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SUMMARY: 
Gridshell structures have traditionally been constructed with steel members welded together or bolted to steel 
connectors. Due to matters such as environmental aspects, developments of timber products and an increased focus on 
timber as a building material, both regarding aesthetics and material qualities, more gridshells are now being constructed 
with timber products. The design of the connections in gridshells can be complicated due to loading conditions and 
comprehensive geometries. This thesis investigates the possibility of developing aluminium connectors as a substitute to 
steel connectors, since aluminium is recyclable, has low density and is easier to form compared to steel. 
 
Finite element analyses of two gridshell connectors in aluminium are presented. These are the “Glued Finger” (GF) 
connector, where the material meets in the centre, and the “Split Ring” (SR) connector, where the material is placed 
around the centre. Two main design challenges have been identified and checked structurally: the core part, and the 
timber-to-metal part. To make the design process of gridshell connectors more effective, finite element analyses (FEA) in 
a parametric environment have been explored. Custom components in the Rhino/Grasshopper software have 
successfully been developed to analyse the structural behaviour of connectors parametrically. The components enable 
the designer to make a parametric finite element 3D model in Rhino/Grasshopper, and scripts the input file (INP), which 
can be directly imported as a model to be submitted for analysis in Abaqus. 
 
From the results in the parametric structural analysis, it was concluded that the SR connector is the best design 
regarding volume efficiency and thus also cost efficiency. When assessing whether the connectors are susceptible to 
buckling and how they handle eccentric loads, the SR connector seems to be the better design due to its high bending 
stiffness about both axes. To improve the performance of the GF connector regarding eccentric loads and buckling, it is 
proposed to add plates perpendicular to the middle of its inner plates. Nevertheless, the rotational stiffness of the GF 
joints is found to be about twice as high as the rotational stiffness of the SR joints. Furthermore, the GF connector is 
argued to be the most practical design when assembling the structure at building site, as it consists of less parts that 
connects the timber members together.  
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Abstract

Gridshell structures have traditionally been constructed with steel members welded to-

gether or bolted to steel connectors. Due to matters such as environmental aspects,

developments of timber products and an increased focus on timber as a building ma-

terial, both regarding aesthetics and material qualities, more gridshells are now being

constructed with timber products. The design of the connections in gridshells can be

complicated due to loading conditions and comprehensive geometries. This thesis in-

vestigates the possibility of developing aluminium connectors as a substitute to steel

connectors, since aluminium is recyclable, has low density and is easier to form com-

pared to steel.

Finite element analyses of two gridshell connectors in aluminium are presented. These

are the “Glued Finger” (GF) connector, where the material meets in the centre, and

the “Split Ring” (SR) connector, where the material is placed around the centre. Two

main design challenges have been identified and checked structurally: the core part, and

the timber-to-metal part. To make the design process of gridshell connectors more ef-

fective, finite element analyses (FEA) in a parametric environment have been explored.

Custom components in the Rhino/Grasshopper software have successfully been devel-

oped to analyse the structural behaviour of connectors parametrically. The components

enable the designer to make a parametric finite element 3D model in Rhino/Grasshop-

per, and scripts the input file (INP), which can be directly imported as a model to be

submitted for analysis in Abaqus.

From the results in the parametric structural analysis, it was concluded that the SR

connector is the best design regarding volume efficiency and thus also cost efficiency.

When assessing whether the connectors are susceptible to buckling and how they handle

eccentric loads, the SR connector seems to be the better design due to its high bending

stiffness about both axes. To improve the performance of the GF connector regarding

eccentric loads and buckling, it is proposed to add plates perpendicular to the middle

of its inner plates. Nevertheless, the rotational stiffness of the GF joints is found to be

about twice as high as the rotational stiffness of the SR joints. Furthermore, the GF

connector is argued to be the most practical design when assembling the structure at

building site, as it consists of less parts that connects the timber members together.
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Sammendrag

Gitterskallkonstruksjoner har tradisjonelt blitt bygd opp av rette st̊alelementer, sveiset

eller boltet til st̊alforbindere. P̊a grunn av miljøaspekter, utvikling av trelastprodukter,

økt fokus p̊a tre som byggemateriale b̊ade med hensyn til estetikk og materialegen-

skaper, bygges flere gitterskall n̊a i tre. Design av forbindere i gitterskall kan være

komplisert p̊a grunn av lastforholdene og omfattende geometrier. Med bakgrunn i at

aluminium er et resirkulerbart materiale, har lav tetthet og er lettere å forme sammen-

lignet med st̊al, undersøkes muligheten for å utvikle forbindere i aluminium som en

erstatning til forbindere i st̊al.

Elementanalyser av to gitterskallforbindere i aluminium er presentert. Den ene er

“Glued Finger” (GF)-forbinderen, hvor alt materialet møtes i senteret. Den andre

er “Split Ring” (SR)-forbinderen, hvor alt materialet er flyttet ut fra senteret. To

hovedutfordringer med designet er identifisert og dimensjonert; kjernedelen og tre-til-

metall-delen. For å gjøre dimensjoneringsprosessen av gitterskallforbindere mer effektiv,

har elementanalyser blitt etterforsket i et parametrisk miljø. Tilpassede komponenter

har med suksess blitt utviklet i programmene Rhino/Grasshopper, for å analysere den

konstruksjonsmessige oppførselen til forbindere parametrisk. Komponentene muliggjør

at designeren kan lage parametriske elementmodeller i 3D i Rhino/Grasshopper, og

genererer input-filen (INP) som kan importeres som en modell og deretter sendes inn

for analyse direkte i Abaqus.

Fra resultatene i den parametriske konstruksjonsanalysen ble det konkludert med at SR-

forbinderen har det beste designet med tanke p̊a volumeffektivitet og dermed ogs̊a kost-

nadseffektivitet. Ved vurdering av om forbinderene er utsatt for knekking og hvordan de

takler eksentriske laster, ser SR-forbinderen ut til å være et bedre design, p̊a grunn av

dens høye bøyestivhet om begge akser. For å forbedre opptredenen til GF-forbinderen

i forhold til eksentriske laster og knekking, er det foresl̊att å legge til plater rettvinklet

p̊a midten av de indre platene. Derimot er rotasjonsstivheten til GF- forbinderen fun-

net å være rundt dobbelt s̊a høy som rotasjonsstivheten til SR-forbinderen. Videre er

det argumentert for at GF-forbinderen ser ut til å ha det mest praktiske designet ved

montering av konstruksjonen p̊a byggeplass, siden den best̊ar av færre deler som skal

binde sammen treelementene.
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Problem description

The topic of timber gridshells with aluminium connectors is part of the PhD project of

Steinar Hillersøy Dyvik. Three master theses, including this, have investigated relevant

and related aspects of the topic. One group, consisting of H̊akon J. K. Brun, Erlend

Hansen and Edvard H. Zimmer, has investigated design tools and optimisation options

for discrete timber gridshells in a parametric environment. The second group, con-

sisting of Sverre M. Haakonsen, Daniel M. Instanes and June-Marie J. Esjeholm, has

implemented Thrust network analysis (TNA) in Grasshopper and tested the method’s

performance on discrete gridshells, especially regarding the global stability and how

it is affected by the joint’s stiffness. This thesis, on the other hand, investigates the

connector itself, the connection between the timber and the connector, and how this

can be analysed with finite element modelling parametrically.

The aim of this thesis is to present Finite Element Analysis (FEA) of the GF and SR

connector, which is developed by Steinar Hillersøy Dyvik, and analyse different dimen-

sions of the connectors by changing the geometrical parameters, to find an optimal

shape. To provide numerical FEA, Abaqus CAE is to be used. It is also desired to

compare the two connector designs by looking at their strengths and weaknesses, and

to get an understanding of how stresses will be distributed in each design.

Furthermore, a goal is also to develop components in Grasshopper so the structural

behaviour of connectors can be analysed rapidly, this to make the design process of

gridshell connectors more effective and part of the gridshell design as a whole. Current

add-ons in Grasshopper does not provide the possibility to perform FEA of 3D solids.

To construct a model in Abaqus can be time consuming since one manually need to

define all aspects of the model, step by step. Therefore, Abaqus is not well suited for

parametric structural analyses. Thus, to create a link between the Rhino/Grasshop-

per environment and Abaqus so that one in an efficient way can analyse 3D models

parametrically, is favourable.
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Introduction

1 Introduction

Designing connections for gridshell structures can be challenging and it demands pro-

gressive research and investigations to accomplish innovative solutions. Due to the

irregular geometries of most gridshells, the connectors should be investigated as part of

the gridshell as a whole. To introduce the topic of timber gridshells with aluminium con-

nectors, timber gridshells in general are investigated as well as theory behind aluminium

structural design. Furthermore, the design of the connections are considered with ex-

isting designs of connections of timber gridshells. Then, the complexity of NURBS-

and free form surfaces is discussed in addition to numerical analysis and experimental

testing of connectors. In the end, the two different connector designs which has been

developed for the British Museum as a timber gridshell is introduced, and the software

used in this thesis.

1.1 Timber gridshells

Shell structures are characterised by curved surfaces, where the thickness of the surface

is small compared to the other dimensions of the structure. In addition, shell struc-

tures carry their loads mainly through membrane action; by tension forces, compression

forces and shear in the plane of the shell (Harris, 2011).

In Chilton and Tang (2016), a simple and wide definition of a gridshell is that “a grid-

shell is essentially a shell with holes, but with its structure concentrated into strips”.

A more detailed definition is that a gridshell is a spatially curved framework of rods

and rigid joints. The effectiveness of the load-bearing capacities of shells and gridshells

eliminates the need of additional columns and beams, which may be a preferred choice

to create open and inviting structures and areas.

Historically, shells have generally been constructed in concrete or masonry whereas

gridshells have predominantly been constructed in steel. The first timber gridshell, the

Deubau Pavilion in Essen, was realised in 1962 (Chilton and Tang, 2016, p. 14), but

timber gridshells back then were designed largely by highly intricate physical hanging

chain models. Due to subsequent developments of timber engineering products and ad-

vances in digital design, analysis, parametry and fabrication along with a greater focus

on sustainable materials, timber gridshells in various forms are emerging as structures

that were previously impossible to build.

1



1.1 Timber gridshells

Timber gridshells can generally be divided in two categories; discrete timber gridshells,

where straight timber members are connected by using metal connectors, and kinematic

timber gridshells, where the grid is built flat and then post-formed into the desired

curved shell shape. A built example of a discrete timber gridshell in London can be

seen in figure 1.1, and is more thoroughly described in section 1.3.1.

Figure 1.1: Discrete timber gridshell under construction at Crossrail Place in London, Photo:

c©Arup (2013)

One example of a kinematic gridshell is the Trondheim Pavilion in figure 1.2. Laths with

straight and slotted holes are bolted together in a grid, creating kinematic connections

that are tightened when the gridshell is formed and lifted to its desired shape. Unlike

the straight members of discrete timber gridshells, the timber members are bent in

kinematic gridshells due to the shape forming method.

Figure 1.2: Trondheim Pavilion, Photo: Labonnote (2015)
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1.2 Aluminium structural design

1.2 Aluminium structural design

Aluminium is not just one material, but it is the base for many groups of alloys with

different material properties. The material properties can vary both between and within

the groups of alloys. It is critical to have good knowledge about which alloys that are

available and their material properties, to choose the most suitable alloy in the design.

The reason for using aluminium alloys is primarily because of the increase in strength,

corrosion resistance and toughness that the alloying gives (Dyvik et al., 2019). How-

ever, the history of using aluminium alloys in structural design is quite short, but the

usage has increased in recent years (Mazzolani, 2008).

There exists several reasons for using aluminium as a structural material. Firstly, when

it comes to manufacturing, aluminium is easy to form, due to its softness (Müller,

2010). It is a more preferred material of the fabricator compared to steel, as aluminium

is simpler to saw, drill and cut. Secondly, it is a lightweight material as well as it is

completely recyclable without weakening any material properties. With an environ-

mental point of view, the recycling ability makes aluminium a material with a high

potential in the future. By finding approaches where recycled aluminium is beneficial,

one could lower the environmental impact. Remelting of aluminium only demands 5

% of the energy necessary in the primary production of aluminium, which is an easy

and cost-effective process. However, the emissions due to remelting, transportation

and collection, is a disadvantage of the recycling process of aluminium. Furthermore,

aluminium alloys have good tensile and compressive strength. In addition, aluminium

is corrosion resistant, even in aggressive environments, which means that aluminium

structures need less maintenance work. This makes the material suitable to use in for

example gridshell structures, due to the bad accessibility. Unlike steel, with lower tem-

peratures, the aluminium behaviour remains ductile and the tensile strength increases.

On the other hand, the usage of aluminium also has some challenges in structural de-

sign. Aluminium have for instance lower modulus of elasticity than steel (Müller, 2010).

In addition, aluminium has a low melting point and the strength weakens when exposed

to heat. This leads to the term of Heat Affected Zone (HAZ). HAZs are areas which are

weakened due to material heating, and arise mostly adjacent to welds. It is important

to be aware of that not all alloys can be welded or heat treated. Due to the risk of

heat exposure, aluminium structures should be fire protected. However, the relevance

of this for gridshells could be discussed, due to the high distance between a potential

fire and the gridshell surface.
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1.2 Aluminium structural design

When designing aluminium structures, it is critical to think smart and take advantage of

the benefits of the material and have as few weak spots, for example welds, as possible.

Smart design will also be to utilise the tensile and compressive strength, and minimise

the exposure of bending moments in the structure. Moreover, the possible methods to

manufacture structural components in aluminium alloys, are extrusion, rolling, draw-

ing and casting (Mazzolani, 2008). Furthermore, in the production of aluminium alloy

products, there is two principal classifications; cast alloys and wrought alloys (Dyvik

et al., 2019).

Since casting alloys can have a larger amount of other elements than alloy products pro-

duced in other ways, it is a common opinion that casting is the most suitable method

for producing products of recycled aluminium alloys. Therefore, the aluminium casting

alloys and the main casting methods will be given a special attention. The most popular

aluminium alloy for casting, is the Al-Si alloys. Such alloys can produce a wide amount

of different properties, as silicon contributes to satisfactory castability (Otarawanna

and Dahle, 2011). The resulting mechanical properties of the aluminium alloy prod-

ucts manufactured by the different casting techniques, will vary as the techniques gives

different results. One parameter that will influence the mechanical properties of the

final product, is the porosity. Porosity will reduce the mechanical properties. This may

arise since most aluminium alloys will shrink about 3-6 %, and if not the mould will be

refilled with extra liquid, porosity will be a problem.

