SL-element with a span width of 1.985 m
(6.51 ft) and reinforced by 6 prestressing wires of diametre 12.5 mm (0.5 in) was loaded at a
point 0.485 m (1.59ft) from the centre of the nearest support. The distance from the centre of
the support to the end of the element was 0.35 m (13.8 in) of which 0.10 m (3.9 in) at the end
consists of massive concrete without light-aggregate concrete blocks.
As foreseen, the failure mode was combined bending and shear. Still, a shear force of 269 kN
(60.5 kip) was measured and the test therefore shows that this force can be transferred in a
zone, where light aggregate blocks are in the cross-section (Halldorsson™).
The shear capacity obtained by calculation (according to the Eurocode) is 215 kN (48.3 kip).
The test therefore indicates that it is safe to calculate the shear resistance. By comparison

with the moment resistance, the test shows that shear failure of the cross-section only
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becomes decisive for theoretical span-widths of less than 1 m (3.28 ft), which means that

shear resistance seldom decides the dimensions in practise.

PULL-OUT RESISTANCE

Although SL-Deck elements allow fixed-end supports and continuous slabs, it is still possible
to apply a simple support, which until now is the most common for prefabricated deck
elements. Often a simple support has a small bearing-depth because a wall or a console, on
which the element is placed, has a limited width. The anchorage of the pre-tensioned
prestressing wires is therefore of interest.

The author gives in Hertz** a general design method for assessing anchorage capacity as a
minimum of splitting strength and bond strength. Splitting develops cracks radial from the
reinforcing bar to one or more surfaces and it depends on the cross-section. Bond-failure
means that the bar is pulled out of a round hole and it depends on the concrete and the
corrugations on the bar. The paper describes how to calculate the maximum bond resistance
for deformed bars as an ultimate shear stress on the surface of the bar of 0.65 times the

compressive strength of the concrete.

This theoretical value is calculated from plain strain crushing under 45° to the bar axis and it
fits with results of the bond test ("Cuff-test™) described in the paper.

If the reinforcing bar does not have sufficient corrugations, the bond capacity is smaller.

It is measured by the test, and the paper shows values for common bars at normal- and at fire
conditions. However, prestressing wires were not included in this test series.

A later special project (Fig. 9) therefore tested bond strength of prestressing wires Hertz*?
showing a factor of approximately 0.40 instead of the theoretical maximum of 0.65 for

deformed bars.
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A pull-out test is made for a SL-Deck element in order to investigate whether the anchorage
capacity and thereby the ultimate reaction of a small support can be calculated.

A 215 mm (8.5 in) thick and 1.2 m (3.94 ft) wide SL-element with a span width of 1.995 m
(6.54 ft) and reinforced by 6 prestressing wires of diametre 12.5 mm (0.5 in) was loaded in a
point 0.500 m (19.7 in) from the centre of the support (Fig.10). The distance from the centre
of the support to the end of the element was 0.040 m (1.6 in). The outmost 0.10 m (3.9 in) of
the element was massive concrete without light aggregate blocks. A crack developed as
foreseen from the load to the edge of the support (Fig. 11), and the ultimate failure mode was
in bending due to bond failure of the prestressing lines at a reaction at the support of 132 kN
(29.7 kip). This proves that no splitting failure occurs and that bond failure, which is the
maximum anchorage capacity for the prestressing wires in any cross-section, was observed.
The bond failure was in the 0.10 m (3.9 in) long massive part of the slab, since the crack had
a thickness equal to the sliding measured from the end of all the wires of 20 mm (0.8 in).

This gives a bond strength equal to the anchorage strength for the 6 wires of 501 kN (113 kip)
at 0.10 m (3.9 in) or a bond strength factor of 0.425 for a 50 MPa (7.25 ksi) concrete. It
confirms that the anchorage capacity can be calculated on the safe side as the bond strength
equal to 0.40 times the characteristic compressive strength of the concrete times the perimeter
of the wires. This also determines a magnitude and angle of a compressive force in the deck

at the support and thereby an ultimate reaction.

