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ABSTRACT

The construction industry has taken an approaclardsvimplementing sustainable
alternatives combining conventional concrete oelstéements with timber. Concrete
has been the most popular construction materiéthenpast century, but the amount
consumed has considerable negative environmentgladte compared to its
alternatives. In an effort towards a sustainabldustry, construction of hybrid
structures is encouraged. These types of structcoesbine different materials,
allowing more diversity in the structural desigrwver, replacing structural elements
with “green” materials needs further study abosipierformance regarding robustness
and the prevention of progressive collapse. Folovthe availability of prefabricated
timber in the Swedish construction industry, thistemnial is to gradually replace
concrete elements. Limited research currently exesgarding robustness criteria when
combining timber and concrete. The Eurocode andmatdesign guidelines provide
design procedures for each individual material,fmitthe effects when combined in a
hybrid structure. Additionally, cross-laminated liem has different material properties
and structural behavior than regular solid timbarol are not considered.

Referral to external research articles and forgigidelines were studied to understand
the mechanical behavior and determine a desigroappito reach robustness demands.
The aim of this thesis is to study and design tmnection of a CLT floor to a precast
concrete wall by performing a case study of a haugroject in Malmd. Results
showed that a combination of the tying method waithalternate load path analysis,
cross-laminated timber could provide the ductibyd strength necessary for load
redistribution to alternate load paths. Precastiir walls together with CLT floors
worked together to each contribute to the ovemltlustness with the capability of
triggering different collapse resistance mechanisoh as hanging action and deep
beam behavior. The replacement of hollow-core slails CLT floors provided a
reduction of 30% in the self-weight and negativliga in carbon dioxide equivalent
emissions where timber stored more carbon dioxida the amount required for their
production.

Key words: Robustness, progressive collapse, deamlibehavior, alternate load path
analysis, hybrid connections, redundancy, crossdated timber, carbon dioxide
equivalents
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Preface

In this study, the tying method and notional remiav@thod were used to determine the
robustness of a floor-to-wall connection. The woégkried out concerning the possibility of
replacing hollow-core slabs with cross-laminatedbtr floor and determine if robustness can
still be achieved with this new configuration. Té@ternative designs were compared, where
one would be chosen as the proposed solution aogotal different criteria such as structural
performance and possibility of disassembly. Furdstimations of carbon dioxide emission of
hollow-core slabs and CLT floors were analysed dmpare their potential environmental
impact. This master thesis was performed with tikalooration of Strangbetong and Consolis.
Calculations and analyses were carried out coneglé@wedish construction products from
Strangbetong and Martinsson’s Tré.

Goteborg, June 2021
Armel Alibasic
Vidal Vocal
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Notations

Roman upper-case letters

Agp area of lower angle bracket flange

Agr effective cross-section area of CLT element
Ager effective cross-section area of a bolt

Aror total area of the elements

E Young’s modulus

Fyra design shear resistance per bolt

G, vertical loads due to wall removal

GWP, 3 declared GWP per cubic meter of the element
GWP,2 declared or calculated GWP

GWPror total GWP for the total area of the structuraheént
Hefr effective sectional height of CLT element

K rotational stiffness of the angle bracket

L distance between two columns or walls in longitatidirection
M, total bending moment in flange of angel bracket
My bending moment of angel bracket 1

M, bending moment of angel bracket 2

Ngg4 design value of resistance of individual SUMO vegdlbes
T; design tensile load in internal ties

T, design tensile load in the vertical ties

Ty design tensile load of vertical ties in internailll

Top design tensile load of vertical ties in facaddl wa
T CLT floor design tensile load

T, CLT floor design tensile stress

. design compression load due to crushing

Veer effective compressive stress due to crushing

Roman lower-case letters

by, width of angle bracket

d width of CLT slab

fe90,d design compression strength perpendicular tgthia
feo0k characteristic compression strength perpendic¢altre grain
ftoa design tensile strength parallel to the grain

ftok characteristic tensile strength parallel to trerg

fyb characteristic yield strength of grade 4.6 sbedt

Ik characteristic permanent load on the floor

9w linearly distributed load of self-weight of wall

h sectional height of the element

hy, height of angle bracket

Kimoa modification factor for service class and loadation
[, span perpendicular to the peripheral tie

Ly length of angle bracket

L, the average distance betwédgmandl,
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np
no
drk
di

te2a

Greek letters

number of bolts

layer parallel to span length

characteristic variable load on the floor
distributed design tensile load in internal ties
thickness of angle bracket

thickness of CLT grade C24 layer

load combination factor for quasi-permanent \@eadoad
rotation of the angle bracket

partial safety factor for CLT

resistance of bolts partial safety factor

partial safety factor for bolts subjected to shea
Poisson'’s ratio
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1 Introduction

In recent years, the construction industry hasrtaeapproach towards implementing
sustainable alternatives. One of these is structigsign and the choice of building
materials. Since 2001, the total cement produdtioBurope has declined by 8%. In
that same time period, the region has also seercegase of 24% in timber production.
Sustainability is becoming a more popular word agh@onstruction companies,
whether it be by making concrete “green” or considgits alternatives like structural
timber (CEMBUREAU, 2018 & Eurostat, 2020). Concrase the most popular
construction material. It is the most used mateni#the world, after water. The decline
or increase in consumption does not reflect thityahat the amount of concrete used
is still vastly higher than the volumes of timbieor comparison, it is roughly estimated
that 25 billion tonnes of concrete are consumedyeyear. Timber on the other hand
amounts to barely 250 million tonnes consumed. Miftler having a lower volumetric
density than concrete, different approaches cambkysed according to the application
or type of construction (Klee, Howard, 2009). Atbegrasp of timber as a sustainable
replacement of concrete can be understood by Igakio the carbon footprint of their
production. The amount of concrete used has coradille negative environmental
impacts due to the GQemissions during production compared to altereatiirke
timber. To this day, the production of Portland eetaccounts to around 8% of all
man-made C®emissions. While for timber, the carbon footpisihegative since the
amount of carbon stored inside the material is dnghan the amount of C@mitted
during the different processing steps (Svenskt 2020).

In an effort towards a more sustainable industypganies are encouraged to consider
hybrid structures. Concrete’s accessibility andraf@bility remain as dominant factors
of why they are used in most infrastructure andsiryprojects. Hybrid structures can
be interpreted as a transition into more eco-fileranstruction. These types of
structures combine materials to compose uniquedingis. The concept offers the
design team an opportunity to explore differenagléo meet the goals of a project.
Thus, gradually combining concrete and timber elgmim the structural system allows
for a more sustainable construction. However, tee structural system must still
comply with the Eurocode, local regulations, andstruction standards. Construction
with prefabricated elements is very popular in Sevedas they are large producers of
timber (Svenskt Tr&, 2020). Implementing cross-taated timber (CLT) floor panels
as load bearing elements in a precast concretetsteuneeds to be considered robust
as described in EN-1991-1-7.

Eurocode recommends different strategies to méigad risk of accidental actions, one
being by ensuring the structure has sufficient stess. This is achieved by
implementing one or more of the following approacte Design key elements of the
structure to ensure stability in case of accideswaints; 2. Design structural members
with sufficient ductility to prevent failure; 3. Editate the transfer of actions to
alternative load paths by incorporating redundancgpecific elements in the structure
(European Committee for Standardization, 2006) odohately, neither the Eurocode
nor Swedish Boverket has specific regulations miggrthe behavior of wood-to-
concrete connections for these cases. Studyingdheection details between CLT
floor panels to concrete walls can provide desiljermatives with features like the
ability to disassemble and reuse the elements.Ways an extra step is taken towards

CHALMERS Architecture and Civil Engineering/aster’'s Thesis ACEX30 1



sustainable solutions by improving construction dedholition waste management.
With hollow core floors replaced with CLT panelsetstructure also has the potential
to reduce its overall weight. It is expected tlegiacing concrete elements with timber
elements, the carbon footprint of the building Wil reduced as well.

1.1 Aim and objectives

The aim of this master’s thesis is to study andghethe connection of a CLT floor to
a concrete wall according to the Eurocode 1 SS-B8F11-7 robustness criteria as a
sustainable alternative. Additionally, its applioat will serve to analyse its
environmental impact by achieving a connection \ilig capacity to be disassembled
in order for the elements to be reusable; thusydiad the carbon footprint. The
objectives to fulfil the aim were described asduols:

 Review literature and examples of behavior betwedferent types of
connections with a focus on the interaction betwaess-laminated timber and
precast concrete.

» Identify the design requirements of structural emtions and the strategies to
achieve robustness according to SS-EN-1991-1-7.

* Perform a case study where the knowledge obtainmu the literature is
applied to design the connection between a CLTrfeyal a precast concrete
wall.

* Analyse the feasibility of assembly and disasserobije connection.

« Compare the estimated carbon footprint betweerddsggn of the case study
and its alternative.

1.2 Limitations

The focus of this work was to study the possibilifyusing timber as a structural
replacement to concrete for sustainability purpo$bs case study refers to replacing
precast hollow core slabs with cross-laminated éimpanels. Therefore, timber-to-
concrete connections with other types of elememtd &is beams, and columns were
not thoroughly investigated. Sustainability and lding performance studies in
building structures entail subjects such as:

- Life Cycle Assessment

- Air tightness

- Acoustic performance

- Water/moisture tightness

Though these features are important in and of tetues, an accurate study requires
larger amounts of data and analysis that wouldexktiee time available. These topics
may be mentioned but were not considered in thetstral design.

1.3 Method

Literature reviews were performed to gain a deepelerstanding on how timber and
concrete connections behave independently. Theyd®d insight on the relevance of
their material properties and structural behav®Rsnceeding to study how timber and

2 CHALMERS, Architecture and Civil Engineerindiaster’s Thesis ACEX30



concrete interact now with each other, a more §ipetyipe of material could be
analysed; a cross-laminated timber slab connecied frecast load bearing wall. A
further study on the standards showed the contabuif structural connections to the
overall robustness of a building.

By reviewing the Eurocode regarding the mitigatadraccidental actions to prevent
progressive collapse, design strategies and proesduere identified following the

approaches recommended in Section 3.2 in SS-EN-1994and selected guidelines.
A structure can count of sufficient robustness dgping one or more approaches
earlier mentioned. The information and data usedhi® design of the connection was
obtained from a case study provided by Strangbetasghis work would serve as a
potential solution on their pursuit of a more singthle alternative to precast concrete.

The design took into consideration existing produand tools in the Swedish
construction market. These criteria would servgrasindwork to determine the most
suitable alternative. A complementary feature absr®d in the design was the
possibility of having the connection be disasseuhble the future; such that the
elements can be reused or recycled. This benetitiedustainability purposes as it
would improve construction & demolition waste magagnt for the company.

The design was applied to the case study by reygabie precast hollow core slabs in
the building structure with CLT panels. Calculagonere performed to estimate the
environmental impact with this replacement. A sirfigdd method was used where the
total amount of the two different materials refegtton comparable measures, for
example CQemissions, of their production. Finally, a diseosdook place to decide
whether the aim of a sustainable alternative wasgesaed.

CHALMERS Architecture and Civil Engineerindiaster’s Thesis ACEX30 3



2 Structural connections

2.1 Overview

Connections are structural elements with the pwpostransfer loads through the
elements to the foundation. The structural perfarceas dominated by the individual
material and geometrical properties. It involvemptex interactions, especially when
working with elements of different materials, likenber and concrete. A hybrid
connection requires more in-depth analysis as sstadoad transfer mechanisms rely
on the strengths of each material that may notssacey be considered in the Eurocode
and other guidelines.

2.2 Timber connections

Timber as a material is inherently brittle. In caséailure of the element, proper load
redistribution is unlikely. To prevent or mitigatee damage of progressive collapse,
the connection must withstand large deformatiorigreegeaching its ultimate strength.
Thus, ductile behavior is recommended when workitg timber. Figure 2.1 shows
the behavior of timber connections according toféilere mode desired.

Brittle: tension members, most bending members, most connections

\ Semi ductile: columns (buckling), some connections

Ductile: compression both parallel
and perpendicular to the grain,
connections controlled by
embedment and/or steel failure

deformation

Figure 2.1  Load-deformation behavior for brittlesmsi ductile, and ductile timber
connections.