The main casting methods for aluminium alloy products are High Pressure Die Cast-

ing (HPDC), Low Pressure Die Casting (LPDC), Sand Casting and Permanent Mould

Casting (Otarawanna and Dahle, 2011). For large production volumes, HPDC is the

most suitable method. Whilst for small production volumes, the other three casting

techniques are more usual. In both HPDC, LPDC and permanent mould casting, the

metal die can be reused. HPDC is a rapid, automated method and are used to produce

thin-walled, comprehensive products. The aluminium alloy liquid are poured into the

die with high speed, and solidified under high pressure. However, the main problem

with traditional HPDC, is porosity due to air being entrapped in the shrinking and

filling process during solidification. This affects the mechanical property of the final

product in addition to the pressure tightness of parts.

LPDC is a technique where the filling of aluminium alloy liquid into the die, is done

with a low speed in comparison to the filling in HPDC (Otarawanna and Dahle, 2011).

Due to the low speed, the amount of entrapped air and turbulence is minimized, and

4



1.2 Aluminium structural design

thus this method can produce casting products with low porosity. By using LPDC, fin-

ishing of surfaces is possible and an excellent dimensional accuracy is within the reach.

According to section 3.3.2 in Standard Norge (2010b), sand casting is the process in

which molten metal is poured into a sand mould and solidified at atmospheric tempera-

ture. Due to automation in the process of making sand moulds, sand casting has in the

recent years also become cost effective for large production volumes, and not only for

small production volumes as in the past (Otarawanna and Dahle, 2011). Components

made from sand casting, do often have a rough surface, sometimes with variations or

impurities. There are different sand types and moulding processes, and the choice of

these is affecting the dimensional accuracy.

The permanent mould casting is a mix of sand casting and lost-foam casting. In this

casting method, a mould of foamed polymer is lying in a loose sand bed and the

aluminium alloy, in a liquid form, is poured into the polymer mould (Shivkumar et al.,

1990). This will cause the foam to evaporate, and the mould will be filled with the

aluminium alloy. Permanent mould casting is most often used for making simple metal

products with uniform wall thickness.
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1.3 Design of connections in timber gridshells

The design of gridshell connectors and connections is complicated because of loading

conditions and comprehensive geometries (Seifi et al., 2020). Therefore, it is essential to

develop flexible connectors which can handle the switching structural behaviour and the

variations in the geometrical parameters of the connector (Stephan et al., 2004). In this

thesis, the focus will be on timber gridshells and connectors for single layer discrete free-

form surfaces. Such gridshells are often referred to as discrete or reticulated gridshells,

and have straight members between the connectors. An example of a connector design

in a discrete gridshell structure can be found in figure 1.3.

Figure 1.3: Printshell, Photo: Labonnote (2016)

The reason why the design of gridshell connectors is complicated in discrete free form

gridshells, has to do with the different inclinations and angles of the connecting mem-

bers, see figure 1.4. Both the angles between the members, horizontal angles, and the

inclinations of the members, vertical angles, in addition to the twisting angles, will

most often vary in each connector, which means that each connector in the gridshell

will be unique. Therefore, it is important to develop methods to design and produce

such connectors in an efficient way.
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Figure 1.4: Different inclinations and angles of the connecting members in free form gridshells.

Figure: Steinar Hillersøy Dyvik

1.3.1 Status of connections in timber gridshells

Connectors for discrete gridshells can generally be divided in two categories; end-face

connectors and splice connectors. In end-face connectors, the contact surface between

the connector and the end-face of the connected structural member is transverse to the

longitudinal axis of the structural member (Stephan et al., 2004). At Canary Wharf

in London, a 310 m long timber lattice roof, with typical beam lengths of 6 meters,

encapsulates a public roof garden (Worsfold et al., 2018). The roof is continuous,

with moment resisting connections, which can be seen in figure 1.5a. The structure is

therefore highly indeterminate, and thus the sensitivity of the roof to varying stiffness

assumptions had to be considered. The connectors consists of welded steel plates with

glued threaded rods connected with nuts at the end-face to the timber. To minimise

the amount of temporary support of the members during construction, the connections

were designed to enable the timber beams to cantilever off one connector temporarily.

Another built example of a timber gridshell with an end-face connector is the Pods

Sports Academy, located in Scunthorpe, England. Here, the connection between the

main member elements and the connector is also made with glued, threaded rods and

can be seen in figure 1.5b. However, in this case the steel meets and forms a cylinder

rather than meeting in the middle as in figure 1.5a. M16 and M20 rods, with effective

bonding lengths of 300-500 mm were considered during initial testing (Harris et al.,

2012), and inserted and tested parallel to grain. The rods proved to be sufficient for

the case.
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1.3 Design of connections in timber gridshells

A not yet built, but an interesting example of emerging technology is the 3D printed

structural steel connector by MX3D and Japanese construction company Takenaka,

seen in figure 1.5c. Here they have used additive manufacturing together with topology

optimisation to generate an efficient shape. The steel joint is printed to be hollow, and

thereafter filled with mortar, which is considered to be more economical than having

solid steel (MX3D, 2020). By using mortar in substitute of steel, the joint will also

be more lightweight. Filling the core will prevent local buckling of the steel, and let

the outer steel handle bending and tensile forces. The next step is to implement the

design in an actual building projector. However, it is not stated clearly how they plan

to connect the steel joint to the timber itself.

(a) Connector detail at the

Crossrail Place in London.

The connectors consists of

welded steel plates connected to

the timber by glued threaded

rods. Photo: c©Nigel Young

(Seele, 2014).

(b) Connectors at the Pods

Sports Academy. Here the

steel forms a hollow cylin-

der to where members meet.

Photo: Westmuckett Hawkes

Ltd (2010)

(c) A hollow steel joint in de-

velopment by MX3D and Tak-

enaka. The shape is cre-

ated using topology optimisa-

tion and thereafter 3D printed

before filling the core with mor-

tar. Photo: c©Leonard Fäustle

(MX3D, 2020)

Figure 1.5: Examples of end-face connectors

In splice connectors, the contact surface between the connector and the connected struc-

tural member runs along splice plates in the longitudinal axis of the member (Stephan

et al., 2004). The splice plates can either be inserted horizontally or vertically according

to the member’s alignment and are glued and/or bolted to the timber members.
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1.3 Design of connections in timber gridshells

Dome of visions 1.0 was a 10.5 meter tall and 21 meter wide transportable dome erected

for the first time in 2013 in Copenhagen (Dome of Visions, 2013). 3.4 meter long Lam-

inated Veneer Lumber (LVL) beams are connected by 91 steel connectors using splices

aligned vertically to the longitudinal axis of the beams and bolted to the beams, as seen

in figure 1.6a. The splices are welded together to a hollow steel cylinder. A slightly

bigger dome was erected in Aarhus in 2016, called dome of visions 3.0 (Dome of visions,

2017). Here the splices are aligned horizontally, as seen in figure 1.6b, making the steel

itself rather hidden.

The Herbert Art Gallery and Museum in Coventry, England, was renovated and ex-

panded in 2009 with a 50 meter long and 12 metres high gridshell atrium. The connector

detail can be seen in figure 1.6c. The splices are welded to a sphere in the centre. How-

ever, it is noted that the splices in fact acts as flitch plates since they are continuous

along the timber beams. Hence, in this case, the structure itself is a hybrid gridshell

with flitch beams of timber and steel.

(a) Dome of visions 1.0 in

Copenhagen, Denmark. The

splices are inserted vertically

and welded to a hollow cylin-

der. Photo: Paul Nybo Ander-

sen (Dome of Visions, 2013)

(b) Dome of visions 3.0 in

Aarhus, Denmark. The splices

are inserted horizontally to

the timber elements. Photo:

Kristoffer Tejlgaard (Dome of

visions, 2017)

(c) Connector Detail at The

Herbert Art Gallery & Mu-

seum in Coventry, England.

The splices are welded to a

sphere in the centre. Photo:

Cmglee (2011)

Figure 1.6: Examples of splice connectors

1.3.2 NURBS- and free form surfaces

Free form surfaces are surfaces with geometries based on the mathematics and tech-

niques of Non Uniform Rational B Splines (NURBS) (Stephan et al., 2004). By using

NURBS surfaces, any imaginable geometry can be constructed. The construction pro-

cess of such surfaces is quite complex, and compared to algebraic surfaces, such as the

sphere, it cannot be described with fixed equations. On the other hand, the creation

of free form surfaces demands a highly comprehensive approach, with a composition
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of different geometrical objects, such as points, curves, planes and also mathematical

formulas and algorithms. The designer will usually not get involved in the complex

mathematical background of NURBS and uses instead programs where this has been

implemented as CAD-tools, to develop the wanted free form surface.

The iteration process of designing free form surfaces is demanding and requires analyses

and adjustments to improve the geometry (Stephan et al., 2004). Form-finding methods

are optimisation approaches where surfaces are constructed by non-geometrical modes.

Such methods can be both analytical, as the force-density method and dynamic re-

laxation, and experimental, by using phenomena as hanging nets which has given the

conventional form of gridshells in compression.

Even though non-optimised free form surfaces has considerably complex designs, struc-

tures with such geometries has lately and is still increasing, due to architects’ weakness

for limitless design and the rise of CAD-programs with the possibility of NURBS sur-

faces (Stephan et al., 2004). This shows that development of flexible, cost-efficient and

aesthetic designs of connectors, which are simple to manufacture and are user friendly

at the building site, is crucial to continue the trend of free form discrete surfaces. Such

connectors will make free form surfaces more applicable to build for several building

companies, and not only for the big companies with many resources. The connector

should be able to handle problems like varying angles between structural members and

connectors and the switching structural behaviour between tension, compression and

bending stresses in members.

1.3.3 Numerical analyses and experimental testing of connectors

Due to the difficulties when applying complex design loads to gridshell connectors in

laboratory tests, it is difficult to confirm connector designs (Seifi et al., 2020). Gridshell

connectors must transmit all loads working in the structure. Often, in experimental

tests, the connector design and load conditions are simplified. This because it is hard

to create the exact geometry, topology and loading conditions, which is complex in

gridshells.

To know which loads that should be applied in the experimental tests, the load resist-

ing capacities of the connectors should be predicted in advance. This could be done

numerically by a linear or non-linear FEA with Abaqus CAE, for instance. Several load

cases should be analysed. From the obtained maximum loads and the test setup con-

figuration, the loads that should be applied in the experimental tests can be calculated.
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A number of methods have been used in earlier years to construct a test setup for

different connector designs (Seifi et al., 2020). One method has been to simplify the

connector design and loading conditions. Another method has been to apply load on a

certain part of the test specimen, to see how it will influence the behaviour of the con-

nectors. In recent years, a new and innovative approach of designing connectors, has

been developed which combines Bi-directional Evolutionary Structural Optimization

(BESO) design and Additive Manufacturing (AM). AM is dependent on an efficient de-

sign method, such as BESO, to get the wanted structural behaviour with the minimum

amount of material. The design concept of BESO is to optimise the structural element

by only adding material where it is necessary and remove superfluous material. The

benefit of using AM as the manufacturing method, is that it can minimise or even ex-

clude human errors throughout the manufacturing. An AM method, which is a simpler

method than casting when it comes to making small objects, is the Binder Jet method.

This method bond metal particles together in layers from bottom to top, and are often

used for 3D printing.

This new method of designing connectors has lead to the development of new test setups

which can handle the complexity of connectors in latticed structures. One example of

a recently innovative and inexpensive developed test setup, is one developed by Seifi

et al. The test rig is based on three operations and can be used for both individual

and combined loading conditions. To expose the connector for bending moments, the

axial load is applied to the connector with appropriate eccentricities. This is the first

operation. In the next operation, the goal is to expose the connector for axial load in

each branch, by altering the direction of the vertical load. The last operation is to find

the one vertical load that the connector should be applied to, by combining the vertical

loads that are applied in all branches. The study performed by Seifi et al. shows that

the concurrence of the failure modes of the connector is good, when comparing the

capacity results from the numerical FE analyses with the experimental results.
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1.4 Designing connectors for the British Museum Great Court as a timber gridshell

1.4 Designing connectors for the British Museum Great Court

as a timber gridshell

Most gridshells are traditionally constructed with straight steel members welded or

bolted to steel connectors. In recent years, more gridshells are being made with timber

products, as a result of environmental focus, developments of timber products and an

increased focus on timber as a building material, both regarding aesthetics and material

qualities. Also, since aluminium is fully recyclable and the manufacturing methods and

material properties, such as low self-weight, can be beneficial for connectors in grid-

shells, it is interesting to explore the possibility of developing aluminium connectors to

be used instead of steel connectors in gridshells. Therefore, a redesign of the British

Museum Great Court, see figure 1.7a, from steel members into timber members and

from steel connectors, see figure 1.7b, into aluminium connectors, have been investi-

gated.

Brun (2019) has modelled the redesign and analysed it in Autodesk’s Robot structural

analysis professional software. The gridshell roof-geometry, originally made from steel

rectangular hollow sections (RHS), are redesigned by replacing the sections with GL32h

as the material and a cross-section of b · h = 200mm · 350mm. From the structural

analysis in ROBOT, the maximum forces and moments in the most utilised timber

member in the roof structure have been found. These have been used as design values

in this thesis when estimating necessary dimensions of geometrical parameters of the

connectors. Furthermore, the aluminium alloy material in the connector was chosen to

be EN AC-43000 T6, and the important material properties are given in table 2.2.
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1.4 Designing connectors for the British Museum Great Court as a timber gridshell

(a) British Museum Great Court. Photo: An-

drew Dunn (2005)

(b) Connector detail of connected steel ele-

ments. Photo: Piergiorgio Rossi (2005)

Figure 1.7: Queen Elisabeth II Great Court, British Museum (London UK)

1.4.1 Glued Finger and Split Ring connector

By studying typical timber gridshell steel connectors found in Chilton and Tang (2016),

two main principles of connector designs have been developed by Steinar Hillersøy Dyvik

and will be investigated further in this thesis. The first principle is connectors where

all aluminium material meet in the centre point to ensure best load transfer. The

second one is connectors where the material is moved away from the centre to ensure

better space for the meeting members. Based on this, two solutions was found; the

Glued Finger (GF) connector, see figure 1.8a, and Split Ring (SR) connector, see figure

1.8b. When looking at the two principles of connector design, two main challenges were

identified; the gripper and the core. Chapter 2 investigates cores, the metal part where

all members meet, by using rules of structural design from the Eurocodes. Chapter 3

investigates grippers, the connection between timber and metal, for threaded rods and

glued connections.
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1.4 Designing connectors for the British Museum Great Court as a timber gridshell

(a) Glued Finger (GF) connector design. Fig-

ure: Steinar Hillersøy Dyvik

(b) Split Ring (SR) connector design. Figure:

Steinar Hillersøy Dyvik

Figure 1.8: Solution proposals for aluminium connectors in timber gridshells.

The GF connector, can be put into the category of splice connectors, as the timber

members are attached to the connector by aluminium splices. Furthermore, the timber

members and the aluminium splices are glued together. This connector design is in-

spired by the timber-aluminium joints designed by Renzo Piano Building Workshop for

the IBM Travelling Pavilion, see figure 1.9a. The design of the GF connector consists

of one core, which is unique for all connectors, and six grippers, equal for all connec-

tors and suitable for mass production, which is attached to each timber member. The

grippers can be attached to the core either by self-locking or by bolts, see figure 1.9b

for bolt holes.