ACOUSTICAL PROPERTIES
In the SL-Deck, the strong concrete constitutes a series of vaults over the curved light-

aggregate blocks. Since a vault is stiffer than a plane plate, the eigenfrequency of it is higher,
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which is beneficial because the most difficult frequencies to make sound insulation for are in
the low end of the spectrum.

Furthermore, the porous light aggregate concrete has an internal loss factor, which is 2-3
times higher than the internal loss factor of normal concrete. Additionally, the light aggregate
concrete will further increase the damping as it is acting as a damping layer as described by
Cremer and HeckI™ (page 243-247).

A new method for estimating these effects is developed by Christensen et al**.

By means of this and by full-scale tests in the acoustical laboratory of DTU-Electro (Fig.12)
we found that a prototype SL-deck of 315 kg/m?® (64.5 Ib/ft®) gives an acoustical airborne
insulation of 55 dB.

This is equal to the new Danish requirement for acoustical insulation in domestic buildings.
For comparison, some factories producing existing concrete deck elements decide to increase
the mass of their decks to 370 - 440 kg/m? (75.8 - 90.1 Ib/ft®) in order to meet this new
requirement.

The impact noise (or step noise) level was measured as 79 dB from which you should
subtract the damping of a floor (Fig. 13). Application of a floor consisting of 22 mm (0.9 in)
chipboard on 30 mm (1.2 in) mineral wool gives a damping of 29 or 32 dB for two different
commercially available qualities. This leads to a step-noise level of 50 dB or 47 dB, which is
less than the maximum of 53 dB allowed according to Danish standards. This shows that the

step-noise level of the new SL-Deck elements is acceptable.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

FIRE SAFETY
Two 6.4 m (21.0 ft) long, 1.2 m 3.94 ft) wide and 215 mm (8.5 in) thick prototype elements
with 6 prestressing wires of diameter 12.5 mm (0.5 in) were placed simply supported with a
fire exposed span of 6 m (19.7 ft) on a fire test oven at the Danish Institute of Fire
Technology (Fig. 14). The grooves on all four edges were insulated with mineral wool, which
means that the contribution to the load-bearing capacity from casting reinforced grooves did
not influence this test.
The elements sustained a live- and semi-live load as required for domestic buildings of
2.5 kN/m? (52.2 Ibf/ft?) (in addition to the dead load of the elements of 3 kN/m? (62.7 Ibf/ft?))
for 120 minutes. At this time, the deck elements had a final deflection of 25 mm (1.0 in).
Then the applied load was increased to 17.6 kN/m? (367 Ibf/ft?), which was the limit of the
jacks applied. A deflection of 200 mm (7.9 in) was measured and the deck was unloaded back
to a deflection of 35 mm (1.4 in) at 135 minutes of standard fire exposure.
The elements were unharmed after the fire test. This shows that the elements have a fire
resistance of at least 120 minutes. The results accord safely with calculations according to
Hertz'*'25!® and the Eurocode 1992-1-2"" for example made by means of the freeware
program Confire'®, where the calculated load-bearing capacity excl. dead load is found to be
15.8 kN/m? (330 Ibf/ft?) after 120 min standard fire, (Halldorsson'®, Rocca®®, Carstensen et
al®).
The test indicates that the elements will also have a fire resistance of 240 minutes as you can
get from the same calculations for domestic load of 2.5 kN/m? (52.2 Ibf/ft?).
Fire safety becomes increasingly important for load-bearing structures these years, because
application of low-energy windows that do not break in fire, heavy insulation in the facades,

light-weight aerated concrete walls and impact noise insulated floors means that fires become

10



10

11

12

13

14

15

16

17

18

19

20

21

22

23

more hot and give rise to long time exposures, which means violent damages on structures

(Hertz?).