The load carrying capacity of the connections igeged by different characteristics
such as embedding strength, bending moments cgpagitl resistance, and failure
mode of the material. Regarding failure modes, ectians are considered as statically
indeterminate. The composition of the connectianluding load transfer mechanism
and materials depend on the type of failure thégde®quires. For example, a nailed
connection as seen in Figure 2.2, subjected @l &otices depends on the withdrawal
capacity of the connector. This failure mode canabeided if the load remains
unaltered, but the configuration of the connectisrthanged. Bolted connections, with
a bearing plate in the lower part of the elemenisea compressive stresses in the
connection. The connection’s load carrying capacdw depends on the strength of
timber against crushing and the pull-through resist.

4 CHALMERS, Architecture and Civil Engineerindiaster’s Thesis ACEX30



2.2.1 Connections subjected to shear

The load transfer mechanism in panels subjectstédar is carried out by overlapping
members with dowelled connectors (fasteners witlcut@ar cross-section) or

connecting the ends with a cover plate. Figure iRutrates examples of how

continuity can be achieved between CLT membersiaxial tension or compression
(Schneider et al., 2018).

N* b E JN'
— | - T
I I ‘%__
\ Fasteners in

side grain

LVL / LVL Connection
Fastener in end '
grain connection N*

Plywood cover plate

—< o L e x

Elevation

T [ttt +

Plan

Figure 2.2  Examples of connections subjected tarshe

To achieve membrane action as described in sedt®nhmembers must be able to
transfer shear loads through the panel-to-paneiexions. In plane shear strength of
timber is low when the tensile stresses act pelipataat to the grain. However,
intermediate panels act as reinforcement and ntigfaese forces to prevent early
failure in tension perpendicular to the grain, klsbear, and row shear (Mohammad et
al., 2013). More examples of connections subjettieshear can be seen in Appendix
D.

2.2.2 Connections subjected to axial loads and withdrawal

As previously stated, the connections are the guwgrfactor to reach robustness
demands. Axial loads shown in Figure 2.3 are mooenraon to be applied
perpendicular to the grain and to the plane. Classnation offers little to no
contribution to the withdrawal capacity. Hence,ommendations are made to design
the connectors so that in case of axial loads bphegent, they would not trigger
increased risk of withdrawal (Hewson, 2016) Moraraples of connections subjected
to axial loads can be seen in Appendix D.

loaded in withdrawal into supporting member

] W

N e

l{ }L Supporting / 3 iz

t i Member /
Supported

N* Member N*

Section A-A

\Fastener axially & = Depth of fastener penetration

Fastener in side grain

Figure 2.3  Examples of connections subjected tal éo@ds and withdrawal.
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Unlike reinforced concrete, it is not common to éaeinforcement in timber. The

recommended strategy to achieve ductile behaviorperform what is called Capacity

Based Design. This method portrays that it is irafpee to design the connection such
that it reaches failure before the timber elemience, the steel connectors will enter
plastic behavior triggering alternative load pathssimplified terms, the load carrying

capacity of the connectors must be less than thahe elements (Department of

Defence, 2009). A common but accurate approach agetermine the load carrying

capacity of a single connector. Consequently, ote tapacity will be the sum of the

number of connectors required. The properties, dgieas, and number of connectors
(ie. dowels, bolts, nails) influence the designm®oof them are simplified to safety

factors according to Eurocode 5.

The number of connectors, however, are to be amdlymsed on iterative design
methodology. As the number of connectors increasesjoes the stiffness of the
connection. This is not recommended as high ssHfmeguals low deformation capacity,
increasing the probability of brittle failure, shiomy no potential to achieve robustness.
Design of timber connections are to consider teation and direction of acting forces
as timber is not an isotropic material. Timber isttle in shear and tension
perpendicular to the grain. It is also brittle @nsion parallel to the grain due to the
nature of knots that might cause weakened regidobdr et al., 2018).

2.3 Precast concrete connections

Elements in a precast concrete structure are maonyected mechanically by bolts,
welding, or by inserting steel reinforcement foledv by grouting. Having
reinforcement in concrete covers the basic priecgitempted to achieve with timber
structures; to have a ductile behavior of the el@n®ince the structural integrity and
stability of the structure depend on the connestidghe design must revolve around
them. Cast in-situ concrete structures have that grdvantage of continuity. The high
ductility of the embedded steel has a great camioh towards robustness and load
redistribution since concrete, like timber, is dtler material (Stanton, 1987).

The benefit of continuity by grouting steel in beem concrete connections is difficult

to replicate in timber structures. However, tensama compression joints can each
have varying behavior and considerations to bewatted for in concrete. The geometry

and dimensions of the elements and connectionstdifev stresses are transferred.
Different types of connections as seen in Figudef@. precast concrete depend on the
purpose and requirements of the connection.

Figure 2.4  Beam-to-floor connections.

Additional to the load transfer mechanism, grouim@recast concrete connections is
also part of the procedure to achieve robustnessnaorete structures through the tying
method. The added reinforcement serves as botlicalednd horizontal ties, the
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recommended strategy for robustness, which witliseussed further in later chapters
of this document.

2.3.1 Compression joints

When connections are exposed to concentrated cssipeeforces, the stress field is
spread to the adjacent element. This leads toveass stresses which leads to cracks
if the tensile strength of cross-section is excdedeus reducing the strength of the
connection. Connections often have an intermediaéerial between elements (ie.
mortar, concrete, bearing pads). Difference intelassponse between the intermediate
layer and the elements may lead to reduced jaiahgth, resulting in splitting effects,
see Figure 2.5 These can be accounted for in deljgrmproviding splitting
reinforcement using recommended values describ&diiacode 2 (Stanton, 1987).

\ Splitting

lorces

b) i)

Force transfer through compression joint having elastic modules:
a) less than the precast

b} equal to the precast

C) greater than the precast

d) greater than the precast. but with reduced breadth

Figure 2.5  Vertical transfer of compressive foreasl splitting effects.

2.3.2 Tensile joints

A tensile connection must be designed to have alebehavior in order to avoid brittle
failure. A tensile connection is achieved by anaigpdifferent steel connectors (ribbed,
threaded bars, or plain bars with an end anchdis bte.) into the elements. The anchor
is activated mainly by the bond along the embedr®emgth. The capacity is governed
by the resistance to the bar’s pull-out strengtigéErém, 2008). Accidental loads may
subject load bearing walls to tensile stressesavad cracking or displacements,
vertical ties in the form additional reinforcemangé introduced to absorb such stresses,
see Figure 2.6.

CHALMERS Architecture and Civil Engineering/aster’'s Thesis ACEX30 7



[ TRV NI ) )

a) b)
Figure 2.6 = Embedded steel details for bolted cotioes with a) and end anchor
and b) embedded insert with welded anchor bars

2.4  Hybrid timber-concrete connections

Literature that focuses on connections betweendimahd concrete elements is scarce,
especially regarding the fulfillment of robustnesguirements as described in EN-
1991-1-7. Design guidelines about robust connestiake into account a variety of
scenarios of construction types, along with différstresses and considerations.
However, these do not expand further into the &feeggered on other materials. For
example, the brittleness of precast concrete elesmemot discussed in detail because
the addition of reinforcement mitigates the problefrlow deformation capacity of
concrete. The load transfer mechanism in timbeneotions is to be designed on a
case-by-case basis as it is not an isotropic nahtéihe strength and weaknesses of
timber are governed by the direction of the gramd dypes of stresses. These
considerations are neglected or simply not disaliseeliterature about concrete
connections. When combining prefabricated matera@simon practice is to use steel
connectors. Composite connections are not recomaedefat the goal of this thesis
because the production method does not allow femsdiembly or reassembly of the
connection. The ductility and high deformation aafyaof steel offers an advantage in
capacity-based design of timber as a connectordetwmber and concrete.

2.4.1 Wet connections

A connection is considered a wet connection whentgrg is implemented. Though
grouting is common in precast concrete connectibisnot recommended in a hybrid
connection for considerations mentioned above dmallenges the possibility of
efficient disassembly. The continuity provided foad redistribution is difficult to
mirror in timber. Attempting to disassemble a gezlitonnection increases the risk of
damaging the original element. In a wall-to-flo@naection as seen in Figure 2.7, for
example, the wall element comes with embedded sbelsl an important component
for vertical and horizontal ties. The destructidntlee grouted concrete reduces the
overall strength of the element. Additional stepsl @onsiderations to mitigate or
prevent the damage leads to inefficient use ofuess.
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Figure 2.7  Grouted wall-to-floor wet connection.

2.4.2 Dry connections

Apart from the risk of damaging the element, gnogitalso requires equipment and
trained personnel. More time is invested in thi$ @@nection as concrete needs to dry
to reach the required strength. Contrary to grgtivelding of steel connectors can be
considered a dry connection as seen in Figure-Hh®ever, it also requires additional
equipment and personnel. Removing such necessitgdees the feasibility of a
recyclable connection with increased speed of cocsbn and fewer resources
invested (MyTiCon, 2019b)
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Moment Connaction Brace Connacinon Beam Hanger Connection Coiumn Base Connecticn

U
"

- e
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CLT Hoad Down Connection CLT Hold Down or CLT Shear or Tension inbemal
Base Shear Connechion Splice Plale Connaction

Figure 2.8  Dry connections in timber structures

Steel connectors like bolted screws and rods peotidh potential for a variety of
connections and design alternatives. Standardieecthgtrical and material properties
simplify its design. The shape and dimensions efdbnnectors will play a different
role when considering catenary action or deep bleahavior. These aspects, along
with the approaches to achieve structural robustaes discussed in further detail in
section 4.3.

Figure 2.9  Dry connections in steel structures

Welded connections as seen in Figure 2.9, thoughkidered dry, required additional
equipment for their installation. In case of deroh or attempt of removal,
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disassembly is much more complicated. The procedovdd damage the elements,
reducing the potential for reuse (CEN, 2005)
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3 Cross-laminated timber

Cross-laminated timber (CLT) panels have the acdgebf a more homogeneous and
isotropic composition. Stacking CLT panels perpeunldir to each other, as seen in
Figure 3.1 below, provide improved characteristicthe element, such as resistance to
splitting, impact resistance, resistance to purciamd panel shear strength. the strength
towards loads parallel to the grain now in botlediions. As mentioned in section 2.1,
tension perpendicular to the grain is a weak gpbimber. With CLT, such stresses are
mitigated by the stacked panels. The flooring systll have a more predictable
behavior from stresses when subjected to accidieatds from the Eurocode (Moroder,
2016).

Figure 3.1  Cross-lamination from alternating gradirection of stacked panels.

Since 1990, the production of CLT has grown exptialy, see Figure 3.2, due to its
advantages compared to solid timber. With the gngwiend of sustainable alternatives
in construction, its production and consumptiores @mcouraged in the construction
industry. Its structural performance provides highpacity both parallel and
perpendicular to the span of the element. The attiveal composition is having the
top and bottom panels with the same grain directhma result, the normal cross-
section of a CLT panel consists of an odd numbéayadrs. Under normal conditions,
see Figure 3.3, the layers with grain directioraplalr to the design load have a higher
strength than the intermediate layer (RISE, 2019).

Volume of manufactured CLT in Europe (m?)
700,000

600,000
500,000
400,000
300,000
200,000
100,000

0 . . : : ; :
1985 1990 1995 2000 2005 2010 2015 2020

Year

Figure 3.2  Development of CLT production in eurapeauntries
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This configuration allows the timber to work in twdirections when necessary.

Flooring systems using CLT works as diaphragmssistance to horizontal loads such
as wind. Load cases include the load direction tde/dhe structure from different

directions. The flooring system takes advantagb@brthogonal layers to increase the
overall strength during diaphragm action (RISE,®01

| | | | | 24

e _— —_— _— _— c14

| | | | | c24
~ ~— — — — c14
| | | | | c24

—— — — -— — c14
| | | | | c24

Figure 3.3  Conventional material property distribrt of a 7-layer CLT panel

3.1 Panel-to-panel connections

Transport and production limitations of CLT panglguire them to be assembled and
connected on site. Profiled steel tube connectiatisglue-in rods in Figure 3.4 is an
example of load transfer mechanisms through ther fkystem. More examples of
panel-to-panel connections in CLT can be seen enAppendix D. The variety of
connectors for CLT panels provide different advgetalike resistance to different
stresses, speed of installation, and additionds$ tooequipment that might be needed
(Mohammad et al., 2013).

D
Tube
Glued or €= = “
screwed rodsw
[ | B B

CLT Floor

B €

Figure 3.4  Profiled steel tube panel-to-panel cartio.

The load transfer mechanism will determine the caypaf the floor system to be
considered robust and prevent progressive collafise= CLT internal structure offers
the advantage of tensile strength parallel to thengn both directions. In the case of a
supporting member like a load bearing wall beingaeed, the floor system contributes
to the overall robustness through membrane actsoribed in section 4.3.3.