(a) Timber-aluminium joint in IBM Travelling Pavil-

lion, Photo: c©Gianno Berengo Gardin (Fondazione

Renzo Piano, n.d.)

(b) GF connector seen from above.

Figure: Steinar Hillersøy Dyvik

Figure 1.9: Similar connector design concepts

On the other hand, the SR connector is an end-face connector, since the end-face of the

timber member is perpendicular to the grain direction. The SR connector is connected

14



1.4 Designing connectors for the British Museum Great Court as a timber gridshell

to the timber members by screwed-in threaded rods. Such connectors, have proved

to be a good solution in moment resisting connections, by ensuring high stiffness and

withdrawal capacity (Stamatopoulos and Malo, 2015b). To prevent the arise of cracks,

the rods must be inserted with an angle to the grain. Compared to glued-in rods,

screwed-in rods can provide better fire-protection in addition to being less brittle and

less exposed to issues with the construction quality. Also, connections with screwed-in

threaded rods can be designed for having a ductile behaviour. When it comes to the

split ring, it consists of an upper- and lower-ring, as is suggested by Monasterio et al.

(2018), to save material but still keep the height of the beams. On the other hand, a

disadvantage with such design may be that the shear capacity is less than for a solid

connector and in addition it leads to more difficulties when assembling the structure.

These rings are again divided into a top-part and a bottom-part. Also, the width of

one side of the ring is equal to the width of the timber member.
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1.5 Software for parametric design and structural analyses

1.5 Software for parametric design and structural analyses

Parametric structural design is a design method to analyse connector designs for grid-

shell connectors in an efficient way, by changing the dimensions of different geometrical

parameters. The benefit of parametric design is that it is a design method which gives

architects and engineers the possibility to optimise structures by exploring more options

and making more efficient designs. This, because parametric design enables the designer

to define the main parameters in the design and make adjustments in the design inter-

actively. The model will update and adapt to these adjustments automatically. In this

section, the software used in this thesis to solve the problem are presented.

1.5.1 Rhinoceros 3D and Grasshopper

Rhinoceros 3D, hereby abbreviated as Rhino, is a command-driven 3D-modelling CAD

program. It can create, edit, analyse, document, render, animate, and translate NURBS

curves, surfaces, and solids, point clouds, and polygon meshes with no limits on com-

plexity, degree, or size beyond those of the designated hardware (R. McNeel & Asso-

ciates, 2020).

Grasshopper (GH) is a graphical algorithm editor tightly integrated with Rhino’s 3D

modelling tools (Davidson, 2020) and is written using both Visual Basic.NET and C#,

both object-oriented programming languages. By making parametric geometry using

GH components and visualise this in Rhino, one can establish parametric models. Since

GH is an intuitive visual programming tool, the user does not need any prior knowledge

of programming to use existing components. Furthermore, the desire to achieve some-

thing specific out of scope of the existing plugin or possible add-ons can be addressed

by scripting own components, either directly using C# in GH or through an Integrated

Development Environment (IDE) such as Microsoft Visual studio.

Unlike CAD models, where small changes can turn into a complex action, the Rhino/GH

environment enables the designer to make small changes and get an update of the

adjusted model automatically. In figure 1.10a, an arch which is repeated several times

is modelled parametrically in GH. The arch consists of three input points. The Z-

coordinate of the arch mid point and the number of arches are set as a number slider

which has a value which can be easily adjusted. In figure 1.10b, the resulting geometry

which are displayed in Rhino from the GH model, is shown. The lower geometry is

created only by increasing the values in the number sliders for the Z-coordinate of the

arch mid point and the number of arches.
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1.5 Software for parametric design and structural analyses

(a) (b)

Figure 1.10: Parametric model in GH with geometries displayed in Rhino for different input

values

There exists fully embedded software packages in Grasshopper that provides analysis of

spatial trusses, frames and shells, such as Karamba3D (Karamba3D, 2020). However,

current add-ons does not provide the possibility to thoroughly analyse solids in 3D.

1.5.2 Abaqus CAE

Abaqus CAE is a complete Abaqus environment that provides an interface for creating,

editing, submitting, monitoring and visualising results from advanced Abaqus FEA

(Dassault Systèmes, 2020). Abaqus CAE is divided into modules, where each module

defines an aspect of the modelling process; for example, defining the geometry, defining

material properties, and generating a mesh. As you move from module to module, you

build the model from which Abaqus/CAE generates an input file that you submit to the

Abaqus/Standard or Abaqus/Explicit analysis product. The analysis product performs

the analysis, sends information to Abaqus CAE to allow you to monitor the progress of

the job, and generates an output database to read and view the result of the analysis

(Dassault Systèmes, 2014). Abaqus CAE is hereby abbreviated as Abaqus.
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Comparing connectors in aluminium and steel

2 Comparing connectors in aluminium and steel

As stated in the introduction, aluminium has lower modulus of elasticity than steel.

Therefore, it is interesting to investigate the difference between the necessary dimension

of a rectangular cross-section in aluminium compared to in steel, when applied to a given

set of loading. The design values that are used to estimate the necessary dimensions,

can be found in table 2.1 and are taken from the structural analysis of the British

Museum Great Court case project, which were explained more closely in section 1.4.

The moment about the z-axis and the shear force in the y-direction is neglected in the

calculations. In the case project, the gridshell roof-geometry, originally made from steel

rectangular hollow sections (RHS), was redesigned by replacing the steel members with

timber members with GL32h as material and a cross section of 200·350 mm2.

Table 2.1: Maximum forces and moments in most utilized cross-section

NEd[kN ] Vz,Ed[kN ] Vy,Ed[kN ] My,Ed[kNm] Mz,Ed[kNm]

68.60 3.04 0.08 15.79 0.45

The chosen aluminium alloy to use in the design is EN AC-43000 T6, and the strength

values from section 7.1 in Standard Norge (2010a), can be found in table 2.2.

Table 2.2: Strength values from Standard Norge (2010a)

Yield strength

[MPa]

Ulitmate Tensile strength

[MPa]

EN AC-43000 T6 180 220
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2.1 Necessary cross-section of connector in aluminium

2.1 Necessary cross-section of connector in aluminium

To find an estimation of the necessary dimension of cross-section for a aluminium con-

nector, the Eurocode is used to check for combined load; axial load, shear and moment.

Buckling is not taken into account.

According to section 6.2.9.2 in Standard Norge (2009b), solid cross-sections and hollow

sections in aluminium, should satisfy the following criterion:

(
NEd

ω0 ·NRd

)ψ
+

[(
My,Ed

ω0 ·My,Rd

)1.7

+

(
Mz,Ed

ω0 ·Mz,Rd

)1.7
]0.6

≤ 1.0 (2.1)

where

ψ = 2 for solid cross-sections;

ω0 = 1, for sections without localised welds or holes, which is assumed for this

connector.

The expressions for the design resistances are given in section 6.2.9 in Standard Norge

(2009b) as:

NRd =
A · fo
γM1

(2.2)

My,Rd = αy ·
Wy,el · fo
γM1

(2.3)

Mz,Rd = αz ·
Wz,el · fo
γM1

(2.4)

where

γM1 = 1.1, according to NA.6.1.3(1) in Standard Norge (2009b);

αy, and αz is equal to 1.0, when assuming no welds and cross-section class 3,

conservatively;

fo is the yield strength of the aluminium alloy, which is 180 MPa.

Furthermore, according to section 6.2.10(2) in Standard Norge (2009b), if VEd ≤ 0.5·VRd,
there should be no reduction of the resistances defined for axial force and bending. This
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2.1 Necessary cross-section of connector in aluminium

criteria, was firstly assumed to be fulfilled, and was checked with the calculated cross-

section afterwards.

A width of 30 mm is assumed to find the necessary cross-section, and was used in the

equations for the design resistances above. The obtained values of the design resistances

was then inserted in equation 2.1, to find the necessary height with the given width.

Solving equation 2.1 for the height, gives a necessary height of 141 (140.92) mm. The

necessary cross-section is then

A = b · h = 30mm · 141mm = 4230mm2

In the end, it was checked that VEd ≤ 0.5 · VRd. The equation for the shear design

resistance is given in section 6.2.6 as:

VRd = Av ·
fo√

3 · γM1

(2.5)

The shear area, for a solid bar is given as:

Av = ηv · Ae (2.6)

where

Ae is the full section area of an unwelded section;

ηv = 0.8 for a solid bar.

The criteria was by calculation found to be fulfilled, and the result is given in table 2.3.

The detailed calculation of this verification can be found in appendix A.1.

Table 2.3: Result of necessary cross-section

Width [mm] Height [mm] Area of cross-section [mm2]

30 141 4230

The calculation procedure above was calculated for several widths, and the result is

given in figure 2.1 below.
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2.2 Necessary cross-section of connector in steel
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Figure 2.1: Necessary cross-section of aluminium connector

2.2 Necessary cross-section of connector in steel

To find an estimation of the necessary dimension of cross-section for a steel connec-

tor, the Eurocode was used to check for combined load; axial load, shear and moment.

Buckling is not taken into account.

According to section 6.2.9.1(3) in Standard Norge (2015), rectangular solid cross-

sections in steel, should satisfy the following criterion:(
NEd

NRd

)2

+

(
My,Ed

My,Rd

)
+

(
Mz,Ed

Mz,Rd

)
≤ 1.0 (2.7)

The expressions for the design resistances are given as:

NRd =
A · fyk
γM0

(2.8)

My,Rd =
Wy,pl · fyk
γM0

(2.9)

Mz,Rd =
Wz,pl · fyk
γM0

(2.10)

where

γM0 = 1.05, according to NA.6.1(1)2B (Standard Norge, 2015);

fyk is the yield strength of steel, which is 355 MPa.
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2.2 Necessary cross-section of connector in steel

Furthermore, according to section 6.2.10(2) in Standard Norge (2015), if VEd ≤ 0.5·VRd,
there should be no reduction of the resistances defined for axial force and bending. This

criteria, was firstly assumed to be fulfilled, and was checked with the calculated cross-

section afterwards.

A width of 30 mm is assumed to find the necessary cross-section, and was used in the

equations for the design resistances above. The obtained values of the design resistances

was then inserted in equation 2.7, to find the necessary height with the given width.

Solving equation 2.7 for the height, gives a necessary height of 82.23 mm. The necessary

cross-section is then

A = b · h = 30mm · 83mm = 2490mm2

In the end, it was checked that VEd ≤ 0.5 · VRd. The equation for the shear design

resistance is given in section 6.2.6(2) as:

VRd = Av ·
fyk√

3 · γM0

(2.11)

The criteria was by calculation found to be fulfilled, and the result is found in table

2.4.

Table 2.4: Result of necessary cross-section

Width [mm] Height [mm] Area of cross-section [mm2]

30 83 2490

The necessary cross-section in steel was also calculated for several widths, see figure 2.2

below with comparison to necessary cross-section in aluminium calculated in section

2.1.
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2.2 Necessary cross-section of connector in steel
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Figure 2.2: Comparison of the dimensions of necessary cross-sections for a connector con-

sisting of steel and a connector consisting of aluminium

From the result it can be found that the necessary cross-section in aluminium is around

40 % bigger than the necessary cross-section in steel.
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Structural design of timber-to-metal connections

3 Structural design of timber-to-metal connections

When designing timber structures, the most critical factors are joints that connect the

structural members (Vallèe et al., 2017). The composition and structure of the joint

is determining the structural behaviour of the whole structure. In the GF and SR

connector, two different connection types are chosen as described in section 1.4; a glued

joint for the GF connector and a connection with screwed-in threaded rods for the

SR connector. Thus, how these connections types should be designed structurally is

investigated. However, at first, the difference between a connector in aluminium and

steel, for a timber-to-metal connection, is looked more closely into.

3.1 Difference in weight of connector in aluminium and steel

When looking at the difference of a connector in steel and aluminium, it is not only

the size of the cross-section that is different, but also the weight, as the density for the

chosen aluminium alloy is 2700 kg/m3 and for steel it is 7850 kg/m3. Therefore, the

difference in weight of a metal connector in steel and aluminium, when connected to

timber, is investigated. The detailed calculation of this problem can be found in section

B.1, in the appendix. In the calculations, the necessary dimensions for the cross-section

for each material, given in table 2.2, is taken into account. At first, the assumptions

assumed is described, before the important equations for the necessary failure modes

and spacing requirements, which should be checked for the assumed connector design,

are given.

3.1.1 Assumptions

To get an estimation on the difference in weight between a connector in steel and a

connector in aluminium with the same connector concept, a connector design had to be

chosen as a base for the calculation. The connector design that was chosen was a design

with two horizontal slotted in metal plates in the timber part connected by bolts, as

can be seen in figure 3.1.
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3.1 Difference in weight of connector in aluminium and steel

Figure 3.1: Connector design for weight calculations, (Dome of visions, 2017)

In the calculation, it was assumed that the bolts are only loaded laterally, by the mo-

ment and axial load calculated in the British Museum Great Court case study. Also, in

the calculation of load transfer with Johansen’s equations, the rope effect was neglected.

Since the loads are taken from the case study, also the same timber material and cross

section was used. In Standard Norge (2010c), the Johansen’s equations are only given

for connections with timber against timber and steel against timber. Therefore, the

equations for connections with steel against timber was assumed to be valid for con-

nections with aluminium against timber as well. The load with the shortest duration,

was assumed to have a medium-term duration and the humidity class was assumed to

be 2, which gives the modification factor kmod = 0.8, from table 3.1 in Standard Norge

(2010c).

When it comes to the chose of bolt types, the steel bolts was assumed to have the

4.8 strength class with a tensile strength of 400 N/mm2 (Standard Norge, 2009a). For

the bolts in aluminium, the material was chosen to be an alloy with the numerical

designation EN AW5019, which has a characteristic ultimate tensile strength of 310

N/mm2 (Standard Norge, 2009b). A figure of the geometry of one metal plate is given

in figure 3.2. The dimensions and number of bolt holes in the figure is arbitrary and is

not the result for any of the materials.
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3.1 Difference in weight of connector in aluminium and steel

Figure 3.2: Connector dimensions of one metal plate

When finding the optimal connector dimension with lowest weight for each material,

the width of the metal plates could not exceed the width of the timber beam of 200 mm.

For instance, this lead to that if the timber aluminium connection was having two bolt

rows, the diameter of the bolts could not be bigger than 12 mm, which was assumed

to be the minimum size of diameter. To find the minimum dimensions of the different

parameters in each connector, the connectors was designed from having as few bolts as

possible and the least possible diameter that is necessary to have sufficient capacity for

all failure modes. The metal plates are assumed to have a thickness of 20 mm, which

means that the width of the aluminium plate has a minimum value of 176 mm plus 2·d,

and the minimum value of the width of the steel plate is 105 mm plus 2·d, see figure

2.2. In addition, the minimum width and length of the plates are restricted by spacing

requirements.