CONCLUSIONS
The SL-Deck is a new design of a deck structure to be made prefabricated with application of
prestressed reinforcement. Mechanical tests are made of 215 mm (8.9 in) thick prototypes for
bending, shear, and pull-out of reinforcement at small bearings.
The deck showed a ductile behaviour to ultimate limit conditions for all tests, and the load-
bearing capacity appears to be safe compared to the calculated and can therefore be predicted
by calculation.
Acoustic tests show that a SL-Deck with a weight of 315 kg/m? (64.5 Ib/ft?) has an airborne
noise insulation of 55 dB and an impact noise level of 79 dB, which by means of standard
floors may give a total impact-noise level of 47-50 dB. The SL-Deck should therefore be able
to fulfil the recent Danish noise requirements for domestic buildings of maximum of 53 dB
impact noise and minimum 55 dB airborne sound insulation.
A standard fire test demonstrated a load-bearing capacity of 17.6 kN/m? (367 Ibf/ft?) after
135 minutes standard fire exposure and it confirms calculations indicating a resistance of 240
minutes for a domestic live- and semi live load of 2.5 kN/m? (52.2 Ibf/ft?).
The test series indicates that some of the most important properties of a deck can be estimated
by calculation for the SL-Deck, and that the holistic design of the construction seems to have

a fair chance to meet the many different requirements for modern building structures.
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1- Principle for a 215 mm (8.5 in) thick, 1.200 m (3.94 ft) wide prototype.
2- Casting of SL-deck prototype test elements.
3- Close-up of block stones and reinforcement before casting strong concrete.
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10- Pull-out test with a SL-Deck element.
11- Crack formation at pull-out test with a SL-Deck element.
12- SL-Deck exposed to a white noise in the floor of a sound-hard room.
Noise transmission is measured to another sound-hard room below.
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14- Unharmed SL-Deck after 135 min standard fire exposure

with 17.6 KN/m2 (367 Ibf/ft2) load.
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Fig. 1- Principle for a 215 mm (8.5 in) thick, 1.200 m (3.94 ft) wide prototype.

7

Fig. 3- Close-up of block stones and reinforcement before casting strong concrete.
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Fig. 4- Fixed end support of SL-Deck elements at a load-bearing wall.

Fig. 6- Ultimate bending failure of a SL-Deck element.
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Fig. 7- Applied moment load vs. deflection.
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Noise transmission is measured to another sound-hard room below.
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Abstract

Super-light structures and pearl-chain reinforcement are recently developed
concepts for creating concrete structures and elements. It is based on com-
bining two concretes, namely a normal or high-strength concrete with a
lightweight aggregate concrete. In the present study the emphasis is placed
on a precast super-light slab element, which in a customized form has been
used for the first time in a construction as a demo project. The super-light
deck element is created by combining precast blocks of lightweight aggregate
concrete with normal reinforced concrete.

The super-light slab elements are used in an indoor pedestrian bridge
with a maximum span of 5.5 meters as slack reinforcement has been used.
Examples of the versatility of the super-light slab element in this construction
are given. This include variations in element size, integrated details in the
element, such as a framework for beams and beam reinforcement and con-
nection details to adjacent structural elements integrated in the super-light
element.

The project has shown some of the advantages of the super-light slab
elements compared to other precast elements, the weight is reduced and
the total amount of elements is minimized. In addition, the connections
between the super-light elements and adjacent elements are carried out with
a minimum need for working hours, additional materials, and curing time.
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1. Introduction