CHALMERS Architecture and Civil Engineerindiaster’s Thesis ACEX30 13



4 Robustness

Robustness is defined in EN-1991-1-7 (CEN, 200@hastructure’s ability to prevent
progressive collapse by limiting the extent of lea==d failure due to accidental actions.
These range events like fires or explosions, aeg #xtend to consider unidentified
accidental actions. To reach the robustness dema&idsl991-1-7 presents three
different methods:

- The tying method: Provides increased ductility tofictural members through
three-dimensional tying

- The notional removal method: The structural desigould consider the event
of failure of a supporting element in order to remstable.

- Key elements method: Used as a last resort approhene key structural
elements are designed with over-strength capacdyaaoid failure.

Design for robustness have comprehensive guidaest @bacrete and steel structures.
Specifications in Eurocode 5 design recommendafmmigmber connections are basic
that are applicable when designing for serviceghlinit state. The considerations do
not expand further into details regarding defororatiapacity or plastic behavior of the
connectors. These characteristics are importannwhe connection is designed to
trigger catenary action, membrane action, or degprbbehavior (Mohammad, 2013).

EN-1991-1-7 recommends these strategies accordinghé categorisation of

consequence classes presented in Table A.1 of dbentent. Table A.1, seen in
Appendix A, categorizes a structure based on charatics such as number of stories,
building type, and occupancy. If a building’s dégton falls inside two consequence
classes, the most onerous type is recommendeglyp the appropriate strategy (CEN,
2006).

Key elements method should only be consideredlast aesort if the building cannot
be designed to sustain element removals. By thgestan additional risk assessment
of the structure is recommended as the building typl probably enter consequence
class 3 (Huber et al, 2018 & DoD, 2016).

Robust Design

——

Indirect Direct
Ties — Alternative Path Design
Redundancy — Segmentation

— Key Elements

Figure 4.1  Categorization of design method for retiess.
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A simplified understanding of the strategies istgayed in Figure 4.1 above which
divides them into direct and indirect methods. Blirmethods like ALPA and key

elements take in consideration specific damagatsitos to the structure. On the other
hand, an indirect method like ties follow suggestatles and forces that do not
necessarily equate to a wall removal or partialapsie of the floor system (Huber et.
al., 2018). Through these methods, the structurgineer can validate whether the
structural design is considered robust and capzlpeeventing progressive collapse.

4.1 Tying method

Tying method is an indirect design method. It metuas prescriptive rules in design
guidelines are followed without additional verificas for alternative load paths. To
provide a building with a minimum level of robus$sga common method is to provide
vertical and horizontal ties. Ties are mechanicedsl between building components.
Ties may be formed by mechanical connections aflsistructural elements. Their
main function is to provide continuous load pathd Bimit the displacements between
the structural components. In case of local failureghe structure continuous ties
increase the possibility of load transfer and lower probability of disproportionate

collapse due to local damage (Huber et al., 2018).

To fulfil their purpose, ties need to possess tridiehavior and show high plastic

deformations without considerable loss in capaditgpending on the consequence
class of the building following ties may be prebed (Thelandersson, 2019), see Figure
4.2:

- Horizontal ties along the building’s perimeter
- Horizontal internal ties in perpendicular direcgon
- Vertical ties

In case of an element loss, internal and peripHeyakontal ties should allow beams
and floors to perform load redistribution (Thelarss®n, 2019). Horizontal and vertical
ties are defined in EN 1991-1-7-2006, Annex A, pattand A.6 together with national
choices for Sweden prescribed in chapter C of EKS-tr parts in EN 1991-1-7 where
national choices have been done those are incdegbira the expressions below. For
the same ties, rules can also be found in EN 1992005 Design of concrete
structures, section 9.10. The design loads diffenfthose prescribed in EN 1991-1-7.
However, those should only be applied for strugtundnere floors are made up of
concrete elements (Thelandersson, 2019). EN-1999&sign of timber structures
does not provide guidelines for ties.
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Figure 4.2  Horizontal and vertical ties in a framstlucture.

The prescriptive rules for horizontal ties are defl in EN 1991-1-7, Annex A, part
A.5. Different rules are prescribed for framed stmwes and load-bearing wall
structures. The rules given in EN 1991-1-7, Annexy&t A.5.2 for load-bearing wall
structure are not recommended to be used in Swédielitionally, the horizontal ties
for framed and load-bearing wall structures shoodd designed according to the
expressions prescribed in 178 of EKS11 as deschibknv (Thelandersson, 2019).

4.1.1 Peripheral ties

Continuous ties shall be arranged around the p&mué the building on each floor
within a zone of 1.2 m along the floor edge. linportant that the ties are continuous
even around the corner of the floor. The desigsikeroad T, in the ties should be
determined as follows (Thelandersson, 2019):

Tp == 0.3'(gk+qu 'Qk)'lz 'L (41)

Where:

9= Characteristic permanent load on the f'F;%]

q,.= Characteristic variable load on the flc{%]

¥,= Load combination factor for quasi-permanent \@adoad [-]
[,= Span perpendicular to the peripheral tie [m]
L= The distance between two columns in longitudthidction [m]

Figure 4.3 shows an example of a framed structuttelead bearing columns, beams,
and slabs. In case where the vertical elementsnade up of load bearing walls the
distance L can be set to at least 3,6m or theeeletirgth of the wall element (Boverket,
2019a). The characteristic variable lagddepends on the type of building as defined
in part C of EKS 11, see Figure 11.1 in AppendixTBe load combination factor for
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guasi-permanent variable lodd, for buildings depends on the type of space asdéfi
in part B of EKS11, see Figure 11.2 in Appendix B.

[A] - peripheral tie - internal tie - horizontal column or wall tie
Figure 4.3  lllustration of horizontal, peripherand internal ties.

4.1.2 Internal ties

Continuous internal ties shall be arranged in texgppndicular directions, at each floor
level of the building. The internal ties must begerly anchored in the peripheral ties
or alternatively to vertical load bearing elements,, columns or walls that form
support for the floors. The ties must also be caus over internal supports. Forces
that must be absorbed by the internal ties museftbiee be able to be transferred to
walls or columns in the facade. If the internas tten be equally spread over the floor
area as for the transverse ties in Figure 4.3 ¢seyd tensile load should be determined
according to equation (4.2). If it is not possitdevenly spread the ties across the floor
area as for the longitudinal internal tie in Figdt8 the design tensile force should be
determined according to equation (4.3) (Thelanaers2019):

qi=06(g +% q) Ly no greater than 8@;—1\;] (4.2)

T, =0.6-(gr+%¥ qr) lym-L not greater than 600 [kN] (4.3)
Where:

l,,= Average distance betweégnandl, [m]

4.1.3 Vertical ties

Vertical ties are provided for two purposes, previgsistance to vertical elements
against horizontal loads and the other to allowr$ato be suspended from the storey
above and thus limit the damage of collapse obarfin case of accidental loss of a
load bearing column or wall below. Therefore, eaoclumn and wall should be tied
continuously from the foundations to the roof level
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The vertical ties should be capable of carryingresile force equal to the design force
of permanent and variable load, from any floor, peter of wall. The ties in the walls
should also be evenly distributed. In other wotls,capacity is determined so that the
ties are capable of carrying the load acting onfliber above the removed wall or
column (Boverket, 2019a). The capacity of the waitiies in the longitudinal outer
column line according to Figure 4.3 can be caledats (Thelandersson, 2019):

Top = (g +¥2:q,) - 051 L (4.4)

The vertical ties in the longitudinal inner coludime according to Figure 4.3 can be
calculated as:

Ty =@k +%¥2 qx) I L (4.5)

Vertical and horizontal ties are more common irelsésxd concrete structures where
procedures such as grouting, or welding can beopedd to provide continuity in
connections. Diaphragms for timber structures sictvalls and floor systems depend
on steel connectors to benefit from load transfexcmanisms (Bita, 2019) and
(Schneider, 2018). Therefore, robustness for timélements is encouraged to
implement the notional removal method.

4.2 Notional removal method

The notional removal method also known as theraterload path analysis (ALPA),
is employed to analyse the behavior of a buildmte notional removal of an element.
A removed column or wall is applied when considgtime building as a framed or load
bearing wall structure, respectively (Huber eall8). The main concept is to predict
the consequences of the hypothetical situation.|&Vtie tying method provides
reinforcement when subjected to specific loadsnibteonal removal method presents
a more accurate approach when subjected to unfi@éenticcidental actions. When
referring to load-bearing wall construction, ALP#&aonsidered the best approach as
the structure can benefit from deep beam behavidhe walls, which is a major
contributor to robustness in wall removal scenafidspartment of Defence, 2009).

4.2.1 Procedure

The ALPA must be performed by removing one sectiba wall at a time following
design guidelines in (DoD, 2016, EN 1991-1-7, andbéf et al, 2018). There are three
removal scenarios to consider when designing foustmess:

1. Removal of a nominal section of an interior wall
2. Removal of a nominal section of an exterior wall
3. Removal of a nominal section of an exterior conmall

The first scenario presents the opportunity torfystems to trigger catenary action as
seen in Figure 4.4. Moment and rotational capaiydistributed through two wall-to-
floor connections, thus transferring less tengiless to the floor diaphragms.

In the case on the exterior wall, catenary actsoreplaced by hanging action, further

explained in section 4.3. While the contributiordisinished, the wall panels can act
as a deep beam spanning over the removed wallBEreae mechanisms work together
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to provide alternate load paths to supporting membéthe structure. Following the

removal of an element, possible collapse resistarehanisms must be identified and
their respective loads acting on the structureraaeg to load factors and load

combinations in Eurocode 1.

4.3 Collapse resistance mechanisms in load-bearing wall
construction

4.3.1 Catenary action

Catenary action in load bearing wall structuresisied out by the slabs. In the scenario
of a wall removal, disproportionate collapse can grevented by vertical loads
transferred to adjacent supports. With no bearitegnent below, the statically
indeterminate structure must be designed to achie/tad redistribution through the
horizontal elements as shown in the figure below.

Figure 4.4  Catenary action, with tensile force Ta\gty load G and effects on the
remaining structure as dotted arrows, extractedrfriduber et. al.
(2018).

Catenary action occurs when the floor system e ddlly restrained. Large deformations
are a result of vertical loads from the walls abtnamsforming into tensile forces.

Ductility to withstand these deformations, whichulb otherwise induce failure in

brittle materials like timber, are supplied by tbennections (Moroder, 2016). As
mentioned in section 2.1, a connection with adegjdattility and rotational capacity
develops an elastic-plastic behavior.

It is important to address the possibility of caiignaction developing in timber
structures has scarce literature where it has besgarched. This collapse prevention
mechanism is most common in structures where caityiof the horizontal elements
can be guaranteed. In precast concrete structwiele robustness can be achieved
solely with vertical and horizontal ties, the r@rdfement grouted in the connection
supplies the load transfer capability. Similar babacan be seen with welding in steel
structures. For timber structures, however, theatitn is different that depends also
on the type of construction desired (Moroder, 2016)
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Figure 4.5  Novel steel-tube tension rod connedtioplatform-type construction.

Previous studies delve into different connecticqzable of having plastic behavior and
providing load transfer mechanisms. Experimentséaech carried out by Mpidi Bita
(2019) and Tannert (2018) show potential benefitgstng novel steel tubes together
with tension rods; see figure above. High tensdpacity and sufficient ductility to
trigger catenary action are the highlights of sachnection applied in platform-type
constructions. A timber-concrete hybrid structuresgnts a challenge if any other type
of construction is implemented. A balloon frameisture where load bearing walls are
continuous cannot benefit from these transfer mashas. Thus, other alternatives
must be developed to mimic similar tensile andtrotel capacities.

4.3.2 Hanging action

In the case an exterior supporting element is ratdpinstead of catenary action, the
slab element will develop hanging action. The weigh the wall above causes
displacement of the slab, and displacement caugason of the slab. The result is
called hogging and sagging in the internal and raglefloor-to-wall connections,
respectively, see Figure 4.6 below.
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Figure 4.6  Hogging (left) and sagging (right) oktbonnection due to slab
rotation.