3.1.2 Johansen’s equations

To find the lateral load carrying capacity per shear plane per fastener, Johansen’s equa-

tions in Standard Norge (2010c), section 8.2.3, were used. In this type of connection,

there is four shear planes. For connections with multiple shear planes, the load car-

rying capacity for the outer members should be calculated by assuming that they are

in single shear. On the other hand, the load carrying capacity for the inner members

should be calculated by assuming that they are in double shear. In addition, the load

carrying capacity of timber connections with multiple slotted in steel plates, should be

calculated by assuming thick steel plates, regardless of plate thickness. Therefore, the

following equations were used for the outer and inner members, respectively.
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3.1 Difference in weight of connector in aluminium and steel

Fv,Rk = min


fh,k · t1 · d (c)

fh,k · t1 · d
[√

2 +
4·My,Rk

fh,k·d·t21
− 1
]

+
Fax,Rk

4
(d)

2.3
√
My,Rk · fh,k · d+

Fax,Rk

4
(e)

(3.1)

Fv,Rk = min

0.5 · fh,2,k · t2 · d (l)

2.3
√
My,Rk · fh,2,k · d+

Fax,Rk

4
(m)

(3.2)

My,Rk is the characteristic yield moment for connections with lateral loaded bolts, and

is given as:

My,Rk = 0.3 · fu,k · d2.6 (3.3)

where

fu,k is the characteristic tensile strength.

fh,k is the characteristic embedment strength in the timber member. In this case, it is

the embedment strength in the grain direction and is calculated as following:

fh,0,k = 0.082(1− 0.01 · d)ρk (3.4)

where

ρk is the characteristic timber density in kg/m3.

Fax,Rk is the characteristic withdrawal capacity of the bolt.
Fax,Rk

4
is added to some

of the equations because of the rope effect, and for bolts this part is restricted to 25

% of the Johansen’s part. If the withdrawal capacity is unknown, this effect could be

neglected, and is neglected here.

The load carrying capacity per shear plane per fastener should be the minimum value

from the expressions above. In addition, it is important that the load carrying capacity

is calculated by adding the capacity of compatible failure modes. This can be checked

by figure 3.3.

Figure 3.3: Failure modes for steel-timber connections (Standard Norge, 2010c, fig. 8.3)
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3.1 Difference in weight of connector in aluminium and steel

3.1.3 Spacing of bolts

In (Standard Norge, 2009a, tab. 3.3), the spacing requirements for bolts in steel plates

are given. These are similar to the spacing requirements for bolts in aluminium plates,

given in (Standard Norge, 2009b, tab. 8.2). The spacing requirements for both steel

and aluminium are given in table 3.1, below.

Table 3.1: Spacing requirements for bolts in steel and aluminium plates

e1[mm] e2[mm] p1[mm] p2[mm]

1.2 · d0 1.2 · d0 2.2 · d0 2.4 · d0

The definition of the spacing symbols for fasteners in steel and aluminium are given in

figure 3.4.

Figure 3.4: Symbols for spacing of fasteners in steel and aluminium, (Standard Norge, 2009b,

fig. 8.1)

d0 is the diameter of the bolt hole, and is given in Standard Norge (2018), as in table

3.2.

Table 3.2: Spacing requirements for steel and aluminium bolts

Bolt type Value [mm]

M12-M14 d0 = d+ 1

M16-M24 d0 = d+ 2

M27– d0 = d+ 3

When it comes to the distance requirements for bolts in timber members, these are

different than those for steel and aluminium plates. The requirements are given in

Standard Norge (2010c) as in table 3.3.
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3.1 Difference in weight of connector in aluminium and steel

Table 3.3: Spacing requirements for bolts in timber members

a1[mm] a2[mm] a3,t[mm] a4,c[mm]

4 + |cos(α)| · d 4 · d max{7 · d; 80} 3 · d

Figure 3.5, shows how the internal distances between fasteners and the distances to

ends and edges, in timber members are defined. The end and edge distances depends

on if they are loaded or not loaded, as can be seen at the bottom in the figure.

Figure 3.5: Symbols for spacing of fasteners in timber (Standard Norge, 2010c, fig. 8.7)

3.1.4 Splitting parallel to grain

Splitting parallel to grain is another failure mode that has to be checked for, when the

connection has several fasteners along the grain direction. In such cases, tensile stresses

will arise perpendicular to grain and can cause splitting parallel to the grain direction.

To avoid this, the effective design load carrying capacity for each row of fasteners

parallel to grain, should be calculated. The equation for this is given in section 8.1.2

in Standard Norge (2010c), as:
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3.1 Difference in weight of connector in aluminium and steel

Fv,ef,Rd =
kmod · nef · Fv,Rd

γM
(3.5)

where

Fv,Rd is the design capacity for each fastener in the grain direction, from Jo-

hansen’s equations.

nef is the effective number of fasteners in one row in the grain direction.

γM = 1.3 for timber connections.

The effective number of fasteners in one row in the grain direction, is given in section

8.5.1.1(4) in Standard Norge (2009b), as:

nef = min

nn0.9 4
√

a1
13·d

(3.6)

where

a1 is the distance between the bolts in the grain direction.

n is number of bolts in one row in the grain direction.

d is the diameter of the bolt.

3.1.5 Block Shear

For block shear, there is two failure modes as the load transfer is either by tension

parallel to grain stresses or by shear stresses. The expression for the block shear design

load carrying capacity is given in annex A in Standard Norge (2010c), as:

Fbs,Rd =
kmod
γM
·max

1.5 · Anet,t · fv,k
0.7 · Anet,v · ft,0,k

(3.7)

where

fv,k is the characteristic shear strength for the timber part.

ft,0,k is the characteristic tensile strength for the timber part.

Anet,t is the net cross-section area perpendicular to the grain direction.

30



3.1 Difference in weight of connector in aluminium and steel

Anet,v is the net shear area in the grain direction.

Furthermore, the equations for Anet,t and Anet,v is given as:

Anet,t = Lnet,t · t1 (3.8)

Anet,v =

Lnet,v · t1 for the failure modes (c,f,j/l,k,m)
Lnet,v

2
(Lnet,t + 2 · tef ) in other failure modes

(3.9)

where

tef is the effective width dependent on the fasteners failure mode

Lnet,t is the net width of the cross-section perpendicular to the grain direction,

see figure 3.6.

Lnet,v is the total net length of the shear failure area, see figure 3.6

Figure 3.6: Block shear (Standard Norge, 2010c, fig. A1)

For thick steel plates, tef is given as:

tef =

2 ·
√

My,Rk

fh,k·d
failure modes (e and h)

t1

[√
2 +

My,Rk

fh,k·d·t21
− 1
]

failure modes (d and g)
(3.10)
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3.1 Difference in weight of connector in aluminium and steel

3.1.6 Shear resistance of bolts

For the steel bolts and aluminium bolts the expression for the shear resistance for each

bolt per shear plane is the same and is given in table 3.4 in Standard Norge (2009a)

and in table 8.5 in Standard Norge (2009b) respectively, as:

Fv,Rd =
αv · fub · A

γM2

(3.11)

where

αv = 0.5 for steel bolts with classes 4.8 and aluminium bolts, where the shear

plane passes through the threaded part of the bolt.

fub is the characteristic ultimate strength of the bolt, which is 400 N/mm2 for the

chosen steel bolts and 310 N/mm2 for the chosen aluminium bolts.

γM2 = 1.25 for both steel and aluminium design.

3.1.7 Results

By taking into account the failure modes mentioned above; block shear, splitting parallel

to grain, capacity of metal plates, shear resistance of bolts and load transfer from

Johansen’s equations, a weight result for the optimised connector designs for both a

steel connector and an aluminium connector is found. The calculations are done in

Excel and can be found in appendix B.1. In section 3.1.1, the assumptions used in the

calculation are explained. For both the aluminium and steel connector, the diameter

became 12 mm and the number of bolts became 10, with 5 bolts in each bolt row. The

result is given in table 3.4 below:

Table 3.4: Weight difference of connector in steel and aluminium

msteel[kg] malu[kg] msteel/malu

82.59 47.44 1.74

From the result, it is found that a connector in steel is 1.74 times the weight of a

connector in aluminium with the same design. However, a question that should be

asked is, if this difference in weight of a steel connector and a aluminium connector

is big enough, so that this is a reason claiming that aluminium connectors are more

preferable than steel connectors in gridshell structures.
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3.2 Necessary glue surface in Glued Finger connector

In the last years, the research and development of timber connections bonded by ad-

hesives have increased significantly (Vallèe et al., 2017). This is due to the fact that

traditional metal joints have limitations that lead to timber not being used in more

complex structures.

When it comes to the calculation procedure of adhesively bonded timber connections,

this is not straight forward as glued joints have uneven stress distributions. The most

critical part for the shear stress distribution in such connections, is where the over-

lap ends, because there the shear stress may have sharp peaks and failure can arise.

When failure occurs in one place, the whole joint will have failure, because the failure

behaviour is like a zipper. There exists several methods to reduce the magnitude of

the stress peaks, for instance to use ductile adhesives instead of stiff adhesives. Softer

bonding results in a more uniform stress distribution which means higher capacity, see

figure 3.7 below. In addition, the cohesive strength of the glue should be higher than

the timber strength.

(a) Shear stress distribution for different bond-

line stiffnesses

(b) Load capacity for different bond-line stiff-

nesses

Figure 3.7: Shear stress distribution and load capacity for different bond-line stiffnesses (Stam-

atopoulos, 2019)

There exists two main approaches in which a metal part can be adhesively connected

to a timber part. One method is to use glued-in rods, which is a durable and effective

technique. The other part is to glue-in metal plates directly in to the timber part,

which is the relevant method for the GF connector. These metal plates can be either
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3.2 Necessary glue surface in Glued Finger connector

solid plates or perforated plates (Vallèe et al., 2017). The adhesives must have sufficient

adhesion to both the timber part and the metal part. The reason for using perforated

plates, is that then the strength will not rely on the adhesion between the metal part

and the adhesive. This method is called Holz-Stahl-Komposit-Systeme (HSK). The

benefit of this method is that the cavities are filled with adhesive, such that Adhesive

Dowels (AD) are created. This technique gives a brilliant stiffness, and the yielding of

the steel part, with high ductility, now becomes the critical part. In this method, it is

assumed that the load transfer only happens through the ADs.

Vallée et al. (2011) have found through research that the joint capacity increase with

the embedment length, but that this increase tends to flatten. This indicates an upper

limit, beyond which no capacity increase should be expected. This is confirmed in other

experiments of simple lap joints, see figure 3.8 for a demonstration of this effect.

Figure 3.8: Influence of bond-line length on load capacity in a lap joint (Stamatopoulos, 2019)

In figure 3.9, the influence of bond-line length on the shear stress distribution is plot-

ted. The figure shows that a less bond-line length, leads to a more even shear stress

distribution, but on the other hand then the shear stress has a higher value.
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3.2 Necessary glue surface in Glued Finger connector

Figure 3.9: Influence of bond-line length on shear stress distribution in a lap joint (Stam-

atopoulos, 2019)

To give an analytical prediction of necessary glue surface for the GF-connector, Volk-

ersen theory was used. This implicates rough assumptions and simplification of the

geometry.

Assumptions in Volkersen theory:

– The adherents (timber part and aluminium part) are in pure axial stress.

– The adhesive layer is thin and it is in pure shear.

– The moment from the eccentricity between the two adherents are neglected.

– Linear elastic behaviour of glue, timber and aluminium members, until failure.

Other assumptions:

– All splices are orientated parallel to the grain direction in the timber member,

creating lap joints with the timber member.

– The two outer splices take 1/5 of the total axial load of 167287.5 N together, the

inner splices take 2/5 of the load each. This will imply that the outer splices will

be half the length of the inner splices.

– The width of the splices is assumed to be 350 mm.
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3.2 Necessary glue surface in Glued Finger connector

The values for the different parameters necessary for the calculation are given in table

3.5 below:

Table 3.5: Values for the necessary parameters

t [mm] E [N/mm2] G [N/mm2]

GL32c 48.0 11200 540

Alu alloy 14.0 70000 27000

Glue 1.0 - 500

The Volkersen theory gives the following equations for the stress analysis:

Γ =
G

dg
(3.12)

where

dg is the thickness of the glue.

α =
E1 · A1

E2 · A2

(3.13)

where

the parameters with notation 1 is the values for the timber part whilst the pa-

rameters with notation 2 is the values for the aluminium splices.

ω =
b · Γ · l2

E1 · A1

· (1 + α) (3.14)

Fmax =


τf ·ω
Γ·l ·

(
1

E1·A1·tanhω
+ 1

E2·A2·sinhω

)−1
, α 6 0

τf ·ω
Γ·l ·

(
1

E1·A1·sinhω
+ 1

E2·A2·tanhω

)−1
, α > 0

(3.15)

For 0 6 x 6 l, when failure, the stress distribution can be found from the following

equation:

τ(x) =
Fmax · ω

b · l · (1 + α) · sinhω

[
α · cosh

ω · x
l

+ coshω · (1− x

l
)
]

(3.16)
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3.2 Necessary glue surface in Glued Finger connector

3.2.1 Results

The calculations of necessary glue surface in GF connector are done in Excel, by use of

the goal seek function, and the Excel sheet is given in appendix B.2. The main results

can be found in table 3.6, below:

Table 3.6: Estimation of necessary cross section and splice lengths in GF connector

Linn,min[mm] Lout,min[mm] Amin[mm2]

24.46 12.23 42813.1

The estimation value of necessary glue surface is for all splices together. Since the width

of the splices, of 350 mm, is quite large, the result has small values for the minimum

splice lengths. One weakness is that, in the calculations, the shear force is not taken

into account, only the moment and the axial force. In addition, it is important to

remember that if the embedment lengths are increased, the amplification of the joint

capacity will tend to flatten, as shown in figure 3.8.
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3.3 Diameter and penetration length of threaded rods in Split

Ring connector

When estimating the diameter and penetration length of the threaded rods in the SR

connector, rules are not given directly in Eurocode 5 (EC5). Thus, equations given in

EC5 and the ETA for screws and bolts, are assumed to be valid for threaded rods as

well. Since, the connection is subjected to both moment, shear and axial load, these

loads have to be taken into account when finding an estimation.