The concept of super-light structures was invented in 2007 [1, 2]. Super-
light structures are based on combining two different concretes in order to
utilize the good properties of both concretes. For the super-light structures
the concretes that have been used are a porous lightweight aggregate concrete
(LWAC) with a density of 600 kg/m?® and a normal or, if possible, a high-
strength concrete with a density of 2300 kg/m3. A super-light structure is
typically constructed by placing the load-bearing concrete, i.e. the normal
or high-strength concrete, where it is needed. A typical way of implementing
this is by shaping the super-light structure so that the load-bearing concrete
is in compression arches. The super-light structure is completed by combining
the normal concrete with LWAC and its good properties. In relation to a
super-light structure they include, low weight, high heat insulation, high loss
factor, and good sound absorption [3, 4]. The LWAC is applied to a super-
light structure for three main reasons: to stabilize the compression arch
against buckling, to utilize its high thermal insulation in order to improve
fire safety by protecting reinforcement or, for high-strength concrete, protect
against explosive spalling as reported in [5] and [6], the third main reason
is to create the final shape of the super-light structure determined by e.g.
architecture or design requirements.

The principle of super-light structures is enhanced by the invention of
the pearl-chain reinforcement technology [7]. The pearl-chain reinforcement
is made from post-tensioned segments of concrete and a prestressed wire. By
shaping the segments with e.g. inclined ends, it is possible to easily create
and assemble curved shapes of the load-bearing concrete as an alternative to
construct them by expensive and time-consuming formwork or scaffolding.
An example of a pearl-chain reinforcement is shown in Fig. 1, where an arch
is combined from easy to cast straight segments.

A super-light slab element is designed by some of the principles of super-
light structures. Due to the desire of having a limited height (215 mm) of
a floor structure and due to the production cost, it is not feasible to use
pearl-chain reinforcement or arches spanning from support to support within
a super-light slab element, which is intended for mass production. Instead
smaller arches are established within the element through the use of LWAC
as a mould for the normal concrete as shown in Fig. 2. Here, it is also



Figure 1: Principle of pearl-chain reinforcement

indicated, that for the super-light slab element, the lightweight aggregate
concrete is cast as blocks. The element is 1.2m wide, which supports the use
of three LWAC blocks across the width. The LWAC blocks are covering the
majority of the bottom of the slab; there they act as a thermal insulator for
the reinforcement significantly increasing the fire resistance of the element.
The shape of the LWAC blocks and the connection between them and the
normal concrete benefits the acoustic properties of the element for airborne
and impact sound insulation [9, 10]. Reinforcement has been placed in the
cavities between the blocks in both directions. Prestressed reinforcement is
used in the main direction and slack reinforcement is used in the secondary
direction. Slack reinforcement is applied to stabilize the element against
longitudinal cracking and to take horizontal forces coming from the arches.
At the ends of a element full sections of normal concrete are placed for
increased anchorage capacity of the prestressed reinforcement and optimal
conditions at the bearings.

The super-light slab element used for the indoor pedestrian footbridges
are a variation of the super-light element. The footbridge and overall plan of
the building are described in Sec. 2. As the pedestrian bridges are used for
access routes. A minimum width of 1.5 m is specified as a requirement due
to accessibility by the Danish building code [11], but also the architectural
design has influence the width of the bridge. For the production of prestressed
concrete elements the prestressing of the strands is done in a custom built
formwork with a width of 1.2 m. Therefore it was not possible to prestress
the elements for the bridges. The solutions and design in regards to these
limitations is described in Sec. 3 and 4.



Figure 2: A super-light slab element

Some of the benefits by using super-light structures is to obtain material
savings, lower the weight of elements, and minimize the emission of CO,
during the production of the elements as shown by Hertz and Bagger [8].
Numerous studies and designs for improving monolithic concrete slabs have
been carried out. One of the most widely used precast concrete elements is
the precast hollow-core slab. The hollow cores are placed where the concrete
would be inactive in the bending resistance design. In [12] it is concluded
that two fire safety of test hollow-core slabs are worrying, fire safety of 21
and 26 minutes are measured in the tests. In the super-light element, the
reinforcement is protected by the lightweight aggregate concrete and a fire
safety of more than two hours has been observed [13], where the tempera-
ture of the reinforcement was 150 °. This comes at an expense of a shorter
internal lever arm for the prestressed reinforcement with regards to the mo-
ment calculations, since the bottom of the element is covered by lightweight
aggregate concrete.