Pisarek (2015) developed an analytical model tdysthe internal force distribution in
a steel beam-to-column connection when subjectetiogging and sagging. The
hypothetical case was considered for a column ramegenario (Pisarek, 2015).
Results showed that stresses due to bending caulttanslated into tensile and
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compression zones. The case study considered edbaitd plate connection and a
composite slab on top, see Figure 4.7.

ffj" ’F ts F] ts,Rd
’ﬁ b2 _;bz Rd
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% 4

. A
hogging bending moment
Figure 4.7  Distribution of internal forces due todging.
According to the connection’s composition, hoggafighe slab will cause compressive

stresses at the bottom and tensile stresses dbpheSuch forces were transmitted
through four components:

A distributed tensile load across the height ofdbecrete slab (ft,c)
A tensile force in the reinforcement steel (Ft,s)

Top bolt subjected to a tensile force (Ft,b,2)

Bottom bolt subjected to a compressive force (Fc,a)

Similar models are recommended when designing ¢mmection. Components and
stresses will differ according to the type of cortian, cross-section of the horizontal
and vertical elements, and connectors involved.eCthe model of distribution of
internal forces is performed, these are to be coedpaith technical specifications of
manufacturers’ products that can withstand thesessts in order to prevent
progressive collapse.

4.3.3 Deep beam behavior

Floor and wall diaphragms composed by multiple fanas seen in Figure 4.8,

subjected to a distributed load trigger a behasimilar to a simply supported beam.
Given the dimensions of shear or load bearing wHiis is interpreted as deep beam
behavior (Moroder, 2016). The analogy idealizesgbemetry to determine the force
distribution across the diaphragm.
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With the shear and bending moment exemplified, Ittael distribution to adjacent
supporting elements is carried out by panel-to-peoenectors working in shear. In a
study by Daniel Moroder (2016) regarding floor amall diaphragms in multi-storey
buildings, the finite element analysis performechfoens the deep beam behavior
triggered in the diaphragm. Figure 4.9 illustraties presence of both tension and
compression zones. In a reinforced concrete bdasetstresses are absorbed by steel
reinforcement in the bottom and top part of thessrsection. Precast wall diaphragms
achieve this through bolted or screwed steel fasgen
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Figure 6.11 Simply supported diaphragms a) without and b) with chord beams

Figure 4.9  FE model of deep beam behavior in waligd diaphragms.

Performance of a wall diaphragm is determined thinoGerviceability Limit State
(SLS) analysis. Prevention of progressive collags® robustness requirements allow
for larger deformations due to accidental load#iolMong capacity based design, these
deformations must occur in the panel to panel comme Figure 4.10 shows an
idealized force distribution (a) where shear formesdistributed along the height of the
wall and critical tensile and compressive streasesnore critical at the top and bottom
of the cross section.
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Figure 4.10 Force distribution for diaphragm pameinnections subjected to deep
beam behavior.

However, prefabricated wall panels are connectad\select number of steel fasteners
with determined spacing along the height of thd a@tording to Eurocode 2 standards
(CEN, 2006). Additionally, tensile and compresssieesses are present across the
entire height of the wall, which means that thetamn of each connector will determine
the magnitude of both shear and/or tensile and cessjve stresses in each of them.
Hence, a real force distribution (b) provides sifigd but accurate information to
verify ductile behavior of the connection to mesiustness requirements.

4.3.4 Membrane action

In load bearing wall construction, the notional o method presents the floor
system as a contributor towards robustness anceptien of progressive collapse.
With continuity provided through the panel-to-pacehnections, the slabs behave as a
membrane or shell with the ability to redistribldads to adjacent supports (Huber et.
al., 2018). In case of an inner column removed, FSgare 4.11, vertical loads are
redistributed to the adjacent columns.

Figure 4.11 Membrane action in floor diaphragms.

Panel-to-panel connections are commonly perperati¢al the action load; thus, the
stability depends on the shear capacity of the eaions. Fasteners in panel-to-panel
connections have a ductile behavior when subjettedhear loads (MTC, 2019).
Membrane action, catenary action, and deep bearavlmhall play a role in the
prevention of progressive collapse. The contributibeach will depend on the removal
scenario described in section 4.2. For CLT flomtems, dowel-type fasteners such as
screws and bolts are critical elements to providetitity and the capacity for the
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connectors to work in shear when the panels ajestgl to tensile stresses (Schneider,
Tanner, 2018).
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5 Environmental impact

5.1 Life cycle analysis

Life cycle analysis (LCA) is a method for calcutegithe environmental impact during
a product's entire life cycle. With an LCA it isgsible to find out at what stage of a
building's life cycle a certain environmental imp&cgreatest and at what stage the
greatest environmental improvements can be doneefBet, 2019a). Designing and
building a house with a low environmental impacamsimportant part of contributing
to a more sustainable society. The greatest opportufor environmental
improvements to be done by comparing different glesilternatives and choice of
materials is during the design phase while duriegstruction the chances for
environmental improvements are lower since the n@tand product choices are
already done. The life cycle of a building is detdinto following three main stages
(Boverket, 2019a), see Figure 5.1:

- A- The construction stage

- Al1-A3 Product stage

- A4-A5 Construction process stage
- B-the use stage
- C- the end-of-life stage

The LCA stages are divided into sixteen informatimodules that describe the
processes during the life cycle. The product stgfe-3) includes all steps from

extraction of raw materials to manufacturing of tbenstruction products. The

construction process stage (A4-5) includes transpat installation of the construction
products to the site. The use stage (B1-7) inclugss maintenance, repairs and
operation of the building. The end of life stagel4@ ) includes all processes from
demolition to disposal of the building parts (Svetdinstitute for Standards, 2013).
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Figure 5.1  Life-cycle stages and modules for L Cgeasment of buildings.

In an LCA, the environmental impact is describedsgyen environmental impact
categories or so-called environmental indicatorsLEA may be based on one or more
of those categories presented next (Boverket, 2019d

- Global warming potential (GWP)

- Acidification for soil and water potential (AP)
- Eutrophication potential (EP)
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Depletion of abiotic resources potential — nonifagsources (ADPe)
Depletion of abiotic resources potential — fossdaurces (ADPY)
Ozone depletion potential (ODP)

Photochemical ozone creation potential (POCP)

Climate impact is nowadays considered as one dbithigeest environmental threats. It
Is therefore common to limit the LCA for buildingsthe GWP indicator. A calculation
of this kind is also called a climate footprint (Boket, 2019b). The GWP indicator has
the unit kg CG@-equivalents and represents the total emission &lbgreenhouse gases
(GHG). The main three GHG are: carbon dioxide {C@ethane (Ck), and nitrous
oxide (NO). Different GHG have different effects on the tha warming. To be
comparable, the emissions from all GHG except &®© multiplied by a GWP factor.
By this factor, the GHG are converted into S€yuivalents. For example, the GWP
factor for CH is 25 and for MO, 298. One kilogram of CAHemissions equals to 25 kg
of CO2-equivalents (Naturvardsverket, 2021).

5.2 Environmental product declarations

The environmental impact of a construction prodiwging its lifetime is described by
an environmental product declaration (EPD), caraatlby the manufacturers. It is a
standardized tool to communicate the environmepealormance of a product. The
information in an EPD is based on the life cyclalgsis of the product itself and the
result can be used when performing a LCA for airebuilding. (Boverket, 2019c).

Prior to the LCA of a product there are severatsuhat must be followed. The rules
are called product specific rules (PCR) and comsidieat information to include, what
data to use and what environmental indicatorsgonteetc. EPDs for different products
and from different manufacturers can be comparedhay must be based on the same
PCR. There are three different levels of environiaetieclarations for products, type
[, type Il and type lll declarations. The most caetensive declaration is the type |l
environmental declaration which results in an ERBype 11l declaration is third party
reviewed and based on PCR and LCA (Del Borghi, 2013

26 CHALMERS, Architecture and Civil Engineerindiaster’s Thesis ACEX30



6 Design

The case study used for this thesis is a resideaiiaplex composed of four structures.
The project is named Radjuret located in Malmdo. $tracture is a precast concrete
load-bearing wall construction with simply suppdrtglabs. The slabs span in one
direction with continuous walls, also known as Hdwmm-framed structure.

Figure 6.1 3D view of the case study structure.

The consequence class of this complex is determacedrding to Table A.1 in EN-
1991-1-7 and a categorization figure by Consoliar8tetong, see Appendix A. First,
three characteristics were identified that influeettte consequence class:

1. Determine building type
2. Determine number of stories
3. Determine the floor area

The building type is a multi-familiar residentiadraplex. Seeing in Figure 6.1 that all
buildings have different number of stories, théetdlstructure (9 stories) will govern
the design. With these characteristics and a fiwea of 3094 m2, the consequence
class is set as “2b” according to EN 1991-1-7 o€26” according to Strangbetong’s
categorization. For building in consequence clés$@rizontal and vertical ties should
be applied in all supporting walls and columns.afsalternative, the notional removal
method can be applied (CEN, 2006). As mentionestation 4.2, the notional removal
method is the recommended method for load-bearaigoonstruction if tying cannot
be achieved.

The original design achieved robustness demandsdhrthe tying method. Wall-to-

wall connections are carried out through groutetica ties. Floor-to-wall connections
are carried out through grouted horizontal ties.
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6.1 Design strategy

The pursuit of dismountable connections offers dpportunity to identify possible
alternatives that avoid the use of grouting or wejd The building configuration
presents no interior load-bearing walls. Slabs spame direction and stability against
horizontal forces is treated with precast concsetmar walls. This limits the possibility
of having catenary action as a collapse resistareghanism.

To achieve robustness, it was determined that aretstimber hybrid structure
required a combination of two different method® thing, and the notional removal
method. By replacing precast hollow-core slabs v@thT floors, the floor-to-wall
interaction changes. However, the wall-to-wall ratdion remains unchanged as they
are still composed of precast concrete. This armslsl to having two different
combinations of materials, and the possibilityrahsforming a 3D interaction into two-
dimensional cases, see Figure 6.2 below.

Ay Ay “
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Figure 6.2  Concrete-to-concrete interaction (leftidd concrete-to-timber
interaction (right).

6.1.1 Wall-to-wall interaction

With a balloon framed structure, the load-beariraglsvmust benefit from continuity,
irrespective of the floor-to-wall connection. A fal view of the structure can be
interpreted as a precast structure, not a hybricttsire. Eurocode 2 recommends the
tying method for precast concrete structures. Ia tase, the vertical wall-to-wall
connections are to be made with vertical ties.

Exclusive from an alternate load path analysisticarties are part of the provision of
robustness according to EN 1991-1-7. However, weallall connections also play a
role in the notional removal method. Consideringcanario where a lower wall is
removed, the wall connections will help the struetio trigger deep beam behavior as
described in section 4.3.3.

6.1.2 Floor-to-wall interaction

With no inner walls, the possible collapse resistamechanisms in the floor-to-wall
connection are hanging action and membrane ackizese mechanisms are exclusive
to the notional removal method. Commonly, hollowecslabs are connected to the
lower supports via concrete or steel corbels. Iwal removal scenario, this
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configuration would cause the slab to collapse.tfigger hanging and membrane
action, the floor system must be attached to tpeatis above the removed wall (DoD,
2016). Membrane action should trigger if the paogbanel connections have
sufficient capacity when subjected to shear steedsethe case of precast structures,
the in-plane stresses in the hollow-core slabstramesmitted by the horizontal ties
grouted in the floor-to-wall connections. As defations are greater at the edges, the
ductility of the steel reinforcement contributegite deformation capacity of the floor
system.

In literature, timber floor systems are consideoéttle, especially when subjected to
in-plane stresses perpendicular to the grain. \&fitiss-lamination in CLT floors, its

strength is much higher. However, common CLT paoglanel connections, see
Appendix D are not designed for high deformatiosseapected in wall removal

scenarios. As deformations increase closer to @heextion, a connector with higher
ductility between panels is recommended to trigngembrane action.

6.1.3 Wall removal scenarios

As described in Section 4.2.1 for an ALPA threelwamoval scenarios needs to be
considered. The case study building does not hayeirdernal load bearing walls.
Thus, in that case only two wall removal scenanesds be considered: removal of a
corner wall and a facade wall. The worst case sanappears when the longest wall
elements for the both cases are removed. Figursl&®s an overview of the four
blocks of the case study building.

Figure 6.3  South-east view of four blocks of thiding

The location of the longest corner wall elemengnseio 1, is identified at the south-
east corner of the eastern block of the buildirtge Tength of the removed wall is 7.0
m with a height of 2.9 m. Figure 6sthows a plan view of the four building blocks with
the location of the removed corner wall highlighteith green colour.
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Figure 6.4  Scenario 1: Identification of removexrer wall, eastern block

For scenario 2, the location of the longest remdaedde wall element is identified to
be in the north block of the building. The lengtitlee removed wall is 7.5 m with the
same height as for the corner wall 2.9 m. Figute shows a plan view with the
identified location of the removed fagcade wall esgnhighlighted with green colour.