According to section 8.7.3 in Standard Norge (2010c), the failure criterion for a screw

subjected to lateral and axial loading is:(
Fax,Ed
Fax,Rd

)2

+

(
Fv,Ed
Fv,Rd

)2

≤ 1 (3.17)

3.3.1 Axial capacity

To calculate the axial capacity of the threaded rods, the failure modes that has to be

checked for is, withdrawal failure, buckling failure and rod failure. In addition, it is

assumed that an effective number of rods should be used as for screws. Thus, the axial

capacity is given as:

Fax,Rd = nef ·min


(Fax,α,Rk · kmod)/γM
Fki,Rk/γM1

Ftens,Rd

(3.18)

The expression for the effective number of threaded rods, is assumed to be the same as

for screws given in section 8.7.2(8) in Standard Norge (2010c), as:

nef = n0.9 (3.19)

The characteristic withdrawal capacity for a single threaded rod is assumed to be the

same as for screws given in section 8.7.2(5) in Standard Norge (2010c), as:

Fax,α,Rk =
fax,k · d · l

1.2 · cos2α + sin2α

(
ρk
ρa

)0.8

(3.20)

where

fax,k is the characteristic withdrawal parameter perpendicular to grain in accor-

dance with NS-EN 14592 for the corresponding density ρa [kg/m3];
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3.3 Diameter and penetration length of threaded rods in Split Ring connector

d is the outer diameter measured on the threaded part;

l is the penetration length of the threaded rod;

ρk is the characteristic density, in kg/m3.

α is the insertion angle to the grain direction.

In Standard Norge (2010c), it is stated that equation 3.20 is only valid for angles over

30◦, but here it is assumed that it is also valid for all angles. Stamatopoulos and Malo

(2015a) have investigated the characteristic withdrawal capacity of threaded rods by

using Norwegian spruce with a strength class of GL30c and a characteristic density of

ρk = 400 kg/m3. It was found that the characteristic withdrawal strength parameter

perpendicular to grain was fax,k = 11.92 MPa.

The design tensile capacity of a threaded rod is assumed to be the same as for bolts

and can be calculated from the expression for axially loaded bolts in Standard Norge

(2009a):

Ftens,Rd =
0.9 · As · fu,k

γM2

(3.21)

where

As is the net cross-section of the rod.

fu,k is the characteristic ultimate strength of the rod material.

In EN 1999-1-1, the value for γM2 is recommended to be 1.25 (Standard Norge,

2009b).

When it comes to the buckling capacity for threaded rods or screws, there are no rules

in the Eurocode. But, in the European Technical Approval (ETA) for screws, rules are

developed, and these are assumed to be valid for threaded rods as well. According to

ETA Danmark A/S (2013) and ETA Danmark A/S (2016), the characteristic buckling

capacity of screws in compression, can be calculated from the following equations:
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3.3 Diameter and penetration length of threaded rods in Split Ring connector

Fki,Rk = κc ·Npl,k (3.22)

Npl,k = fy,k · π ·
d2

4
(3.23)

κc =


1 λ̄k ≤ 0.2

1(
k+

√
k2−λ̄2k

) λ̄k > 0.2 (3.24)

k = 0.5
[
1 + 0.49 ·

(
λ̄k − 0.2

)
+ λ̄2

k

]
(3.25)

λ̄k =

√
Npl,k

Nki,k

(3.26)

Nki,k =
√
kv,α,k · Es · Is (3.27)

kv,α,k = (0.19 + 0.012 · d) · ρk ·
(

90◦ + α

180◦

)
(3.28)

(3.29)

where

fy,k is the yielding strength of the screw.

λ̄k is the relative slenderness.

Nki,k is the ideal elastic buckling load.

kv is the foundation modulus.

E is the elastic modulus of the screw material.

I is the second moment of area of the screw.

kv,α,k is the characteristic value of the foundation modulus as function of angle α.

3.3.2 Lateral capacity

When calculating the lateral capacity of threaded rods, an effective diameter is used as

for screws given in section 8.7.1 in Standard Norge (2010c):

def = 1.1 · d (3.30)

Thus, the effective diameter must be used in Johansen’s equations, as well as in

the expressions for the characteristic yield moment and the characteristic embedment
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3.3 Diameter and penetration length of threaded rods in Split Ring connector

strength. These expressions are taken from EN 1995-1-1, and by using def , the following

expressions are obtained:

My,Rk = 0.3 · fu,k · d2.6
ef (3.31)

fh,α,k =
0.082(1− 0.01 · def )ρk
k90 · sin2α + cos2α

(3.32)

For softwood, which is assumed, k90 is given as:

k90 = 1.35 + 0.015 · def (3.33)

When neglecting the rope effect, the expression for the characteristic shear capacity is

Fv,Rk =
√

2 · fh,α,k · def ·My,Rk (3.34)

3.3.3 Spacing and distance requirements

The minimum requirements of spacings and distances that should be used for threaded

rods, is assumed to be the same requirements as for screws. In the ETA (ETA Danmark

A/S, 2013), these requirements are less strict than in EN 1995-1-1 (Standard Norge,

2010c). The requirements for both ETA and EN 1995-1-1 are given in table 3.7. See

figure 3.10, for definitions of spacings and distances.

Table 3.7: Minimum spacing and distance requirements for threaded rods in timber members

a1[mm] a2[mm] a1,CG[mm] a2,CG[mm]

EN 1995-1-1 7 · d 5 · d 10 · d 4 · d
ETA-12/0114 5 · d 2.5 · d 5 · d 4 · d
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3.3 Diameter and penetration length of threaded rods in Split Ring connector

Figure 3.10: Definitions of edge and end distances for threaded rods (Stamatopoulos, 2016,

fig.2.3)

.

Since the rods are inserted 10◦ to the grain direction in the end of the timber beam

and not to an angle perpendicular to grain, as in figure 3.10, it is unsure if the spacing

requirements given for threaded rods can be used for the SR-connector. In addition

the rods are inserted against each other in the height of the cross section, such that the

distance between the tip of the rods will be dependent on the penetration length, see

figure 3.11.

Figure 3.11: Definitions for spacings and distances in SR connector.
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3.3.4 Results

The flow chart in figure 3.12 is showing the calculation procedure in this problem. Since

the SR connector design consists of four threaded rods, the necessary diameter and the

necessary penetration length for this diameter was calculated in Excel for four threaded

rods. The calculation can be found in section B.3 in the appendix. To find a result, the

goal seek function was used for two values. The failure criterion was set to the value

1.0 by changing the size of the diameter, and the necessary height of the cross section

was calculated from spacing distances and set to the value 350 mm, by changing the

penetration length. This was repeated until the values for failure criterion was 1.0 and

the necessary height was 350 mm.

Figure 3.12: Flow chart of calculation procedure

The additional assumptions below are assumed in the calculation to be able to get a

result.

– The applied loads, material and cross-section are the same as in the British Mu-

seum redesign case project.

– Four bolts are inserted in the cross-section.

– The spacing requirement between two rods in one row are assumed to be 2·d, and

the distance requirement to the edge is assumed to be 3·d.

– The spacing requirement between the rod tip of two rods in one column is assumed

to be 2·d, and the assumed requirement for the distance to the edges is 3·d.

– The insertion angle is set to 10◦, since the angle should not be less than 5-10◦.

– kmod is assumed to be 0.8.
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3.3 Diameter and penetration length of threaded rods in Split Ring connector

The result can be found in table 3.8, below.

Table 3.8: Necessary diameter and penetration length of threaded rods in SR-connector with

four rods.

Number of rods Diameter [mm] Penetration length [mm]

4 22.1 498.6

As the equations that is used in this calculation are assumed to be valid for threaded

rods, these equations must be verified experimentally for threaded rods. Also, this result

is dependent on the assumed minimum spacing and distance requirements, which is less

strict than both in the ETA and in EN 1995-1-1. They are assumed to be less strict since

it is not possible with two rods in one row with the spacing and distance requirements

from ETA and EN 1995-1-1. But, the definitions of the spacings and distances in this

case for the SR-connector are different than in the ETA and in EN 1995-1-1. Therefore,

this should be investigated further by experimental testing.
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4 Benchmarks - comparing structural behaviours

The GF and SR connectors, in aluminium, are designed to connect timber members.

Since aluminium is an isotropic material and timber is an orthotropic material, the

behaviour of the materials will be different. To compare the behaviour and stresses of

an isotropic and orthotropic material, five different benchmarks were analysed by FEA.

The FEA was done in Abaqus. In Abaqus, there is no units of measurements, so one

have to be consistent with the system of units to get the right output. The chosen unit

system can be found in table 4.1, and the default axis system and stress notations can

be seen in figure 4.1.

Table 4.1: Chosen system of units in Abaqus

Mass Length Force Stress

ton mm N MPa

Figure 4.1: The axis system and stress notations in Abaqus

The material properties for the orthotropic material are defined by engineering con-

stants associated with the material’s principal directions, and are taken from experi-

ments of Norwegian Spruce (Malo, 2018, p. 15). The engineering constants used are

listed in table 4.2, where the Young’s moduli (Ei), Poisson’s ratios (νij) and the shear

moduli (Gij) are stated. The material properties for the isotropic material are given in

table 4.3, where the Young’s modulus is equal to the orthotropic material’s modulus in

the stiffest direction, whereas the Poisson’s ratio is taken from a typical isotropic ma-

terial such as steel. In all finite element analyses in this thesis, a linear elastic material

model is used for all materials. The results are given in the sections below, and more

detailed tables and additional figures are given in appendix C.
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Table 4.2: Material properties for orthotropic material

Engineering

constants
E1 E2 E3 ν12 ν13 ν23 G12 G13 G23

Value 10 000 800 400 0.5 0.6 0.6 600 600 30

Table 4.3: Material properties for isotropic material

Material Properties
E

[MPa]
ν

Value 10 000 0.3
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4.1 Case 1 - Cantilever

The first case, is a cantilever with a uniformly distributed load of 0.01 MPa, see figure

4.2. The geometry of the cantilever beam is b ·h · l = 100·100·1000 mm3. Both principal

stresses, shear stresses and deformation of the two different materials, are compared.

The comparison of deflection is made at the top corner node at the free end, whilst the

stress comparison is made at the top corner at the fixed support. Another isotropic

material, with a Poisson’s ratio equal to 0.495 is also modelled for comparison with the

orthotropic material, as the stability criterion requires that ν < 0.5 (Dassault Systèmes,

2014, 22.2.1), and ν12 is 0.5 for the orthotropic material. The Incompatible mode eight-

node brick element (C3D8I) is used for modelling since the cantilever beam is subject

to bending.

Figure 4.2: Benchmark, Case 1 - Cantilever

In figure 4.3, the displacement for the isotropic and orthotropic material is compared,

and the displacement converges quickly for all the cases. The isotropic material gives

less deformation than the orthotropic which corresponds well with the isotropic mate-

rial being stiffer than the orthotropic material.

The Euler Bernoulli beam theory give the following displacement of the cantilever:

w =
q · L4

8EI
=

0.01MPa · 100mm · (1000mm)4

8 · 10000MPa · 1
12
· (100mm)4

= 1.50mm (4.1)

which fits well with the isotropic material with ν = 0.3.

Looking at the stresses for both materials in figures 4.4 and 4.5, the isotropic stresses

are a bit higher than the orthotropic stresses. With refinement of the mesh, the de-

formation converge in all cases whereas the stresses increase exponentially, i.e. do not
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4.1 Case 1 - Cantilever

converge, due to the non-physical fixed boundary condition which induces stress con-

centrations at the supports. The worst case is the isotropic material with ν = 0.495,

where the stresses continues to increase. Values of Poisson’s ratio approaching 0.5 re-

sult in nearly incompressible behaviour, and it is recommended to use solid continuum

hyybrid elements to avoid potential convergence problems for such materials (Dassault

Systèmes, 2014, 22.2.1). Therefore, it might not be realistic to use ν = 0.495 for com-

parison. In retrospect, one should have considered to compare the stresses at another

location of the beam to experience better convergence.
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4.2 Case 2 - Column

The second benchmark is a column which is fixed in the bottom and applied a uniform

distributed load of 0.01 MPa on the top, see figure 4.6. The dimensions of the column

is b ·h · l = 100·100·2000 mm3. The principal stresses in the top, left corner node in the

fixed support and the buckling coefficient are compared for the two cases.

Figure 4.6: Benchmark, Case 2 - Column

Figure 4.8 shows the comparison of the buckling coefficient for the isotropic and or-

thotropic material. To get the buckling load, the buckling coefficient are multiplied

with the applied load. So, for the isotropic and orthotropic material, the buckling loads

for the biggest number of elements are respectively:

Nb,iso = 1907 · 0.01MPa · (100mm)2 = 190.70kN (4.2)

Nb,ortho = 1670.5 · 0.01MPa · (100mm)2 = 167.05kN (4.3)

The Euler load for both cases are:

Nb,E =
π2 · 10000MPa · (100mm)4

12

(2000mm)2
= 205.61kN (4.4)

The buckling length is chosen as the length of the column, since the buckling mode

with the lowest positive value has the buckling shape as the one in figure 4.7.
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Figure 4.7: Buckling mode
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Figure 4.8: Buckling coefficient and S11
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4.3 Case 3 - Bonded connection

The next benchmark, is two parts bonded together. Both parts have the dimension

b ·h · l = 100·100·500 mm3, and the applied tensile stress is 0.01 MPa as in the previous

cases. The parts are bonded together by a 0.2 mm thick adhesive layer with a Young’s

modulus of 2500 MPa with a tie constraint in Abaqus. The model can be seen in figure

4.9.

Figure 4.9: Benchmark, Case 3 - bonded

The stresses are compared in cross-sectional stress plots as shown in figure 4.10 where

the parts are tied together. For the isotropic material, all the stresses are in the load

direction (S11), as expected, whereas the stress in the orthotropic material is fairly

more distributed in the different directions.

52



4.3 Case 3 - Bonded connection

(a) Isoptropic (S11, S22, S33) (b) Orthotropic (S11, S22, S33)

Figure 4.10: Comparison of principal stresses in bonded contact
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4.4 Case 4 - Bonded connection with eccentricity

Similar parts to that of case 3 in section 4.3 are tied 100 mm along the length of the

parts, so that the tensile stress is applied with an eccentricity to the fixed support, as

seen in figure 4.11. The dimensions of the parts, the applied stress and the contact type

is the same as in case 3.

Figure 4.11: Benchmark, Case 4 - Bonded type with eccentricity

Similar to case 3, the stresses are compared along the bonded contact in stress plots, as

shown in figure 4.13, where the parts are tied together. This shows that the difference

in the stress magnitude between the isotropic and orthotropic material is larger when

the load is applied with an eccentricity to the longitudinal axis. For lap joints, an

even shear distribution, with its maximum in the middle of the glue line and not its

maximum at ends, is the favourable shear distribution. The glue material should not

be too stiff. If it is too stiff, large stresses will arise at the ends, see figure 4.12.

(a) Stiff bond-line (b) Soft bond-line

Figure 4.12: Shear stress distributions of bond-lines
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4.4 Case 4 - Bonded connection with eccentricity

(a) Contact surface where the stress distribution plots are taken from

(b) Isotropic (S11, S22, S33, S12) (c) Orthotropic (S11, S22, S33, S12)

Figure 4.13: Comparison of stresses in bonded contact with eccentricity. The left part of the

cross-section is closer to the fixed support, whereas the right part is closer to the applied load.