The surface density of a concrete floor slab is generally determined by the
requirements to airborne and impact sound insulation. The surface density
is the most important property when obtaining airborne and impact sound
insulation [14]. Secondary factors, which influence the sound insulation are
the critical frequency, which is dependent on the ratio between the bending
stiffness and the surface mass [15] and the loss factor. An acoustic design



of monolithic concrete elements cannot be lightweight as it is shown in [10],
where the sound insulation properties are determined of a 328 kg/ m” heavy
super-light slab, this slab has the same acoustic properties, in terms of insu-
lation ratings, as a 372 kg/m” heavy hollow-core slab [16].

The aim of the present work is to describe the implementation of super-
light slab elements for the first commercial project involving a super-light
structure. Modifications have been made to the original design of a super-
light slab element in order to comply with the architectural features of the
footbridge, several known technologies have been implemented in the design
of the precast super-light footbridge elements.

2. Indoor Pedestrian Bridge

The super-light slab elements have been used in a 3-storey tall building
with a plan area of 2000 m?. The building consists of eight towers as it is
indicated in Fig. 3, where the plan of the bridges is shown. The bridges have
an area of 200 m? at each of its two storeys.

The indoor pedestrian bridges have a rather irregular design as it is twist-
ing through the building while connecting all towers. Several different pur-
poses of the bridges exist. The elements marked as two and three, provide
two open floor spaces with sizes 10 x 5m and 8 x 5m. The elements marked
four, are part of cantilevered office space. The elements marked one and five
are in general used as access space only.

The individual super-light elements have been designed to fit the geom-
etry of the indoor bridge, only the open spaces are subdivided into more
elements as indicated by Fig. 3. This is done since size and weight is lim-
ited by laws of public road transportation and the availability of cranes at
the construction site. In general, four different kinds of supports have been
used for the bridges, three point supports, and one line support. These sup-
port points are predetermined by the structural system of the building, e.g.
hangers from the ceiling can only be applied where beams in the roof exist.
These limitations and conditions lead to the introduction of steel beams as
a secondary support structure for the elements in the open space to secure
the stability of the footbridge shown in Fig. 3 as SL-B01-4.

3. Super-light Slab Element

The super-light slab elements used for the footbridges are made from two
different concretes. The normal concrete is a self compacting plastic concrete
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Figure 3: Plan of the building with the eight towers, which the super-light element has
been integrated in along with the slab plan of the indoor pedestrian bridge

with a maximum aggregate grain size of 16 mm. The normal concrete has a
compression strength of 55 MPa and an E-modulus of 38 GPa. The LWAC
blocks are made from expanded clay aggregate with a compression strength
of 3 MPa and an E-modulus of 3 GPa. The contribution from the LWAC
blocks in regard to static calculations is not utilized in the ultimate limit
state calculations, but is included in the calculations for the serviceability
limit state.

The super-light slab element has been modified in size to fit the geometry
of the building. The LWAC blocks are cast with a fixed box dimension of
400 x 500 x 185mm, (they are not actually shaped as a box Fig. 2). The width
of 400 mm is not aligned with any widths of the pedestrian bridge, which are
1500, 1750 and 2200 mm. The same goes for the length of the majority of
the elements. Edge-, end- and cross-beams have been integrated into the
elements to obtain the necessary custom widths and lengths. Examples of
these internal beams are shown in Fig. 4 and Fig. 5.

As indicated in Fig. 6, the span between the supports and the general
size of elements does not always align with the geometry of the LWAC blocks.
This means that the area, where a full section of concrete is present can be
significantly larger than needed. This is especially the case for the elements



Figure 4: Beam reinforcement placed in order to create edge and end beams in a super-light
element

constituting the open floor space (element 2 and 3 Fig. 3), where the spacing
of the pre-determined hanger supports does not fit the geometry of the LWAC
blocks very well. Here, for the most extreme cases, the surface density is up
to 30% larger than for the elements where the geometry is more aligned.