Figure 6.5  Scenario 2: Identification of removegdde wall in northern block
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6.2 Wall-to-wall connections

Assembly and disassembly of the connection is abiglthrough the use of PEIKKO
group certified SUMO wall shoes. The connectionststs of wall shoes cast into
precast concrete walls at the lower end and artwblts at the upper end. The assembly
on site is performed by adjusting the plate int® ¢orrect position and fastening the
connection with nuts and washers (PEIKKO, 20149, Sgure 6.6.

ﬂ"J!

e
-,

Figure 6.6  SUMO wall shoe and anchor bolt wall ceation.

The anchor bolts are casted in the production st&geuting the wall shoe after
assembly is optional for aesthetics purposes. Tdia structural behavior is carried out
by the anchor bolts which activate when the walls subjected to tensile forces.
Additionally, the connection serves also to previeatizontal displacement of the
elements. Such a connection is considered a drpemtion because it requires no
grouting or welding, see Figure 6.7.

X ' 2
Figure 6.7  Wall shoe mechanical connector.

The tensile stresses expected on these connectiorse determined through equations
(4.4) and (4.5) of the tying method. The tensilesges are transferred by vertical
continuity reinforcement lapped together with btith wall shoe and the anchor bolt.
This system benefits from the standardized manuifi;gt to meet the strength required.
In-situ casting and welding have a higher riskafihg deficiencies due to human error.
On the other hand, consistent quality can be gteednfor this type of connection.

CHALMERS Architecture and Civil Engineerindiaster’s Thesis ACEX30 31



Values obtained from EN-1991-1-7 and Swedish desigles EKS 11 were compared
with the different design strengths provided byrenufacturer in Table 6.1 below.

Table 6.1 Design resistance values of SUMO walkstor concrete grade
C25/30

Wall shoe Anchor bolt | Washer | Ng4[kN]
SUMO 16H | HPM 16 AL 16 62
SUMO 20H | HPM 20 AL 20 96
SUMO 24H | HPM 24 AL 24 139
SUMO 30H | HPM 30 AL 30 220
SUMO 39H | HPM 39 AL 39 383
SUMO 30P | PPM 30 AL 30 299
SUMO 36P | PPM 36 AL 36 436
SUMO 39P | PPM 39 AL 39 521
SUMO 45P | PPM 45 AL 45 697
SUMO 52P | PPM 52 AL 52 938

According to guidelines in the United Facilitiesit€ria (DoD, 2016) and Australian
Wood Solutions (Hewson, 2016), the tensile foree, Bigure 6.8, due to gravity loads
are redistributed through the vertical ties to @wiions above the removed element.

Continuity reinforcement

Figure 6.8  Transmission of the tensile forces agfibge anchor bolts.

In case of a wall removal scenario, this distribattauses the floor-to-wall connections
of story’s above to replicate the same behavion sed-igure 6.9. Each subsequent
floor will be subjected to the same deformatiores;hecapable of triggering similar

collapse resistance mechanisms (Huber, 2019).rAsudt, the design for the loads and
stresses in the connection amount to the gravitg tf the slab itself and only the wall

above.
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Figure 6.9  Load redistribution through vertical $iento floors above.

Source: Wood Solutions: Robustness in structures

6.2.1 Connection design

The design loads for the wall-to-wall connectionersvcalculated for the original
design and the proposed solution based on tworamibval scenarios. One scenario is
when a corner wall of the building was notionalynmoved, and second when a facade
wall was notionally removed. For both cases, thegiteloads were calculated for the
whole element length and per meter of the wall el@mThe results were compared
with the capacity of the wall shoes to determine type and amount of wall shoes
needed according to Figure 6.5. The calculatiorrgwene according to Section 4.1.3
and equation 4.4 and are presented in Appendix E.

The case study building is a residential buildifige characteristic permanent loggd
acting on the floors were determined from the waelight of the hollow-core and CLT
elements according to Table 12.3 in Appendix B &able 12.3 in Appendix C. The
characteristic variable loag], acting on floors in buildings depend on type aicegand
floor. The value for Category A, floors in roomsdaspaces in residential buildings
according to Figure 11.1 in Appendix B were usétke Tbad combination factd¥, for
quasi permanent variable load for rooms and spacesidential buildings (Category
A) according to Figure 11.2 in Appendix B were udear both scenarios, the distance
between the vertical ties or the sgamccording to Figure 4.3 were same. The distance
L were set to the elements length and are diffdogrthe two scenarios. The data used
for the calculations are summarized in Table 6.2.

Table 6.2 Input values for design loads of walliall connections
Design alternative/Scenario kN kN
Gk [z | | T |2 ¥, l,[m] | L[m]
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Hollow-core slabs 3.37 2.0 0.3 10.7
Scenario 1- removal of a corner wall 7.0
Scenario 2- removal of a facade wall 7.5
CLT slabs 1.06 2.0 0.3 10.7
Scenario 1- removal of a corner wall 7.0
Scenario 2- removal of a facade wall 7.5

The results from the calculations show higher dekigds for the original design with
hollow-core floor elements for both scenarios, Sable 6.2. The results are expected
since the only difference between the two desitgratives is the self-weight of the
structural elements. By exchanging hollow-core w@thT floor panels the design
tensile load is reduced by approximately 60%. Fath lalternatives, the removal of the
facade wall, scenario 2, shows higher design Iéadboth design alternatives due to
longer wall elements. The design load per metewall is same for both design
alternatives and scenarios due to the same spfiooofelements. For the original
design, three wall shoes SUMO 16H are requirecosmid the design tensile load in
both scenarios, see Table 6.1. For the proposedi@oltwo wall shoes of the same
capacity are needed which is almost the doublaéetapacity required. Less amount
of wall shoes for the proposed solution can speeithe production of wall elements in
factory and reduce the assembly time requiredten si

Table 6.3 Design loads for wall-to-wall conneasdor hollow-core and CLT
slabs
Design alternative/Scenario T,p[KN ] h k_N] Wall shoes
vP m SUMO 16H[n]
Hollow-core slabs
Scenario 1- removal of a corner wall | 149.16 21.28 3
Scenario 2- removal of a fagade wall | 160.22 21.28 3
CLT slabs
Scenario 1- removal of a corner wall | 62.28 8.88 2
Scenario 2- removal of a fagade wall | 66.90 8.88 2

6.3 Floor-to-wall connections

Similar to wall connections, grouting and welding o be avoided in the connections.
Should an element be damaged, a dismountable dimmexdlows the construction
team to replace the element without compromisirigeiostructural elements of the
building. Considerations studied in Capacity Badedign provide an advantage in the
cost-benefit analysis. The cost of a connectionimmonents is lower than the cost of
replacing an entire element.

Self-tapping screws (STS) and lag screws are thenmm connectors in timber

structures. Loads perpendicular the grain of th@ @bors subject the connectors to
withdrawal forces. These connectors have a limitgtidrawal capacity. For higher

loads in case of accidental actions, the withdraveglacity was not considered the
correct approach.
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Figure 6.10 Withdrawal behavior of lag screws frQiT face lamination.

Solid timber and CLT both have the same weaknesnwhbjected to axial loads in
directions as seen in Figure 6.10 above. Crossal@ion provides little to no

contribution (EWPAA, 2018). Additionally, multiplesertions and extractions of the
connectors have the risk of reducing the withdraeapacity. A better connection
design that does not subject the CLT floor to thgpes of stresses is recommended.

6.3.1 Alternative 1

The first alternative connection design consistarotipper angle bracket attaching the
CLT slab to the wall above. The steel-to-concretenection has standard connectors
with screws subjected to shear. To avoid risk dhdrawal in the CLT connection,
bearing plates were implemented in the lower phathe slab as seen in Figure 6.11
below.
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Figure 6.11 Alternative 1 conceptual design.

The bearing plate, manufactured by Simpson Straeg{revents the risk of failure
due to withdrawal or pull-through of the anchortbolnstead, the load is distributed
over the width of the bearing plate. The resul Ionversion from an axial load to a
compressive stress applied on the CLT floor. Faitlre to compression perpendicular
to the grain has a ductile behavior in cross-latechdimber.
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Figure 6.12 Internal load distribution due to saggiin alternative 1.

According to the notional removal method, the fland wall were subjected to sagging
as the lower support was removed. With the alteredat design configuration, the
stress distribution in Figure 6.12 Figure 6.13 wedicated according to internal force
distribution in section 4.3.2. The distribution sasts of pull-through of the anchor bolts
(1) due to floor loads q, a distributed compressitress due to bending of the angle
bracket applied in the cross section of the prezastrete wall, shear stress in the steel-
to-concrete connection interface (3) due to verticads G in the wall above, and a
distributed compressive force (4) perpendiculdh&grain as a reaction to the sagging
of the timber element.
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=
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V

Figure 6.13 Internal load distribution due to hoggiin alternative 1
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The hogging effect of the adjacent supports hadéfarent effect. Since the loads

applied after the wall removal cause a closinghef dangle bracket in the connection
above the removed wall, the angle bracket in thacadt supports was subjected to
opening. The pushdown force causes a rotationeo€thTl element, and as a result, the
elements cause a compressive force into the fateeafoncrete wall. The horizontal

load applied was countered with an equal reacttomfthe concrete element. The
compressive strength of the concrete absorbedtopaf the pushdown force, thus

reducing the load applied on the angle bracket.

Figure 6.14 Hanging action of alternative 1; hoggifieft) and sagging (right).

The main connector of the CLT slab to the concred#l is the angle bracket. The
interface between the concrete and timber elemeadsno attachment. Due to this
configuration, hanging action developed in bothseoidthe elements provided different
types of stresses on each material. The rotatitimedCL T slab due to hogging in Figure
6.14 above caused a pullout force in the steebtwmiete connectors. The rotation
revolved around the neutral axis of the connectdnch is at the steel-timber interface.
Consequently, the rotation caused a compressige applied by the CLT slab pushing
into the wall.

The floor-to-wall connection above the removed aptns subjected to sagging. The
rotational stiffness of the angle bracket and hoggif the CLT slab are expected to
provide enough deformation capacity to triggeradloedistribution through the floor
element. The downward force caused by the walkfoamed the stress of the anchor
bolts into a tensile stress applied in the crossiae of the slab.
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Figure 6.15 Alternative 1 floor-to-wall and wall-@all connection.

6.3.2 Alternative 2

The second alternative implements similar conciyatis the first design with additional
support for vertical loads which also contributeaiagt possible collapse. Simply
supported slabs rely in the floor loads to be sujgpldby corbel and angle brackets and
transmitted to the wall. Another option was to h&we floor rest directly on the wall.
It is much more reliable having a concrete wallirectin compression rather than
relying on the withdrawal capacity and shear stileio§ the connectors.
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Figure 6.16 Alternative 2 conceptual design.

Figure 6.16 shows the CLT element resting on thehetow during normal conditions.
Outside of the effects on accidental actions, thited connections are not expected to
have any mechanisms triggered except for horizdotals included in the standard
structural design of the building. Vertical loade &ransferred directly from wall to
wall. The contribution of the designed connectitarts when a wall is removed in the
ALPA.

The sagging effect in the connection above the wethovall was expected to have the
same behavior and internal load distribution asiféd.12. However, main difference
and potential for higher contribution lies in thegiging effect in Figure 6.16. A study
was performed by Huber (2019) regarding FE modieddternative load paths in CLT
buildings with angle bracket connections in platietype construction. Simulations
showed that the clamp or sandwich effect betwedhn walls and the CLT slab was a
major contributor towards the rotational stiffn@gisen subjected to cantilever action.
(Huber, 2019). Considering that the slab was aibgalement, the friction resultant
of the vertical loads increased the rotationafret§s of the overall connection. The
vertical loads on the CLT floor due to wall removeabuld cause an uplifting force
applied on the wall above. The reaction forcesFsgere 6.17, to counter these effects
have three contributors:

1. The rotational stiffness of the angle bracket agfanogging

2. The self-weight of the wall above
3. The vertical ties existing in the wall-to-wall cautions
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Figure 6.17 Reaction forces against uplifting foeqmlied by the slab

The vertical ties designed in section 6.2.1 haeetéimsile capacity equal to the loads
applied on the flooring system. These three coutioits will increase the overall
stiffness of the connection and preventing highefodnations of the connection. The
effects predicted with this configuration correl#tte purpose of providing sufficient
ductility to the connection. It must be considetkdt the higher the stiffness, large
deformations are limited, which reduces the capgif load redistribution through
alternative load paths. Not allowing the elemenbtate to a certain degree, will cause
higher stresses in the element rather than indheextion. The type of failure expected
due to high stiffness is brittle failure of the bar elements.