The distribution of S12 on the top of the glue surface connected to the fixed part, is

plotted for both the isotropic and orthotropic case, see figures 4.14 and 4.15. From the

plots of the shear distribution of S12, it can be seen that for the isotropic material the

shear stress has its highest peak at the left end. For the orthotropic material the shear

stress tends to be higher at the left side, but a high shear stress peak also appears at

the right side.
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Figure 4.14: Shear distribution of S12 in isotropic material at the top in bonded contact

Figure 4.15: Shear distribution of S12 in orthotropic material at the top in bonded contact
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4.5 Case 5 - Screwed connection

The last benchmark, is a steel part connected to the member part by two screws, see

figure 4.16. To simplify the model in Abaqus, the screws are modelled as pipes without

threads, and the screws are merged to the steel plates as one part. The diameter of the

screws without threads is 20 mm, and the thickness of the steel plate is 20 mm. The

length of the screws is set as the penetration length, 300 mm. The dimensions of the box

member is b ·h · l = 350·200·1000 mm3. When it comes to the contact between the screw

pipes and the member part, this contact is modelled as tied, while the contact between

the steel plate and member part is modelled as frictionless contact. The magnitude of

the load applied is 100 kN distributed over the cross-section as a uniformly distributed

load of 1.4286 MPa.

(a) Whole connection (b) Member part (c) Metal part

Figure 4.16: Benchmark, Case 5 - Connection

4.5.1 Theoretical capacity

The withdrawal capacity of connections with axially loaded screws is calculated with

equation 3.20 given in section 3.3.1. Using GL32h, n = 2, d = 20 mm and lef = 300

mm, α = 0◦, ρa = 400 kg/m3 and a characteristic withdrawal strength parameter

perpendicular to grain of fax,k = 11.92 MPa as input to equation 3.20, the withdrawal

capacity is

Fax,α,Rk = 111.22kN

In figure 4.17 below, the withdrawal capacity is plotted for different angles, and it is

found that the withdrawal capacity increases as the angle increases.
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Figure 4.17: The withdrawal capacity increases as the angle increases

4.5.2 Results

The yield strength of the steel material in the rod is assumed to be 355 MPa. From the

results in figure 4.18a and 4.18b for the connection with the isotropic and orthotropic

member respectively, it shows that for both cases the highest Mises stress exceeds the

yield stress. However, since it seems like the high stress concentrations appear on

the outer surface of the rod and not inside the rod, this is neglected. Furthermore, the

results shows that the stresses in the rod when connected to a member with an isotropic

material are a bit higher than when connected to an orthotropic material.

(a) Steel rod connected to isotropic part (b) Steel rod connected to orthotropic part

Figure 4.18: Mises stress in steel rod
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Establishing a parametric finite element model

5 Establishing a parametric finite element model

As written in section 1.5.1, current add-ons in Grasshopper does not provide the pos-

sibility to analyse solids in 3D. Abaqus was briefly introduced in section 1.5.2 and is a

capable and advanced FEA tool. Setting up a model in Abaqus can be time consuming

since one manually need to define all aspects of the model. Hence it is not well suited

for making parametric models with slight changes in geometry. The aim is therefore

to create a link between the Rhino/Grasshopper environment and Abaqus so that one

can analyse solids parametrically.

One way of doing this is by making the geometry in Rhino/Grasshopper and thereafter

exporting the geometry as a SAT-file and importing that into Abaqus. However, this

is not very efficient as one still have to build the model in Abaqus. Another way of

doing this is to build the parametric model in Rhino/Grasshopper and then run the

analysis in Abaqus. This can be done by scripting an input text file which can be

directly imported as a model and then run in Abaqus.

Mæhle (2017) created an extensive basis on exporting a model from Grasshopper

through the INP-file to Abaqus in his master thesis. The focus has therefore been

to implement and further develop his code and components. It is assumed that the

reader has a general knowledge of FEA as the focus will be on explaining how the

parametric model is set up to be run as a model in Abaqus. The resulting workflow is

5.1 The input file

The input file, or INP-file, is a text file. When a job for a model in Abaqus is submitted

for analysis, the input file is generated for that model and this file is analysed. To see

and modify the input file, a text editor can be used, and the format which the file

is written in is ASCII (MIT, 2017). As it is time consuming setting up a model in

Abaqus, it is desired to generate the INP-file in Grasshopper directly for the parametric

model and then import the file to Abaqus for analysis. This will give a more effective

workflow for making analyses for different dimensions of connector designs. A simple

example which shows how an input file in Abaqus is structured is given below in listing

1. Importing the input file as a model in Abaqus, creates the model with geometry,

boundary conditions and loading as shown in figure 5.1.
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5.1 The input file

1 *Heading

2 GH_File

3 ** Job name: GH_Job Model name:

GH_Model

4 *Preprint, echo=NO, model=NO,

history=NO, contact=NO

5 ** PARTS

6 *Part, name=A

7 *Node

8 1, 0, -50, -50

9 2, 0, -50, 50

10 3, 0, 50, -50

11 4, 0, 50, 50

12 5, 50, -55, -55

13 6, 50, -55, 55

14 7, 50, 55, -55

15 8, 50, 55, 55

16 9, 100, -60, -60

17 10, 100, -60, 60

18 11, 100, 60, -60

19 12, 100, 60, 60

20 *Element, type=C3D8I

21 1, 1, 3, 4, 2, 5, 7, 8, 6

22 2, 5, 7, 8, 6, 9, 11, 12,

10

23 *Nset, nset=Set-1, generate

24 1, 12, 1

25 *Elset, elset=Set-1, generate

26 1, 2, 1

27 *Orientation, name=Ori-1

28 1, 0, 0, 0, 1, 0

29 1, 0

30 **Section: A_section

31 *Solid Section, elset=Set-1,

orientation=Ori-1, material=

Steel,

32 *End Part

33 ** ASSEMBLY

34 *Assembly, name=Assembly

35 *Instance, name=A, part=A

36 *End Instance

1 *Nset, nset=fixed, instance=A

2 1,

3 2,

4 3,

5 4,

6 *Elset, elset=load-Surf, internal,

instance=A

7 2,

8 *Surface, type=ELEMENT, name=load

9 load-Surf, S2

10 *End Assembly

11 ** MATERIALS

12 *Material, name=Steel

13 *Elastic

14 210000, 0.3

15 ** BOUNDARY CONDITIONS

16 ** Name: BC-1 Type: Displacement/

Rotation

17 *Boundary

18 fixed, 1, 1

19 fixed, 2, 2

20 fixed, 3, 3

21 fixed, 4, 4

22 fixed, 5, 5

23 fixed, 6, 6

24 ** STEP: load

25 *Step, name=load, nlgeom=NO

26 Uniform Load

27 *Static

28 0.1, 1., 1e-05, 1.

29 ** LOADS

30 ** Name: load-Load Type: Pressure

31 *Dsload

32 load, P, 10

33 ** OUTPUT REQUESTS

34 *Restart, write, frequency=0

35 ** FIELD OUTPUT: F-Output-1

36 *Output, field, variable=PRESELECT

37 ** HISTORY OUTPUT: H-Output-1

38 *Output, history, variable=PRESELECT

39 *End Step

Listing 1: Example of an INP-file
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5.1 The input file

First the node numbers and their coordinates are stated in the input file. The incom-

patible mode eight-node brick element (C3D8I) is assigned as the element type and the

element numbers together with the nodes that make up the element comes next. In

this example element number 1 consists of the nodes 1,3,4,2,5,7,8,6. All the nodes and

elements makes up a set and the orientation and material is assigned for the whole set.

Nodes 1,2,3 and 4 are fixed against displacements and rotation and a load of 10 MPa

is applied to surface S2 of element 2.

(a) Two elements make up the model with node

numbering and element numbering

(b) Model with boundary conditions and a surface

pressure

Figure 5.1: The input file in listing 1 describes this model geometry with boundary conditions

and loading

If one achieves to generate the INP-file for various geometries, this will open up the

possibility of analysing solids parametrically in an efficient way.

61



5.2 FEM with Grasshopper components

5.2 FEM with Grasshopper components

In this section, descriptions of the grasshopper components used to create a parametric

FE model, with an INP-file ready to be imported to Abaqus, are presented in tables

along with more thorough descriptions of certain aspects of the components.

5.2.1 Creating the geometry

Rhino and Abaqus have different default right-handed Cartesian coordinate systems.

Rhino have the Z-axis upwards, whereas Abaqus default coordinate system is rotated

90◦ around the X-axis, making the Y-axis being the upwards direction. This can be

seen in figure 5.2. An issue may therefore occur when transferring geometry and condi-

tions from Rhino to Abaqus. To avoid changing the setups of the programs, the issue

is addressed by switching the Y- and Z-coordinates in Rhino such that the (X,Y,Z)

coordinates in Rhino becomes the (X,Z,Y) coordinates in Abaqus.

(a) In Rhino, the Z-axis is aligned upwards (b) In Abaqus, the Y-axis is aligned upwards

Figure 5.2: Default coordinate systems in Rhino and Abaqus

Thus, the X-axis and the vertical axis are aligned equally in Rhino and Abaqus. How-

ever, the axis perpendicular to this plane has opposite directions, which results in a

mirrored geometry. This imposes a challenge when sorting the nodes correctly so that

Abaqus recognises elements with positive volumes. To address this issue, element nodes

in Rhino are sorted counter clockwise, so that the points become sorted clockwise in

Abaqus. It is also important to point out that while Rhino/Grasshopper begins num-

bering with 0, Abaqus begins enumerating with 1. In table 5.1, components that create

and/or sort geometries are explained.
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5.2 FEM with Grasshopper components

Table 5.1: Components that create and/or sort geometry

Description Components

RectangleYZRev creates a rectangle in the

YZ-plane from a centre point with chosen

width and height. The output is a list of

points sorted correctly which can further

be used for meshing.

SortPtsYZ sorts a list of randomly ordered

points primarily located in or near the YZ-

plane, to a list of points counter clockwise.

Complimentary components exist for the

XZ-plane.

PtsToSrf creates a surface from a point list

and can be convenient when for example

assigning loads, boundary conditions or

ties.

GetVertices extracts the vertices of a list

of breps and sorts them. If the list of breps

make up a closed shape, Closed is set as

”True” and the first vertices are also added

to the end of the list.

SortPts sorts the points by calculating the angle between the mean point of all the

points and the points using the Atan2 function, as seen in listing 2. In this way one

can arbitrarily choose the points, without having to sort them first, see figure 5.3. This

can be beneficial when creating larger models so that one does not have to manually

sort the points in the correct order.

1 for (int i = 0; i < pointarray.Length; i++)

2 {angles[i] = Math.Atan2((pointarray[i].Z - cnt.Z), (pointarray[i].X -

cnt.X)); //cnt is the central point}

3 Array.Sort(angles, pointarray);}

Listing 2: Sorting the points by using the Atan2 function for points primarily located in or

near the XZ-plane.
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5.2 FEM with Grasshopper components

(a) Surface created from points in random or-

der

(b) Points sorted to get correct surface

Figure 5.3: SortPts sorts points automatically to reduce errors while creating new meshes from

part in model

5.2.2 Making the mesh

In table 5.2, MeshPointSweep, a component which creates a mesh, is explained.

Table 5.2: MeshPointsSweep

Description Component

MeshPointsSweep takes four corner source

points and four corner target points, sorted

in correct order, and creates a mesh be-

tween the points according to the assigned

number of longitudinal and cross sectional

divisions (u and v).

The different stages of the MeshPointsSweep code are illustrated in figure 5.4. It starts

with four source points and four target points (5.4a) and generates lines between them

(5.4b) with lengths that are divided in points according to the chosen number of divi-

sions. From these points, surfaces are made in each division (5.4c). The nodes are then

generated on the surfaces, first in the U-direction (5.4d) and then in the V-direction

(5.4e) in compliance with the given input of the U- and V-divisions in the compo-

nent. This is repeated for each surface until all the nodes are generated, creating

(U + 1) · (V + 1) · (Divisions+ 1) nodes in total.
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5.2 FEM with Grasshopper components

(a) 4 source points

(0,1,2,3) and 4

target points

(4,5,6,7)

(b) Lines between

the corner points,

divided according

to chosen number

of divisions

(c) Surfaces made

from the curve

corner points

(d) Points that

lies on the surface

according to as-

signed U-division

(e) Points that

lies on the surface

according to as-

signed V-division

Figure 5.4: Stages of the MeshPointsSweep component

There are five outputs of the MeshPointsSweep component, which are illustrated in

figure 5.5. Mesh consists of a data tree with the node list (5.5a, cross sectional surfaces

that will make up the elements (5.5b, and a list of the number of divisions, number of

nodes per division and the number of surfaces per division to be used further in the in

the AbaqusPart component that will be described in table 5.7.

Srf are all the longitudinal surfaces (5.5c) which are sorted in a data tree so that the

surfaces that are in the same plane are collected together. The SourceSrf and Target-

Srf are the surfaces created from the source points (5.5d) and the target points (5.5e).

These outputs can be practical when assigning which surfaces that will be loaded or

restrained, as described in section 5.2.4. Orientation is the orientation of the mesh

which will be further described in section 5.2.3.

(a) Enumeration

of all the nodes

that in the mesh,

gathered in a node

list

(b) Cross-

sectional surfaces

with first surface

marked

(c) Longitudinal

surfaces

(d) Source sur-

face, marked in

green

(e) Target surface,

marked in green

Figure 5.5: Output of the MeshPointsSweep component
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5.2 FEM with Grasshopper components

An example of the mesh geometry and how the geometry looks like when it is imported

in Abaqus can be seen in in figure 5.6 and 5.7.

(a) Mesh created using the

MeshPointsSweep component

(b) Node numbering, where el-

ement 0 will consist of nodes

0,3,4,1 and 9,12,13,10, ie.

counter clockwise sorting

(c) Node numbers connected in

branches according to number

of divisions, to make elements

Figure 5.6: Geometry made in Grasshopper from 8 corner points, and assigned division of

2x2x2, 8 elements in total

(a) Imported geometry in

Abaqus with element number-

ing

(b) Node numbering, where el-

ement 1 will consist of nodes

1,4,5,2 and 10,13,14,11, ie.

clockwise sorting

(c) Negative volumes of ele-

ments, as a result of nodes not

sorted correctly, makes the im-

port of import of geometry not

successful

Figure 5.7: Imported, mirrored geometry in Abaqus. Note that Abaqus’ numbering starts with

1, while Grasshopper starts with 0

In table 5.3 below, the MeshPointsNurbsSweep component is described, which is a

further development of the MeshPointsSweep by use of NURBS curves.
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5.2 FEM with Grasshopper components

Table 5.3: MeshPointsNurbsSweep

Description Component

MeshPointsNurbsSweep is a further

development of the MeshPointsSweep com-

ponent which allows for more curved and

complex geometry by using NURBS curves

with chosen degree to approximate curves

through a list of an arbitrary amount of

points, as long as the points are sorted in

one list sequentially in four and four corner

points.