In Fig. 6, a typical production drawing is shown containing a number of
typical details for the bridge elements. In Fig 4 and Fig. 5, the preparation
of the elements prior to normal concrete being cast, is shown with the LWAC
blocks, reinforcement and connection details prepared and arranged. In
Fig. 7 several of cast super-light slab elements are shown along with the
integration of the details regarding the modified super-light slab element,

3.1. Load-bearing, deflections and vibrations

The performance of the super-light element is described for its design
requirements in the ultimate and the serviceability limit state (ULS and SLS).
All the calculation methods applied here have been verified by experimental
work [13]. For all calculations, the element shown in Fig. 6 has been used,
its static system is explained by Fig. 8. This is the element with the longest
span of 5.5 m, where ¢; = 3.8 kN/m2 is the dead load, ¢, = 1kN/m2 is the
supplemental deadload and ¢; = 5 kN/ m? is the imposed load.

The beam is subjected to both positive and negative moments in the spe-
cial case with continuous supports. The super-light slab element is in general

7



Figure 5: Super-light element with LWAC blocks and reinforcement prior to normal con-
crete being cast

not optimal for negative moments, but inclusion of edge beams makes it pos-
sible to constitute a larger compression zone in the bottom of the slab when,
it is subjected to a negative moment. For calculation of the moment ca-
pacity an ordinary plastic calculation has been applied for normal reinforced
concrete [17].

M, g4 = Fs 424 = 135.6 kNm (1)

M,q_ = F,_z_ = —66.0 kNm (2)

where the subscript + is related to positive moment resistance and — for
negative, Fj is the steel yield force and z is the internal lever arm. Here
the moment capacities are shown for a 1500 mm element with the amount of
reinforcement as the production drawing in Fig. 6 show in the section cuts
B-B and C-C. The maximum positive and negative moment design load in
Fig. 8 are Mg+ = 38.0kNm and M.q_ = —43.7 kNm.

Calculation of the shear resistance of the super-light slab is based on
the method the eurocode [19] for beams without shear reinforcement. The
contribution of the lightweight aggregate concrete is ignored as its tensile
strength is low. Experimental work show that this method underestimate
the shear capacity of the element by approximately 20 % [13]. The shear
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Figure 6: Production drawing of a super-light element used as a pedestrian bridge
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design resistance is
Vi = (Crck (100000)"7* + F102y) Acn = 144 KN (3)

where Cr. = 0.18, k = 1 + /200/d < 2 is the scale effect and p, = Ay /bd
is the degree of longitudinal tensile reinforcement in the element. The last
term in the bracket is the influence from a normal force. It is zero for the
slack reinforced slab. A, is the area of normal concrete in the rectangular
area specified by the width and internal lever arm. Again the element in Fig.
6 has been used as a reference for calculations. The largest shear force is
88 kN at the continuous support, where a full section of normal concrete is
present.

The super-light bridge elements are produced without pre-stressing. How-
ever, large deflections are avoided because the span widths are short. This
is a powerful alternative as the deflection is dependent on the span length
to the power of four. The expected maximum deflection is found to be
Umaez = 14.7 mm for the load-case in the statical system in Fig. 8, when the
imposed load is only applied between the second and third support.

In general the level of vibrations is an important design requirement for
footbridges. However, the super-light slab elements have short spans so their
dynamic performance have been controlled as were they floor slabs, this is
done by the simplified model in [20], showing that their natural frequencies
fn are high compared to the first four harmonic frequencies associated with
walking. This means that the design criteria is reduced to f; > 8 Hz. This is
verified by a simplified static system with a simply supported beam spanning
5.5m [18]. In reality, the support conditions of the super-light slab element
will have some degree of restraining moment causing the natural frequency
to be higher than for the case with simple supports.