6.3.3 Alternative 3

Alternative 3, see Figure 6.18, expands on theildgiyg of the first alternative. It
considers the installation procedure of slab eléamenballoon-framed construction.
The placement of slabs before their fastening ¢ostabs would require a provisional
support for the slabs to rest in. This was achievigl steel corbels attached to the wall
below. The connection between the corbel and thé €ement would be considered
a simply supported slab with only the friction betm the two materials as a brace. In
the alternate load path analysis, the wall remaxalld also eliminate the steel corbel
from acting as a support. Under normal conditi@nmsjlar behavior as alternative 2 is
expected. Gravity loads would be transferred thinoting steel corbel below, leaving
the designed floor-to-wall connection not beinguced to any loads.
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Figure 6.18 Conceptual design of alternative 3

During the procedure of the notional removal metttbd hogging effect, see Figure
6.19, replicates similar effects from both alteivetl and alternative 2. The rotation of
the slab would induce compressive stresses todherete wall, thus increasing the
overall stiffness of the connection. Rotation of #lab together with the floor loads
acted upon the lower steel corbel. With similaratioihal stiffness than the upper

brackets, the bending of the connector replicatedstgging effect of the connection
above the removed wall.

Figure 6.19 Internal stress distribution due to oy, alternative 3
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6.4 Results

Each of the alternatives presented consists oéréift components that contribute
towards robustness. The results of the analyse@ddtential contributors are listed in
Table 6.4. The relevance of each contributor depéa the criteria to reach the goals
of preventing progressive collapse.

Table 6.4

Existing contributing components agaprsgressive collpase

Contributor

Alternative 1

Alternative 2

Alternative 3

Sagging of angle bracket

Yes

Yes

Yes

Hogging of angle bracket Yes Yes Yes
Compression strength of wall Yes Yes Yes
Uplift of wall due to hogging No Yes No
Vertical ties No Yes No
Clamping No Yes Yes
Deep beam behavior Yes Yes Yes

Although the contributing components in the talidleee seem a benefit overall, each
alternative must consider the concepts to reachldd@ilure. As mentioned in Chapter
2 of this study, the connections are a key compbteeredistribute loads to adjacent
supports in case of failure or accidental loadsweleer, the redistribution can only be
achieved through a connection with sufficient ditgti The higher stiffness in the
connection, considered initially a benefit, pregelttad redistribution by restricting
large deformation in the connections. A connectiith to high stiffness could cause a
brittle failure in the connection and the elemeli¢gh this concept mind, a retroactive
analysis of the alternatives is recommended.

6.4.1 Alternative 1

Out of the six possible components to contributairegl progressive collapse, a
connection with only upper angle brackets only delseon the rotational stiffness of
the angle bracket. Under normal conditions wherevab is removed or accidental
loads applied, floor loads must also be transfethedugh the bolts in the steel-to-
concrete connection. The connection will constamyk in shear.

In terms of installation procedures, no provisiagdports are supplied, thus increasing
the complexity of attaching the CLT elements todbecrete walls. As a result, human
error might come into place where the connecticesnat aligned horizontally nor
vertically.

6.4.2 Alternative 2

The second alternative where the slabs are slottbdtween the walls approximate a
platform-type structure. In the connection whem\all has been removed, neither of
the alternatives are affected by this configurati@mly the hogging effect in the
adjacent supports benefitted from the clamping raeigm. According to calculations
in Appendix G, the opening or closing of the anglacket was analysed through an
equilibrium to determine the bending moment apptedhe horizontal flange of the

CHALMERS Architecture and Civil Engineerindiaster’s Thesis ACEX30 43



steel connector. The hogging of the angle braaketatation of the CLT element were
predicted to cause an uplifting force that woulddoentered by the vertical loads
originating from the upper wall. The resultant ®raused a negative bending moment
to counter the bending moment from the pushdowcefof the slab, see Figure 16.1.
The final bending moment on the angle bracket wan@ldeduced, thus resulting in a
lower rotation of the flange. The rotation capaaifythe flange together with the
clamping effect increase the stiffness of the cotiar, reducing the possibility of large
deformation to achieve load redistribution.

Gv

O

Figure 6.20 Tensile load on CLT slab due to saggihgngle bracket

The rotational stiffness of the angle bracket iewant to the magnitude of loads

transferred through stresses parallel to the sparecCLT element. The vertical loads

Gv as a result of the wall removal need to be feared through the slab to the adjacent
load-bearing walls. The decomposition of force&igure 6.20 show that as the angle
of rotation increases, the loads applied on the ata reduced.

T [kN]
2000

1800

1600

1200

10 20 0 40 50 60 70 &0

Figure 6.21 Angle bracket rotation vs CLT tensilad curve

Angle (2)

As seen in Figure 6.21, the rotation of the angheket is inversely proportional to the
tensile load the CLT slab would need to sustaimigher stiffness of the connection
results in a lower rotation angle of the flangeother words, the angle bracket needs
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to bend in a range where the tensile loads do xu#esl the design tensile strength of
the CLT element. The geometry required for the oetecwalls and CLT elements

could limit the adaptability of the floor-to-walloonection to other types of

construction.

Installation of this type of connection includewing the slabs rest of the wall. A step
towards ease of disassembly involves not disturloitiger structural elements. The
“slotted” insertion of the slab complicates theatation procedure of the slabs if upper
walls have already been installed. Balloon-frameitings benefit from load-bearing
walls unaltered by other elements, like slabs. Aflse inclusion of vertical in between
the cross-section of the wall could be limited by insertions. Additionally, an unusual
geometry of the elements counters the idea of ptiogaimplicity of installation
procedures.

6.4.3 Alternative 3

Alternative 3 borrowed from the better featureshd first two alternatives towards
assuring a ductile failure. The clamping effecquth it increasing the load carrying
capacity, does so in a manner the moves away frantile failure. With an upper angle
bracket, the rotational stiffness will depend mpsih the mechanical properties and
strength of the connectors, not of other vertitainents. This approach allows for this
configuration to adapt to the types of constructwamch will not require specific
geometrical features of both vertical and horizbataments. With lower and upper
angle brackets, normal and accidental loads, résphg will be exclusive to each
connector. Assembly and disassembly of the cormedsi expected to be simplified
with no disturbances to other structural elemelfiisally, the conservative approach
would be to determine if the angle brackets antslmauld themselves sustain the loads
in the alternate load path analysis.

In conclusion, the most efficient approach to aehia ductile behavior with load
carrying capacity according to the ALPA is the dhalternative, with upper angle
brackets for the accidental design loads and laamglle brackets to sustain gravity
loads under normal conditions

6.4.4 Design validations

The angle bracket was designed to sustain quasigmamt loads from both the floor
loads and the vertical wall above the connecti@thECLT element was required to be
installed individually, therefore the design wasfgened for one element of 1.20m,
resulting in a design as:

G, = 32.18 kN
The sagging effect caused a bending of the upge &nacket above the removed wall.
The material and geometrical properties of the eabghcket in the design are detailed
in Table 6.5.

Table 6.5 Geometrical and material properties ol bracket

| Yield strength, fy | 250 MPa |
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Ultimate strength, fu 330 MPa
Young’'s modulus, E 210 GPa

Poisson’s ratio 0.3
Thickness, t 25 mm
Height, h,, 70 mm
Width 70 mm
Length 200 mm

Rotational stiffness, K | 91.58 Nm/deg

The design required at least two angle bracke®ngure no torsional or transverse
rotations could occur. The design load Gv was ibhisted over the lower flange of the
connector, thus inducing a bending moment due terddcity, see Figure 6.22.

Detailed calculations are presented in Appendix G

Gv

70mm

35mm

Gv
Figure 6.22 Bending moment equilibrium in angladiet

With two angle brackets per CLT element, the tb&alding moment was compared to
the average rotational stiffness to determine ®peet rotation angle.

0 = 6.15deg

The effective tensile load T expected across thie @loss- section was determined form
Figure 6.21 or through the following expression:

Gy
T =—
sin(6)

T =300.4 kN

The composition of a 7-layer CLT slab consists airflayers parallel to the span
direction and three layers perpendicular to it. #s compression strength
perpendicular to the grain much lower than thaalelrto the grain, tensile stress
capacity from the orthogonal layers were neglectBlde effective cross-section
considered only parallel layers illustrated in F&6.23.
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Figure 6.23 Effective cross section of CLT slabafiat to the span direction

With the materials properties extracted from thenofacturer and corroborated with
Swedish CLT Handbook (2019), the design tensilensfth of the effective cross
section was determined through the following exgices

kmod * ft,O,k

fi t,0,d =
Ym

Where:

ftox = Characteristic tensile strength parallel todrain, MPa
ft0a = design tensile strength parallel to the graif,aM
k..oa = modification factor for safety class and loadadion
yu = partial safety factor for CLT

froq = 12.32 MPa

The design tensile load T was distributed across dffective cross-section and
compared to the tensile strength of the elenfigny.

T
T,=—-—=1.39 MPa
Ay

Tq<ftoa
Utilization ratio = 12%

With a design load that only reaches 12% of theallveapacity of the CLT element,

brittle failure could be avoided as long as theaslwapacity of the bolts would yield
before it. Following recommendations and studiesed out by Mpidi Bita (2019) and

corroborated with Eurocode 3 guidelines, bolts vA8mm diameter were selected.
These were verified through design procedures sgprein EN 1993-1-8. With a
resultant shear stregs,;, the number of bolts required were determineHbasviing.

Fyra = 139 kN
T =300.4 kN
T
n, = = 2.2 - 3 bolts
Fde

For the total design load T, three 25mm bolts wereessary. With two angle brackets
per CLT element, a total number of four bolts wenplemented. Thus, the total load
carrying capacity of the bolted connection was kN6
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Utilizati tio = 3004 kN _ 54%
wrzation ratio = 556kN = 0

With a utilization ratio of 54% compared to 12%tlé CLT tensile strength, the bolts
would yield before reaching the design capacithefCLT element. According to these
results it was concluded that the criteria of C#tgd8ased Design was achieved. The
CLT slab, as a result, possessed an overstrengtbr faf 4 compared to the bolts.
Following recommendations from Mpidi Bita (2019)manimum overstrength factor
of 1.6 should be achieved to ensure the triggéiaafjing action to prevent progressive
collapse.
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7 Estimation of carbon footprint

In the following section simplified calculations medone to estimate the €O
emissions and thus the contribution to the clinfadgprint for the original design and
the proposed solution. The original design con@$toors made up of hollow-core
slabs vs the proposed design with floors made upLaf panels. The results for the
different designs were then compared to gain sebettderstanding of the potential
change an alternative solution would produce. Tkeessary data used for the
calculations and comparison are extracted from BEPt hollow-core and CLT
elements provided by the manufacturers Strangbe&®agnd Martinsons Tra, see
Appendix C.

The EPD for CLT provides only information for theoduct stage A1-A3. The EPD for
hollow-core provides declared values even for thiestruction process stage A4-A5
and the end-of-life stage C1-C4. Based on the Ei*dllow-core one can conclude
that the highest contribution to the GWP is frora groduct stage, see Table 12.1 in
Appendix C. Since both CLT and hollow-core are glogicated elements and thus have
similar transport and installation procedures oae assume that CLT have similar
GWP values as hollow-cores for the constructiorcess stage A4-A5, use stage B1-
B7 and the end-of-life stage C1-C4. For the purpadghis thesis the calculations and
comparison will only include the data from the prodstage Al-A3 due to the
conclusion that the highest environmental improwai:mean be done in this stage.

The floor in the case study is composed of twoedgiht hollow-core elements, HD/F-
27 with a sectional height of 270 mm with a totaheent area of 11679%and HD/F-
40 with a sectional height of 400 mm and a totahent area of 1120%m Due to the
different sectional height, hollow-core sectionsitean different amounts of concrete
and reinforcement and thus have different decl@®¢P values. The declared GWP
values for product stage A1-A3 for different holl@are’s and per fof element are
presented in Appendix C, Table 12.1. For CLT, WP values are declared pef m
of material and are presented in Appendix C, TdRS. To be able to compare the
environmental impact of CLT and hollow-core elenserihe calculations and
comparison are done pef wf the element and the total element area. Foptingose
of calculations and comparison, the same sectioaigiht of 270mm was chosen for
CLT as for the hollow-core elements in the origidesign for the entire building floor
area. The results are summarized in Table 7.1.