The component MeshPointsNurbsSweep makes the mesh similarly to the MeshPointsS-

weep component, but utilises NURBS curves to create edge curves, unlike MeshPointsS-

weep which create straight edge lines. The maximum degree of the NURBS curves are

(Number of points / 4)-1 as the list of points works as control points for the NURBS

curves.

Figure 5.8 shows how the MeshPointsNurbsSweep component works and how one can

easily adapt the mesh by increasing the NURBS curve degree and/or the longitudinal

divisions.

In the following examples, the meshes are made coarsely to demonstrate how the mesh

works and how the model can be run in Abaqus. The analysis results shown should

therefore not be interpreted as final analysis results, but more as indications of stress

distributions.
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5.2 FEM with Grasshopper components

(a) Beginning with three rect-

angles

(b) Meshing with four divisions

longitudinally with a line be-

tween the points

(c) Meshing with a NURBS

curve of second degree

(d) Increasing the number of

divisions smooths the curve

even more

(e) Imported model in Abaqus

with load and boundary condi-

tions (BC’s)

(f) Stress distribution

Figure 5.8: Example of making a more smooth mesh by approximating curves between corner

points using NURBS curves in the MeshPointsNurbsSweep component

Figure 5.9 shows an example of how the MeshPointsNurbsSweep component can be

used. A circle is made and the GH component Perp Frames is used which generates

a number of equally spaced, perpendicular frames along a curve. Rectangles are made

in the frames and the GetVertices component is used to extract the points to be used

in the MeshPointsNurbsSweep component with Closed set to True to make a closed

shape.

(a) Hexagon model in Rhino (b) Model in Abaqus with load

and boundary conditions BC’s

(c) Stress distribution

Figure 5.9: Hexagon mesh

By easily increasing the number of frames, the degree of the curve and the number of

divisions in the same model one can get a circular mesh, as seen in figure 5.10.
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5.2 FEM with Grasshopper components

(a) Ring model in Rhino (b) Model in Abaqus with load

and BC’s

(c) Stress distribution

Figure 5.10: Ring mesh

The same procedure can be used to create a mesh from a geometry with varying cross-

sections and rotations, as seen in figure 5.11.

(a) Model in Rhino (b) Model in Abaqus with load

and BC’s

(c) Stress distribution

Figure 5.11: Twisted model

With the mesh components, it is possible to easily mesh various somehow rectangular

geometries, and with the MeshPointsNurbsSweep component one can also mesh more

curved and versatile geometry. However, as stated, the geometry has to be somehow

rectangular and might therefore not be suitable for more complex geometry. In addition

to this, if using the MeshPointsNurbsSweep component, it can be challenging to control

the geometry as the NURBS curves approximates edge curves through the points and

the shape can therefore change significantly when varying the degree or number of

divisions.

5.2.3 Assigning materials and orientation

In table 5.4 below, the components for isotropic and orthotropic materials is described.
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5.2 FEM with Grasshopper components

Table 5.4: Materials

Description Component

IsotropicMaterial has steel as default

material, but can take another isotropic

material by its material properties as input.

OrthotropicMaterial has Norwegian spruce

as default material, but can take another

orthotropic material by its material proper-

ties as input.

Orthotropic materials, such as timber, have material properties that change according

to the direction of the material. It is therefore important to assign the proper orientation

to the parts with orthotropic materials in Abaqus, see figure 5.12. Orientation of the

part is written in the input file as shown in listing 3.

1 *Orientation, name=Ori-1

2 1, 0, 0, 0, 1, 0, 0, 0, 0

3 1, 0

Listing 3: Example of how to assign the orientation of the part through the input file. Here

the x-vector is the first direction, the y-vector is the second direction and the origin is (0,0,0)

Where the second line has the coordinates of the vector along the first and second

direction, as well as the coordinates of the origin point. The third line concerns the

direction about which the additional rotation or rotations are given. In listing 3 the first

direction is vector [1,0,0], the second direction is vector [0,1,0] and the origin point is

(0,0,0). The third axis is assigned automatically by calculating the vector cross-product

of two others.

The orientations is assigned as part of the MeshPointsSweep and MeshPointsNurbsS-

weep components. To adjust for varying origin points and geometry, the orientation is

assigned by making a vector between the mean points of the source points and target

points, to make the first direction, see the script in listing 4. A normal plane is created

from this vector and thereby the second direction is assigned.
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5.2 FEM with Grasshopper components

1 //orientation

2 List <string> orilist = new List<string>();

3 Vector3d vec1 = p2 - p1; //longitudinal direction of timber cross-

section central points = Direction 1 (x-axis). Created between the

average points (center points p1 and p2) of the source and target

points.

4 vec1.Unitize();

5 Plane nplan = new Plane(p1, vec1); //normal plane

6 Vector3d vec2 = nplan.XAxis; // Second axis (unitized)

7 double cx = p1.X; double cy = p1.Y; double cz = p1.Z; //center point

x,y,z

8 //coordinates of the first principal axis(x-axis)

9 double x1 = vec1.X + cx; double y1 = vec1.Y + cy; double z1 = vec1.Z

+ cz;

10 //coordinates of the second principal axis(z-axis in Rhino, y-axis in

Abaqus)

11 double x2 = vec2.X + cx; double y2 = vec2.Y + cy; double z2 = vec2.Z

+ cz;

12 //Add orientation (for orthotropic material)

13 orilist.Add("Ori-1");

14 orilist.Add("*Orientation, name=Ori-1");

15 orilist.Add(string.Format("{0}, {1}, {2}, {3}, {4}, {5}, {6}, {7},

{8}", x1, z1, y1, x2, z2, y2, cx, cz, cy)); //changed y z due to

abaqus/rhino different axis systems

16 orilist.Add("1, 0"); // 1,0. 1 means primary axis (x), 0 means no

rotation

17 Orientation = orilist;

18

Listing 4: Assign orientation of part by tangent vector between two central points and normal

plane

(a) Rhino (b) Abaqus model with correct orientation

Figure 5.12: Orientation of elements with orthotropic material
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5.2 FEM with Grasshopper components

This method functions well, but the second and third axis might get interchanged due

to how Rhino/Grasshopper defines perpendicularity of the normal plane. One should

therefore confirm in the Abaqus model that the orientation is indeed created correctly,

and the code could be developed to ensure the correctness of the second and third axis.

One also have to make sure that one meshes the orthotropic parts in the first directions.

Otherwise, the code can easily be extracted to be used for a separate component to set

the orientation outside of the mesh component.

5.2.4 Boundary conditions and loads

Boundary conditions and the loads are assigned to the model by choosing surfaces that

the conditions will be applied to. Components for assigning boundary conditions are

described in table 5.5.

Table 5.5: Boundary conditions

Description Component

BCs and Support are components that are

used with no modifications from Mæhle

(2017). BCs creates a set of boundary

conditions, by checking of the translational

degrees of freedom and the rotational

degrees of freedom that should be fixed.

Support creates a support by assigning a

surface Face, boundary conditions, and an

ID name as inputs. The toleration Tol can

also be set, or have the default value of

0.001 to determine how far the nodes can

be located from the surface.

The Support component is used as an input to the AbaqusPart, where the component

AbaqusPart will identify the nodes that lie on the surface with the given tolerance and

make a node set with all the nodes so that they are assigned the correct boundary

conditions. Furthermore, in table 5.6 the load component used for assigning load types

and the components for possible load types are described.
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Table 5.6: Load

Description Component

Load is a further development of Mæhle

(2017)’s component UniformLoad. It is

possible to assign three different load types,

as shown in figure 5.13; Uniform pressure,

surface traction shear and surface traction

general, to a designated surface Face. Uni-

form pressure is applied perpendicular to

the surface, whereas the surface tractions

are applied according to a direction vector

DirVector. One can choose to input the

total load in kN, where the load is divided

over the area of the surface, or input the

force directly in MPa. The output Load

then works as an input to AbaqusPart, as

will be explained in section 5.2.5.

Figure 5.13: Possible Load types; Pressure and Surface traction

Figure 5.14 shows an example of the use of the three different load types.

(a) Pressure (P) perpendicular

to surface

(b) Surface traction shear

(TRSHR) with direction

vector [0,1,0]

(c) Surface traction general

(TRVEC) with direction vector

[-1,2,3]

Figure 5.14: Examples using the different load types

73



5.2 FEM with Grasshopper components

As the BCs are assigned to nodes in the model, the load is assigned by identifying the

elements that lie on the surface, and make an element set of which elements and their

surface sides that will be subjected to loading. It is also possible to assign the BCs and

load to several surfaces at once by assigning more surfaces as inputs to the components.

By doing this, one have to assign as many ID’s as there are surfaces.

5.2.5 Assembling the model

To assemble a single part, the component AbaqusPart is used as described in table 5.7,

where the components described in the previous sections, work as input.

Table 5.7: AbaqusPart

Description Component

AbaqusPart is a component that has the

same set-up as Mæhle’s (2017) component

PartSweep, but is developed to work with

the components written in this thesis. The

component takes the mesh from Mesh-

PointsSweep or MeshPointsNurbsSweep,

the chosen material from either Isotrop-

icMaterial or OrthotropicMaterial, the

support from Support, the load from Load,

and the element type as inputs and creates

an Abaqus part with instances, steps, sets

and boundary conditions as output.

To create a global node list, the component takes in the nodes from the mesh, or

meshes, and remove the points that are duplicated, so that the there won’t be any

nodes or elements that are overlapping. The vertices of the cross-sectional surfaces are

thereby extracted and compared with the node list so that the nodes that makes up

the different elements will be listed according to the global node list.

The AbaqusPart component identifies which nodes that are supported, by calculating

the distance of the nodes to the supported surface. If the distance is smaller than a

given tolerance, the node is added to the node set of the BCs. The element surfaces

that are loaded or tied are identified by using a similar approach.
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There are three Integration schemes of the hexahedral elements that can be chosen,

as seen in figure 5.15, where it is possible to choose between full integration, reduced

integration and incompatible modes.

Figure 5.15: Possible element types; C3D8, C3D8R and C3D8I

To connect two different parts together, a tie constraint is used, which is established

by using the Tie Component as described in table 5.8

Table 5.8: Tie

Description Component

The Tie component is used without any

adjustments from Mæhle (2017). A tie

constraint couples two separate surfaces

from different parts together so that there

is no relative motion between them. An ID

have to be assigned as well as the ID’s of

the Master part and the Slave part. The

tie surface is assigned to Face so that the

AbaqusPart can identify which elements

that are included of the different parts in

the tie constraint. The component has

two outputs; one called Part which is an

input to the AbaqusPart and one called

INP which works as an input for the

INPAssembly

The slave surface adjust itself according to the master, so it is recommended that the

section with the highest mesh density is assigned as slave (Mæhle, 2017). This compo-

nents is used in chapter 6 when making a connection between the timber members and

the aluminium connection.
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To create more complex model assemblies, it is practical to be able to join different

meshes into the AbaqusPart, so that one does not need to create several AbaqusPart ’s

and Tie them together. To explain how this is done, an example with three simple

meshes is given.

Figure 5.16a shows three meshes; 0, 1 and 2, where the meshes have different heights,

V-divisions and longitudinal divisions. Mesh 0 has 1 V-division and 1 longitudinal

division, mesh 1 has 2 V-divisions and 1 longitudinal division, whereas mesh 3 has 3

V-divisions and 2 longitudinal divisions. The meshes will together make a total of 9

elements.

(a) Geometry in Rhino, 3 different meshes: 0,

1 and 2.

(b) Imported geometry in Abaqus with node

and element numbers

Figure 5.16: Example of joining three meshes together into one part

When the meshes are joined together in the AbaqusPart component, the cross-sectional

surfaces will be put in the same list, and will be enumerated as illustrated in figure

5.17, giving a total of fifteen surfaces.

Figure 5.17: 15 surfaces numbered from 0-14
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The data is sorted correctly by using the code in listing 5, so that the vertices that

will make up the elements are gathered in a data tree according to the mesh number,

division of the mesh and how many surfaces there are per division. The result can be

viewed as a data tree in figure 5.18, where the stages of the code is shown clearly as tree

branches, making a total of 15 branches which corresponds to the number of surfaces.

When the element tree is sorted correctly, it will be used further in the AbaqusPart

code for all the attributes that will successfully create the input file.

1 int div, numbr;

2 int startlocb = 0; //startindex of brep

3 int count = 0; //count to get correct assignment of div, numbr;

4 for (int j = 0; j < (Mesh.Branch(2, 0).Count() / 2) ; j++) //number

of meshes

5 {

6 div = (int) Mesh.Branch(2, 0)[count]; //divisions j mesh

7 numbr = (int) Mesh.Branch(2, 0)[count + 1]; //number of surfaces in

each division

8 for (int k = 0; k < (div + 1); k++)

9 {

10 for (int p = startlocb; p < (startlocb + numbr); p++)

11 {

12 Brep bb = (Brep) Mesh.Branch(1, 0)[p];

13 breps.Add(bb, new GH_Path(j, k));

14 }

15 for (int q = 0; q < numbr; q++)

16 {

17 Elements.AddRange(breps.Branch(j, k)[q].DuplicateVertices(),

new GH_Path(j, k, q));

18 }

19 startlocb = startlocb + numbr; //make next location

20 }

21 count = count + 2; //to get next mesh’s division and number of

surfaces.

22 }

Listing 5: Joining several meshes into the same AbaqusPart
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Figure 5.18: Grasshopper data tree of example

Last, but not least, the component INPAssembly in table 5.9, gathers the part or

different parts and assembles the INP-file, a complete model text file which is ready to

be imported to Abaqus.

Table 5.9: INPAssembly

Description Component

INPAssembly takes the part, instances,

steps, sets and boundary conditions from

AbaqusPart as inputs, and creates the INP-

file for the model, ready to be imported to

abaqus, as output.
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5.2.6 Assembling all the components

To show in a simple way how some of the the components described can be connected

in a GH assembly model, which gives the INP-file, a flowchart of a possible workflow

was made, see figure 5.19.

Figure 5.19: A flowchart which shows the workflow of a GH script which has the INP-file as

the last output.

In figure 5.20, an example on how the components can be connected together in GH to

generate the INP-file for a finite element model, is given.

Figure 5.20: An example of assembling the different components to create a similar model to

that of figure 5.1.

All the components are gathered in a separate GH file in appendix E.1. To show how

the different components are used and how they are connected, a variety of functioning

model assemblies can be found in a GH file in appendix E.2. The file includes some
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simple examples, which are made to show the versatility of, and the possibilities with,

the approach. The different model examples are seen in figure 5.21. Additionally, two

of the model examples, namely the I-beam and the Shell, are elaborated further in

appendix D.