72 |EI

- —8.65Hz (4)

f=7
1 Lg 1

where F'I is the bending stiffness and p is the mass pr. length of the beam
including 20 % of the imposed load.

4. Detalils

Several details constituting the support for the precast super-light ele-
ments have been incorporated. The technologies used all are well-known

11



and have been used with concrete structures, but never in relation with a
super-light structure.

4.1. Internal beams

The edge beams have widths between 75 mm and 150 mm. The beam
reinforcement consists of longitudinal tension, compression bars and stirrups,
which create strong frames in the elements. The reinforcement in the end
beams is utilized for example in the connection detail between the super-
light element consoles. The introduction of a solid section of concrete in the
edge- and end-beams also makes it possible to create strong support and
connection details for the point supports.

Cross beams have been applied in the super-light slab elements. They are
present at continuous supports and like end beams they are supplied with
beam reinforcement and hey are integrated into the element by adding space
between the LWAC blocks, see Fig. 6.

4.2. Hanger connection

The most common support of the super-light slab bridges are hanger
supports. An example is shown in Fig. 9. Steel rods are suspended from the
ceiling at pre determined points throughout the building, D2 and D11 Fig.
3.

All hanger supports have been placed in a intersection between edge
beams and cross beams or between end beams and cross beams, so that
the point support force acts on a full section of normal concrete. Further-
more, the hole through the element constituting the connection is situated
in a nest of beam reinforcement

A rather stiff steel support plate distributes the concentrated force en-
suring that the risk of punching shear is eliminated. This would have been
critical if the point support force had been applied at a lightweight aggregate
block. Additionally, it increases the anchorage of the four main rebars in the
edge and cross- or end beam.

4.3. Insert connection

Inserts embedded in the super-light slab elements have been used to ex-
change forces with adjacent walls by means of steel parts over a small gap
between the wall and the pedestrian bridge see Fig. 10 for this detail. Ap-
plication of embedded steel parts is possible because the edge beams provide

12
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Figure 9: Hanger supports of super-light indoor pedestrian bridge at an element end, on
the left production drawing, in the middle setup prior to casting, on the right connection
in-situ
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Figure 10: Insert supports of super-light indoor pedestrian bridge, on the left production
drawing, on the right connection in-situ

the space necessary. Here, a sufficient amount of ordinary concrete is present
to ensure that the inserts are fully anchored.

As it was the case for the hanger connection end- or cross beams are
present in the element at the point connection in order to stabilize and
strengthen it.

4.4. Blade connection

Elements are connected to each other by a blade connection solution as
shown in Fiig. 11. The connection is made sequential throughout the building
with regards to the mounting of the elements. The sequence of mounting is
from right to left in the plan of the building shown on Fig. 3.

The connection between the two elements is further ensured by a post-
tensioned steel rod. This applies a degree of fixing providing a restraining

13
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Figure 11: Console connection between super-light indoor pedestrian bridge, on the left
production drawing, on the right connection in-situ

moment and preventing any horizontal displacement between the two ele-
ments.

No extra reinforcement or bedding material is needed to complete the
connection between the two precast elements.

5. Conclusion

It is shown that the technology of super-light structures has been applied
to develop a deck element, which as a first application has been used for
indoor pedestrian bridges.

It is shown how the super-light elements have been slightly modified in
order to accommodate custom widths of the pedestrian bridge throughout
the building. This includes the introduction of edge beams being integrated
into the element, which eliminate the limits caused by the fixed dimensions
of the LWAC blocks.

Several special details to create the right boundary conditions of the
super-light elements have been developed and implemented. These details
depend on the possibility of having strong solid sections of normal concrete in
the element. For this purpose concept of cross and end beams have been in-
cluded in the super-light slab element design. Together with the edge beams
they form the sections of normal concrete needed in order to establish the
connection details.
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