The GWP per square meter of the element can beailadd with the following
expression:

GWP,2 = (o) - GWP, (7.1)

Where:

h = Sectional height of the element [mm]
GWP,s = Declared GWF{kg Coz_e]

m3

The GWP for the total area was determined throhgHdllowing expression:
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GWPTOT == ATOT ' GWPmZ (72)

Where:

Aror = Total area of the elementsqm
GWP,,. = Declared or calculated GV\{IRg Coz_e]

m?2

GW Pror = The total GWP for the total area of the struatetement [kg C@e]

GWP of hollow-core slabs type HD/F-27:
h = 270 mm

ATOT == 11679 m2

COZ—e

m2

GWP,» = 46.9 kg

GWPror = Aror - GWP 2 = 11679 - 46.9 = 548 ton CO2-e
GWP of hollow-core slabs type HD/F-40:
h = 400 mm

ATOT =1120 rrl2

COZ—E
m2

GWP,» = 63.6 kg

GWPTOT = ATOT - GWPmZ =1120-63.6 =71.2 ton COZ'e
GWP of CLT flooring systems provided by Martinssdma:
h =270 mm

ATOT = 12799 mz

COZ—e

m3

GWP,: = —672kg

GWPy2 = (=) - GWPy = (B - (—672) = —181.4 kg =2

1000 1000 m2

GWPror = Aror - GWP, 2 = 12799 - (—181.44) = —2177.28 ton COz-e

Table 7.1 Global warming potential of hollow-cotelss and a CLT flooring
system.
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Flooring system HCHD/F-27 | HCHD/F-40 | CLT
GWP [kg C(:;z‘e] 46.9 63.6 -181.4
Height of the floor [mm] 270 400 270
Total floor area [m?] 11679 1120 12799
GWP total [ton CO2-€] 548 71 -2177.3
Absolute difference GWP [ton CO2-e] | 2796.3

The declared GWP has a positive value for hollone@nd negative values for CLT
due to the capability of CLT to store @ hat means that hollow-core has a negative
and CLT a positive climate footprint. The total GVifRlicates a large difference
between emitted C£e of hollow-core and stored G@ in CLT elements. By using
CLT for floors instead of hollow-core a considemblimate impact improvement can
be achieved. The total absolute difference of 2¥86n CQ-e is the total amount of
COz-e saved by using CLT instead of hollow-core asrflelements for the case study
building. In other words, for each case study boddwith CLT floor elements
approximately 4 similar buildings with hollow-cofieor elements can be built while
still having climate neutral impact.
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8 Discussion

8.1 Discussion and conclusion

The alternatives presented explored the availabtbspto trigger different collapse
resistance mechanisms. It depends on the designéetérmine the best approach,
which is on a case-by-case basis. Many extrapolaticere drawn from research and
literature for this case study.

EN-1991-1-7 recommended that beyond design throlgltying or notional removal

method, a structure was considered robust if tHapse area remained below the
allowed limit of 15% of the total floor area. Difnt guidelines like EKS 11 include
these remarks, while others such as UFC docume@gesti that any sort of partial
collapse is not allowed; therefore, that recommgeadashould be neglected. The
inclusion or exclusion of this recommendation phis spotlight on the conservatism
of the Eurocode that might require the personagnuent of other engineers when
designing for robustness. This could potentiallidevi the spectrum of what is
considered the correct methodology to design foustness in timber structures.

For wall-to-wall connections, one dry and detachatinnection has been identified
and presented as an alternative. Since the scapesahaster thesis was the floor-to-
wall connections, several alternatives for wallatall connections were not presented.
According to equation 4.4 the design load for waitties includes only the self-weight
of the floor. The self-weight of the wall abovenst included in the calculations
according to EN-1991-1-7 and EKS 11. This shouldupther investigated. We think
that the self-weight of the wall above a removed @low should be included in the
calculations since all vertical elements are cotetethrough vertical ties.

The methods used for calculations and comparisa@tirofte impact are based on data
extracted from EPD’s for the different productsnc® the EPD’s are the most

comprehensive and third party reviewed declaratparformed by the manufacturers,
the information extracted is thus considered to rekable and accurate. The

uncertainties are thus considered to be at miniewel. There may be other methods
to estimate the climate impact of construction piag and the entire building. Those
have not been investigated in this thesis.

The methods used are applicable as long as theslatdracted from EPD’s for the
products used in the actual project. If elememmfother manufacturers are used, due
to different production processes, equipment éte.declared GWP values in EPD’s
may vary. However, since concrete has a negatigeCAT a positive climate impact,
the net climate impact will be positive when exdiag hollow-core with CLT
elements. As previously mentioned in Section 7.4 kighest climate impact is
observed during the product stage of the life cyadlalysis for hollow-core. Since the
other stages stand for approximately 10% of thal iimate impact it is considered
accurate enough to limit the calculations to thredpct stage.

The calculations show that concrete has a conditbereegative environmental impact

in contrast to CLT. By replacing hollow-core slabgh CLT panels a considerable
positive climate impact can be achieved.
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In the case study building according to Chaptéretspan of the floor elements is 10.7
m. CLT floor panels with a height of 270 mm usedtfe calculations in Section 6.2.2
have a maximum span of 6.5 m, seen in AppendixnBrehlity, a complementary
intermediate load bearing wall will be needed ire tmiddle of the building's
longitudinal direction to support the CLT panefsthat case the governing design load
for the wall-to-wall connections will be calculatedcording to equation 4.5 for the
vertical ties in the complementary intermediatelwal

8.2 Potential for further research

Cross-laminated timber benefits from the abilitywtork in both directions. Bending
moment and tensile capacity parallel to the graifbath directions could pose the
ability for the CLT elements to be supported inhbdirections. In this hypothetical
situation, the panel-to-panel connections wouldhgemain weakness. However, it is
arguable and might need further research to deterrha two-way supported slab con
have additional contribution to prevent progressigkapse.

Long-term effects as the result of column wall reaiastill require further analysis to
identify unforeseen damages to the structures, thargh elements might have been
replaced. The large vertical displacements of etgsnabove the removed wall could
also suffer horizontal displacements. The vertioalds and the eccentricity could
potentially induce second order effects. These cdspeaere not considered in the
design. Second order analysis and finite-elememilsitions are encouraged to analyze
long-term effects of the undamaged portions ofstingcture.
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10 Appendix A - Categorisation of consequence
classes for buildings

Table A.1 - Categorisation of consequences classes.

Consequence
class

Example of categorisation of building type and occupancy

1

Single occupancy houses not exceeding 4 storeys.

Agricultural buildings.

Buildings into which people rarely go, provided no part of the building is closer to
another building, or area where people do go, than a distance of 1'/, times the
building height.

2a
Lower Risk
Group

5 storey single occupancy houses.

Hotels not exceeding 4 storeys.

Flats, apartments and other residential buildings not exceeding 4 storeys.

Offices not exceeding 4 storeys.

Industrial buildings not exceeding 3 storeys.

Retailing premises not exceeding 3 storeys of less than 1 000 m® floor area in each
storey.

Single storey educational buildings

All buildings not exceeding two storeys to which the public are admitted and which
contain floor areas not exceeding 2000 m° at each storey.

2b
Upper Risk
Group

Hotels, flats, apartments and other residential buildings greater than 4 storeys but
not exceeding 15 storeys.

Educational buildings greater than single storey but not exceeding 15 storeys.
Retailing premises greater than 3 storeys but not exceeding 15 storeys.

Hospitals not exceeding 3 storeys.

Offices greater than 4 storeys but not exceeding 15 storeys.

All buildings to which the public are admitted and which contain floor areas
exceeding 2000 m” but not exceeding 5000 m’ at each storey.

Car parking not exceeding 6 storeys.

All buildings defined above as Class 2 Lower and Upper Consequences Class that
exceed the limits on area and number of storeys.

All buildings to which members of the public are admitted in significant numbers.
Stadia accommodating more than 5 000 spectators

Buildings containing hazardous substances and /or processes
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CONSOLIS Dimensioneringshjilpmadal robusthet 142
5 Dokid 13440290
STRANGBETONG Angrad  Anders Mafisson, 0340-666244 Datum  2016:08-14
Skapad Andars Mattsson, 0340-666244 Datuim 2016-05-26
Faststdlid  Andars Matisson, 0340-666244 Datum 2016-09-14
Robusthet Strangbetong
enligt SS-EN 1991-1-7 Bilaga A
Bakgrund
| och med eurckod SS-EM 1991-1-7 anvisades el sétl alt koppla riskbeddmning till atgérder 1&r att 14
en robusthel i byggnaden som molsvarar risken. Byggnader delas in i konsekvensklasser; CC1 (sma
konsekvenser vid ras), CC2 (medelstora kensekvenser vid ras) och CC3 slora konsekvenser vid ras.
CC2 uppdelas i en lagriskgrupp CC2a och en hdgriskgrupp CC2b.
Konsekvensklassen paverkar bland annal hur dragband maste utformas, konlroll av svelsade detaljer
sami graden av granskning och kontrollatgarder (kontroliplan).
Till hjdlp vid bestamning av kopplingar och krafter kan nedanstdende diagram tillsammans med
lladesschema enligt dokument #13388135 saml berdkningsexempel enligt dokument #13389198
anvandas. En berakningsmall finns ockséd utvecklad se dokumenl #13139341.
Tabell
{se dven tabell A1 i bilaga A SS-EN 1991-1-7) 9= &ven [Brutsdliningar belr. Area.
21 N I s .
18 1 I .
17 ] ..
16 - Il Il Il = .
15 - Il Il I = .
13 ] . E .
13 - Il Il I = .
15 Il E .
Rt N EE
510 - NN
£ Il B E NN
Sa. Il Il Bl BE N
2. Il Bl E BE B
3 g Il I = = = nCC3
g5 Il Il Il = .
3 B N N N = CC2b
EEEEEEE oo
2 -
1 - Il Il E BN nCC1
0 - Il Il = = =
& & ﬁf@ﬂ“f@ff Qf‘ s
Observera att 1ér sjukhus giller CC3 dver 3 vaningar oavselt yta.
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11 Appendix B - Characteristic variable loads on

floors
Tabell C-1 Nyttig last pa bjdlklag m.m. | byggnader
Kategori a7y [kN/m®] @, [kN]
A rum och utrymmen | bostader
- Bjalklag 2.0 2.0
= Trappor 2.0 2.0
- Balkonger” 35 2.0
= Vindshalkiag | 1.0 1.5
= Vindsbjalkiag Il 0.5 0.5
B: kontorslokaler i 3,0
C: samlingslokaler”
= C1: Utrymmen med bord, etc. Lex. lokaler i skolor, 25 3.0
caféer, restauranger, matsalar, lasum, recephioner,
-2 Utrymmen med fasta sittplatser, Lex. kyrkor, teatrar 2.5 30

eller biografer, konferenslokaler, forelasningssalar,
samlingsiokaler, vantrum samt vantsalar pa jamvags-
stationer

= C3: Utrymmen utan hinder for manniskor i rorelse, Lex. 30 30
miseer, utstaliningslokaler, etc. samt kommunikations-
utrymmen i offentliga byggnader, hotell, sjukhus och
jarnvagssiationer.

— C4: Utrymmen dar fysiska aktiviteter kan forekomma, 4.0 4.0
t.ex. danslokaler, gymnastiksalar, tealerscenar
- C&: Utrymmen dar stora folksamlingar kan forekomma, 5.0 45

tex i ygonader avsedda for offentliga samman-
komster sasom konserthallar, sporthallar inklusive sta-
platslaktare®, terrasser. samt kommunikations-
utrymmen och plattformar bl jarmvagar.

D affdrslokalear
- D1 Lokaler avsedda for detaljhandel 4.0 4.0
— D2 Lokaler i varuhus. 5.0 7.0

*  Observera 6.3.1.1(2) i EN 1991-1-1. Véardena i tabellen innehaller inte dynamiska effekier

Pa balkonger, stdplatsiiktare och terrasser behdver inte nvitig last antas verka samtidiot
s snolast,

(BFS 2015:6).
Figure 11.1 Characteristic variable loads in buiidjs
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Stycke A1.2.2(1)

5§ Virden pa y-faktorer enligt tabell B-1 ska tillampas.

Tabell B-1 w-faktorer
Last Yo W W2
Nyttig last | byggnader
Kategori A: rum och utrymmen 1 bosta- 0,7 0.5 0.3
der
Kategori B: kontorslokaler 0,7 0.5 0,3
Kategori C; samlingslokaler 0,7 0,7 08
Kategori D: affarslokaler 0,7 0,7 086
Kategori E: lagerutrymmen 1,0 0.9 0.8
Kategori F: utrymmen med fordonstrafik,

fordenstyngd = 30 kN 0.7 0.7 0.6
Kategori G: utrymmen med fordonstrafik,

30 kN < fordonstyngd = 160 kN 0.7 0.5 0.3
Kategori H: yttertak 0.0 0.0 0.0
Snélast med beteckningar enligt 35- 0.8 0.6 0,2
EN 1991-1-3 5 2 3 kN/m’

2,0 £ 5 < 3,0 kN/m* 0.7 0.4 0,2
1,0 £ 5, < 2,0 KN/m® 0.6 0.3 0,1
Vindlast 0.3 0.2 0.0
Temperaturlast (ej brand) i byggnad 0.6 0.5 0.0
(BES 2015:6).

Figure 11.2 Load combination factors EKS 11
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24 3 1,49
28 3 1,33
32 3 1,20
a6 3 1.09
40 3 1.00
48 3 0,85
56 3 0,75
40 5 1,00
48 5 0,85
52 5 0,80
56 5 0.75
60 5 0,70
64 5 0,67
72 5 0,60
80 5 0,54
92 5 0,48
&8 7 0.63
Ha !/ 0,52
96 ! 0.46
108 7 0.4

112 7 0,40

Figure 11.3 CLT material properties
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12 Appendix C- Environmental impact of hollow
core elements and CLT panels

Table 12.1  Environmental impact of hollow-core eders.

Miljopaverkan

enhet Al A2 A3 Ad A5 ] c2 c3 c4 Al-A3
GWP [kgCO,= 133 171 1,20 7,00 0,36 3,79 1,04 0 0 136
ODF__ [kgCFClie | 3,09E03| 1,7E.07| 7,43E07 | 3,79E.07| 9,01E-08| 7,13E07 | 1,60E.07 0 0 3,00E03
POCP |kgCH.= | 2.00E-02|8,6E.04] 5,59E-04 | 4,29E.04] 6,74E05| 7,00E-04 | 1,08E-04 0 0 2,14E02
AP kgSO,= | 1.74E-01|3,26-02| 7,18E-03 | 2,726-02| 3,29E-03| 3,74E-02 | 7,60E-03 0 0 2,12E-01
EP kgPO e | 3,93E-02|3,1E03| 1,00E-03 | 9,97E.03| 540E.04] 6,48E.03 | 1,39E.03 0 0 4 44E 02
ADPM kg Sb-e 2 93E-04| 3 5E.08| 2,00E06 | 2,62E.08] 2,42E 08| 1,14E-08 | 1,04E-08 0 0 2,96E 04
ADPE__|MJ 491E+02] 107 | 4,84 78.4] 3,13E.01 0 3,10E+01 0 0 5 0BE+02

*Table extracted from EPD for hollow-core elemenihe values are declared for a
sectional element height of 270 mm and per cubitencd a hollow-core element. The
table is used for comparison of declared GWP vabedween different LCA stages A-
C in Section 7.1.

Table 12.2  Climate impact of hollow-core elemerith different sectional height
for LCA stage A1-A3

Klimatpaverkan A1-A3 for olika haldack

Typ Hojd  |kg armering/ton| kg CO,-efton Hald&ck ton/m2 |kg CO,-e/m?
HDF20 | 200 14,8 138,5 0,258 35,7
HDF22 | 220 12,5 136, 1 0,306 41,6
HDF27 | 270 12,7 136,3 0,344 46,9
HDF27 | 270 5,21 128,4 0,44 56,5
HDF38 | 380 17,1 140,9 0,446 62,8
HDF40 | 400 18,0 141,9 0,448 63,6

*Table extracted from EPD for hollow-core elemeritse declared values in the right
column represent GWP for hollow-core elements wifferent sectional heights. The
values are declared per square meter of elementhE&aalculations and comparison
in Section 7.1 values for elements HDF27 and HDWéfe used.

Table 12.3  Environmental impact of CLT for LCA st#d.-A3

Miljgpavirkning

Parameter Unit Al-A3
GWPgi.cHa kg CO;-ekv 672
derav biogent karboninnhold, GWP g;, 718
derav bidrag till klimapav., GWP zys 456
ODP kg CFC11-ekv 4 5E-06
POCP kg CQH4 -aky 0.035
AP kg SO, -ekv 0.29
EP kg PO4}-6KV 0.061
ADPM kg Sh-ekv 7.7E-05
ADPE MJ 713
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*Table extracted from EPD for CLT. The values aeeldred per cubic meter of the
CLT panel. For the calculations and comparisondati®n 7.1 declared values for
GWP were used.
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13 Appendix D - Timber connections subjected to
shear, axial, and withdrawal loads

! | —

s Fasteners in
LVL / LVL Connection
side grain Fastener in end
grain connection N*
Plywood cover plate
N* N*
-— EEINREA
Elevation
Plan
Spliced Joints
o
Beam
. T
E] €
5 g ° ° I
. .
. . \ Spacer / bearing
support / beam
locator Rafter / Wall Plate Connection
- = A
v

Beam / Column Connection

e

c

3

91
Box Beam / Column Moment Joint

Plywood Gusseted Moment Joint
Figure 13.1 Connection subjected to shear
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Fastener axially & = Depth of fastener penetration
\Ioaded in withdrawal into supporting member
A ==
A% \\‘ 4 3 6
= x/; |

7% ' S\
1 % Supporting / g{%%}\

. Member /
Supported

A
VN* Member *N*
Fastener in side grain Section A-A
{f 1

Fastener axially :
A . Straight
—_— / . loaded in \ driven
withddrawal ;
/ N nails

1
‘ Minimum two —/

A—» v N* nails required
for nailed joints
: ; Section A-A
Fastener in end grain
t 14
: ‘
——
|
9 %
A ‘ v
N*
Skew driven nails in end grain Section A-A

Figure 13.2 Connections subjected to axial loadd aithdrawal

66 CHALMERS, Architecture and Civil Engineerindvaster’'s Thesis ACEX30



14 Appendix E - Design loads for wall-to-wall
connections

Original design:

Floor: Hollow-core elements HD/F27 with a thicknes270 mm.

gk = 03442 =337 (Appendix C, Table 12.3)
_ kN . .

qr = 2.0 — (Appendix B, Figure 11.1)

¥, =03 (Appendix B, Figure 11.2)

Scenario 1- removal of corner wall:
[, =10.7m (Distance between the vertical ties)
L=7.0m (Wall element length)
The design load for the vertical ties accordingdqoation 4.4:
Typ = (g + ¥, qx) 051, L =(3.37+0.3-2.0):0.5-10.7- 7.0 = 148.68 kN
Design load per meter of wall:

T,p 148.68 2124 kN
L 70 7% m

Required amount of wall shoes SUMO 16H accordingigire 6.5 for this element:

Typ _ 148.68

= 2.4 — 3 wall shoes
NRa 62

Scenario 2- removal of a facade wall:
[, =10.7m
L=75m
The design load for the vertical ties accordingdqoation 4.4:
Typ = (g + ¥, qx) - 05-1,-L =(3.37+0.3-2.0):0.5-10.7 7.5 = 159.30 kN

Design load per meter of wall:

L 7.5

T., 159.30 kN
LA =21.24
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Required amount of wall shoes SUMO 16H accordingignire 6.5 for this element:

__ Typ _ 15930

NRa 62

= 2.6 — 3 wall shoes

Proposed solution:

Floor: CLT elements with a thickness of 270 mm.

Ik = 108% = 1.06 % (Appendix B, Figure 11.3)

qr = 2.0 k—N
mZ
Y, =0.3
Scenario 1- removal of corner wall:
l, =10.7m
L=70m

Typ = (g + ¥, qx) 051, L =(1.06+0.3-2.0)-0.5-10.7 - 7.0 = 62.17 kN
Design load per meter of wall:

T,,p_62.17_890 kN
L 70 " m

Required amount of wall shoes SUMO 16H accordingigire 6.5 for this element:

__ Typ __ 62.17
NRd 62

= 1.0 — 2 wall shoes
Scenario 2- removal of a fagade wall:
[, =10.7m
L=75m
Top = (g + ¥, - qx) - 0.5-1, - L = (1.06 + 0.3-2.0) - 0.5- 10.7 - 7.5 = 66.60 kN

Design load per meter of wall:

T,,p_66.60_890 kN
L 75 " m

Required amount of wall shoes SUMO 16H accordingigire 6.5 for this element:

Typ __ 66.60
NRd 62

= 1.1 — 2 wall shoes
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15 Appendix F — Material properties of CLT

elements, Martinsson’s Tra

Hallfasthetsklasser — karakteristiska varden

Mjuka traslag

Hallfasthetsegenskaper (i N/mm?)

Bojhallfasthet
Draghallfasthet langsriktning 1.5
Draghallfasthet tvarrikining et

Tryckhallfasthet langsriktning ; —
Tryckhallfasthet tvarriktning § o

Cl4

14
8
0,4
16
2,0

Styvheter for stabilitetsberdkningar och barférmaga (i N/mm?)

Elasticitetsmodul Eg_.:|5

Styvheter i bruksgranstillstand (i N/mm?)

Elasticitetsmodul langsriktning b s
Elasticitetsmodul tvarriktning S
Skjuvmodul G

Densitet (i kg/m?)
Densitet Pk

Densitetsmodul Pmean

4,7

0,23
0,44

290
350
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24
14
0,4
21
25
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10
0,37
0,69

350
420
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16 Appendix G - Design loads for floor-to-wall
connection

Design loads applied on angle bracket due to saggin

Typ _ 66.60 — 3890 kN

L 75 " m
kN

gw = 1982?

d =1.20m

G, = (T,p + gy) *d = 32.18 kN

Gv

70mm

35mm

Gv
Figure 16.1 Bending moment equilibrium in angledket due to sagging

Dimensions of angle bracket:

t, = 25mm
[, =200mm
h, = 70mm
b, = 70mm

Bending of the angle bracket due to sagging:

nb=2

b
M, = G, *n—b = 1.126 kNm = 1126 Nm
b
ng, = 2

M,
Mbl - sz - = 563.15 Nm
np
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Nm
K =91.58——
deg

Mp,
0 =——=6.15d
K €9
Verification of tensile strength in CLT slab due to sagging

Gv

O

Figure 16.2 Tensile load equilibrium of CLT slakedo sagging

T = O _ 300.4 kN
~sin(0) '

Ty=—
d A,

Where:

Aef = Hef * d
Her = ng * tepq = 4 % 45mm = 180mm

Aoy = 0.216 m?

%%
7
i
vt

6.3 Effective cross section of CLT slabatlal to the span direction

SN
SN
SYRN
N

=

Figure

kN
Ty =1391— =139 MPa
m
ftox = 14 MPa

_ kmod * ft,O,k
froa=—""——"7—
Ym

yu = 1.25 Table 3.2 CLT Handbook (Svensk Tra, 2019)
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kmoa = 1.1 Table 3.3 CLT Handbook (Svensk Tra, 2019)
feoa =12.32 MPa

Tq<ftoa

Tensile stress induced in slab cross-section willoause tensile failure in CLT
element. Brittle failure is avoided

Verification of compressive stresses perpendiculdo the grain

G, 32.18kN

V.=—=——=16.09kN
¢ ny 2

Aab = bb * lb = 0.14 mz

c

kN
Veer = 7= =1149— =1.15MPa

ab

fC,90,k = 2.0 MPa

kmod * fc,90,k

fC,90,d = =1.76 MPa

Ym

Vcef < fc,90,d

Compressive stresses induced in slab interfacethatlangle bracket will not cause
compressive failure in CLT element.

Verification of bolted connection in CLT element aginst shear failure

Dimensions and material properties of the boltsevadatained from Eurocode 3:
Design of Steel Structures

Bolt class: 4.6
Diameter = 25mm = d,
E =200 GPa
v=20.3

ay * fyb * Asef

Ym2

Fyra =

Where:
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a, = 0.6 Table 3.4 EN 1993-1-8
fyp = 240 N /mm2 Table 3.1 EN 1993-1-8

Ym2 = 1.25 Table 2.1 EN 1993-1-8

Asef = db * Hef = 2160 mmz

0.6 + 240 > * 2160 mm?
Forqg = mgnzs =139 kN
T =300.4 kN
T
n, = = 2.2 - 3 bolts
Fde

The floor-to-wall connection is composed of two lengrackets per slab element,
1.20 m of width. With two angle brackets, the numiiebolts required to have an
even distribution is four.

Figure 16.4 Distribution of angle brackets, topwie
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