Figure 5.21: Model examples that are found in appendix E.2
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Parametric finite element analyses of connectors

6 Parametric finite element analyses of connectors

The custom GH components described in section 5.2 have been used to model and anal-

yse simplified models of the GF and SR connector. The connector itself is modelled as

one part with multiple meshes, whereas the timber members are modelled as separate

parts due to their different orientations. The connector and timber members are tied

together using a tie constraint. All analyses, except for the buckling analyses, have

been made by building the model in GH and running the FEA in Abaqus. For the

buckling analyses, the model have been built in GH, but the buckling step has been

added to the model in Abaqus, since the approach does not cover buckling analysis yet.

As mentioned in chapter 4, a linear elastic material model is used in all FEA in this

thesis.

Elements used in all analyses are the 8-node trilinear element (Hex 8), which is the

three-dimensional counterpart of the standard quadrilateral Q4 element. A shortcom-

ing of these types of elements are that they exhibit parasitic or “false” shear strain.

This may lead to shear locking where the finite element model will tend to “lock” as a

lot of energy is required to sustain the false shear strain and the shear strain dominates

completely. However, the effect of the parasitic shear strain depends greatly on the

width/height ratio of the element (Bell, 2014, p. 385). The larger the ratio becomes,

the risk of shear locking is greater. The additional shear stresses causes the element to

reach equilibrium with smaller displacements. Hence it makes the element appear to

be stiffer than it actually is and gives displacements smaller than they should be. It is

therefore important to make sure that the width/height ratio is as small as possible to

make the model more accurate.

To save computational time, reduced integration is used. Reduced integration tends

to have a softening effect on an otherwise too stiff element as it dampens the effect

of higher order terms (Bell, 2014, p. 221). However, the element has two zero-energy

(hourglass) modes for this integration scheme. This problem can be addressed with

hourglass control, which reintroduce the stiffness of the hourglass modes. Hence the

modelling results can be quite accurate while reducing computational time.
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6.1 Glued Finger connector

6.1 Glued Finger connector

A simplified model of the GF connector was constructed, see figure 6.1a. Compared

to the original design, the simplified connector do not contain the connection detail

between the connector core and the gripper. In addition, the inner core is modelled

with a hexagonal geometry, whilst the original geometry is irregular because of the

different angels between the timber members. To analyse how the dimension of different

geometrical parameters is impacting the structural behaviour of the connector, seven

different parameters were at first analysed separately when applying shear in the vertical

direction to the timber end. Due to symmetry, only one of the six connectors was part

of these analyses, so both the behaviour of the connector centre and the five remaining

connectors were not looked into at first. The result from this analysis are given in

section 6.1.1. The parameters that was analysed are named in figure 6.1b below. The

A1 parameter was analysed for both two inner splices and four. From the analysis

results, an optimised solution for the GF connector is proposed, and the optimised

solution of the whole simplified GF connector is analysed later in this chapter. When

modelling the glued connection between the gripper and the timber part in Abaqus,

this has been assumed and modelled as a tied contact.

(a) Whole model of simplified GF connector (b) Changing parameters, two splices to the left,

four splices to the right

Figure 6.1: the GF connector
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6.1 Glued Finger connector

6.1.1 Changing parameters when applying shear to the timber end in one

leg

To model one connector as realistically as possible, the part which is supposed to be

connected to the inner core was applied fixed boundary conditions, see figure 6.2. The

timber part was given the dimension 200·200·1000 mm3, and applied a surface traction

of 0.125 MPa at the tip surface, in the negative Z-direction, which sums up to a total

force of 5 kN. This can be seen in figure 6.2. The connector itself is modelled as one

part in aluminium and tied to the timber part. As the timber cross-section is assumed

to be constant, changing the varying parameters of the connector itself might affect the

dimensions of the remaining parameters. For example increasing the angle B1 or the

length B2 makes the width of the mid plate (C) smaller.

Figure 6.2: Applied load and boundary conditions to one connector

In the following, the results from the analyses of the simplified GF model is given. In

these analyses it is not taken into account that the connector can collide with other

connectors. The displacement percentage of change and Mises stress is compared with

the volume percentage of change. It is desired to have the case with the lowest volume,

displacement and Mises stress. This because the lowest volume means the lowest price,

and the smallest displacement means the most stiff joint. An example, which shows

how the result for one case is given in Abaqus, is shown in figure 6.3.
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6.1 Glued Finger connector

(a) Displacement (b) Mises stress

Figure 6.3: Demonstration of how FEA results are given in Abaqus

The first parameter which was done analyses of, was A1, which is the length of the

inner splices. This was analysed for both two and four splices, and the difference in the

results are given in figure 6.5. Here it is observed that the difference in displacement

percentage of change and stresses is quite small and the volume percentage of change is

high, so the change of volume will be the critical factor. Thus, as the volume percentage

of change is over 50 % larger for four splices than for two splices, for a given length of

A1, two splices will be the favourable design solution. In addition to this, it is observed

that the two inner splices transfer most of the stresses. This can be seen in figure 6.4,

where the exterior inner splices are not well visible as their stresses are low. The two

exterior inner splices therefore seem to be redundant. It is a general observation that

the closer the inner splices are to the centre, the larger the stresses in them becomes

and the displacements decreases.

When it comes to the length of the splices, it is observed that the displacement percent-

age of change tend to flatten and that an increase of the length, maybe over 200 mm,

will not have a significant impact on the displacement percentage of change compared

to the increase in change of volume. However, it is strange that the Mises stress is

constant when the displacement is decreasing, as a decrease in the displacement should

lead to a decrease in the Mises stresses. Therefore, this case should be investigated

further. It is also important to remember that the length of the splices affects the glue

surface, such that it must be checked that the surface area which the timber part is

connected to is larger than the necessary glue surface area.
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6.1 Glued Finger connector

Figure 6.4: FEA Mises stress results of four splices with a length of 350 mm. The two inner

splices splices transfer most of the stresses, making the two exterior inner splices appear to be

redundant.
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Figure 6.5: Length of inner splices

The second parameter that was analysed was A2, which is the width of the inner splices.

In figure 6.6, the result from these analyses is shown. Here it is observed, that when

increasing the width by 10 mm, the volume increases with around 17 %. Such as for

A1, the displacement percentage of change and stresses have a small decrease when

increasing A2. Therefore, a small width is preferable, maybe around 10-15 mm.
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Figure 6.6: Width of inner splices

Furthermore, B1 was analysed, which is the angle between the outer and inner splices.

The results are given in figure 6.7. Unlike A1 and A2, the change of volume is decreasing

linearly when increasing B1. But this change of volume is much less than for A1 and A2.

When increasing the angle by 5◦, the volume is decreasing with around 2 %. Also, the

displacement percentage of change and stresses also have small variations. Therefore,

other factors may decide the angle, such as if the connectors are colliding for big angles,

the glue surface area, or aesthetic arguments.
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Figure 6.7: Angle between inner and outer splice

The next parameter that was analysed was B2, which is the length of the outer splices.

This result can be found in figure 6.8. When increasing the length by 40 mm, the

volume percentage of change increases with around 3.75 %. In addition, the Mises

stress and the displacement percentage of change has quite small variations. But, there

is a little jump from a B2 of 60 mm to a B2 of 80 mm, so a length of 80-100 mm may

be a good solution for the outer splices.
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Figure 6.8: Length of outer splice

In addition, parameter C, which is the width of the mid plate that the splices are

connected to, was analysed, see figure 6.9. Notice that when changing the dimension of

C, the width of the outer splices also changes, but it seems like most of the transferring

of stresses happens between the mid plate and the inner splices. It is observed that

when increasing C with 5 mm, the volume change increases with around 13.5 %. Also,

there is a jump in the displacement percentage of change from 25 mm to 30 mm, so

maybe 30 mm will be a good value for C.
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Figure 6.9: Width of mid plate

Next, the parameter that was analysed was D1, which is the length of the inner plate

that is connected to the connector centre. Both the displacement, Mises stress and the

volume is increasing when increasing the value of D1, as can be seen in figure 6.10.

In this case, the variations in the displacement and Mises stress is larger than in the

previous cases. The volume percentage of change is increasing with around 3 % when
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6.1 Glued Finger connector

increasing D1 with 20 mm. To keep the displacement, Mises stress and volume low, the

length of D1 should not be larger than 100 mm. Notice that it is also important that

D1 is large enough so that the six connectors do not collide with each other.
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Figure 6.10: Length of inner plate

The last parameter that was analysed was D2, which is the width of the inner plate

which is connected to the connector centre, see figure 6.11 for the result. The reason

for the jump in the plot of D2 against the volume percentage of change, has to do

with that the fixed part also had to increase its dimension as the width was increased

over 35 mm. The variations in the Mises stress and the displacement percentage of

change is also here larger than in previous cases. After 20 mm to 25 mm, the graphs

for the displacement and stress tend to flatten. When increasing D2 with 5 mm, the

volume change increases with 5 %, which is a quite low increase compared to some of

the previous cases. Thus, 20 mm or 25 mm may be a good width of D2.
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Figure 6.11: Width of inner plate
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To sum up the results and discussion, an optimised solution for the simplified GF

connector is proposed. The values for the different parameters is given in table 6.1. This

solution consists of two inner splices, which is the favourable number of splices according

to the analyses. The values for B1 and D1 are determined by taking into account the

possible collision of the six connectors, see figure 6.12 for the whole optimised GF

connector. The necessary dimension of the hexagon in the centre is not analysed.

Table 6.1: Values which gives an optimised solution for the simplified GF connector

A1 A2 B1 B2 C D1 D2

[mm] [mm] [◦] [mm] [mm] [mm] [mm]

200 10 20 100 30 100 25

Figure 6.12: Whole GF connector with proposed geometry as stated in table 6.1. As seen, the

connectors do not collide.

The glue surface of this connector was calculated to be 350·103 mm2. Comparing this

to the estimated necessary glue surface that was calculated in section 3.2, with a value

of 43·103 mm2, it is found that the glue surface is 8 times more than necessary.

This proposed connector design was also analysed, and the result for the displacement

and the Mises stress is given in figure 6.13.
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6.1 Glued Finger connector

(a) Displacement (b) Mises stress

Figure 6.13: Displacement and Mises stress in the optimised GF connector

6.1.2 Shear force in horizontal direction

The same uniformly distributed load of 0.125 MPa was also applied to the same tip

surface, but now in the horizontal direction for the optimised connector design of one

GF connector. See figure 6.14 for analysis result of displacement and Mises stress with

the new load condition.

(a) Displacement (b) Mises stress

Figure 6.14: Displacement and Mises stress in the proposed solution of simplified GF connector

with shear force applied in the horizontal direction

From the result, it is shown that the maximum Mises stress is very high, when applying

the same shear load in the horizontal direction, compared to in the vertical direction.

The maximum Mises stress is 173.3 MPa which is just lower than the yield stress of

the chosen aluminium alloy which is 180 MPa. To lower the Mises stress, one could

increase the area that takes up shear in the horizontal direction, by inserting plates

perpendicular to the inner plate. For example one could change the cross section to an

I-profile.
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6.1.3 Eccentricity

The Mises stress in a case with pure compression was checked by applying a pressure

of 2.75 MPa, see figure 6.15. This corresponds to a load of 110 kN distributed on

the timber end surface with an area of 200·200 mm2. Then, to introduce eccentricities,

which causes moments, the same load of 110 kN was distributed over an area translated

50 mm in the vertical direction, see figure 6.16, and horizontal direction, see figure 6.17,

respectively.

(a) Boundary conditions and loading for pure

compression on the timber end

(b) Mises stress in case with pure compression

Figure 6.15: GF connector applied to pure compression

(a) Boundary condition and loading applied with

an eccentricity in the vertical direction

(b) Mises stress

Figure 6.16: GF connector with eccentricity in the vertical direction

(a) Boundary condition and loading applied with

an eccentricity in the horizontal direction

(b) Mises stress

Figure 6.17: GF connector with eccentricity in the horizontal direction
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From the Mises stress results in the figures above, it can be seen that the Mises stress

when applying the load with an eccentricity in the vertical direction is 54 % bigger

than the Mises stress for pure compression. Furthermore, when applying the load with

an eccentricity in the horizontal direction, the Mises stress is 410 % bigger than the

Mises stress for pure compression, which is a significant difference. The connector is

therefore vulnerable to eccentric loads, which might be a problem for gridshells with

varying geometry.

To combat this, it is crucial to increase the bending stiffness by increasing the second

moment of area about the weak axis. A common way to do this is by using for instance

I-beams, where the slender webs handles the shear forces and the flanges handles the

bending. For the GF connector, one could increase the width of the whole inner plate,

but it could be more efficient to insert plates perpendicular to the inner plate, for ex-

ample in the top and bottom, like the I-profile. To save material, one could instead

insert plates in the middle of the cross-section. Both would be efficient for eccentric

loads in the horizontal direction, but the most efficient for the eccentric loads in the

vertical direction, would be plates in the top and bottom.

It is the eccentricity in the horizontal direction which is critical. Therefore, it was in-

vestigated how a plate inserted in the middle affected the Mises stress for the case with

an eccentricity in the horizontal direction, see figure 6.18. As seen, when introducing

plates in the middle, the stress distribution changes, and when the width increases, the

maximum stress decreases significantly. This could therefore be an efficient way to deal

with eccentricities.

(a) When introducing stiffening plates, the stress

distribution changes

(b) When increasing the plate width, the maxi-

mum stress decreases

Figure 6.18: GF connector with stiffening plates

When increasing the width of the additional plate to be equal to the length of the mid

plate, the Mises stress increase in the outer splices, see figure 6.18b.
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6.1.4 Buckling capacity of inner plates

To find the buckling capacity of the inner plate in one leg, the optimised metal part

was connected to a small timber part, with a length of 250 mm, width of 200 mm and

height of 350 mm, and made a buckling analysis of. A pressure of 1 MPa was applied to

the ends of the timber part, see figure 6.19 for boundary condition and applied loading.

Figure 6.19: Boundary conditions and loading for buckling analysis of one leg

As can be seen in figure 6.20a, the lowest positive eigenvalue that generated buckling

in the inner part was found to be 58.562 MPa. This means that the buckling capacity

for the inner parts is 58.562 MPa. This is distributed over an area of 200·350 mm2,

which means that it can be summed up to an axial compression load of 4099.43 kN.

The buckling modes in figure 6.20b and 6.20c, have different buckling shape and the

lowest positive eigenvalue for those shapes are given in these figures.

(a) Buckling mode (b) Buckling mode (c) Buckling mode

Figure 6.20: Buckling modes

To increase the buckling load, one could insert a plate perpendicular to the inner plate

in the middle, as suggested when dealing with eccentricities, or one could increase the

width of the inner plate. The first option will be the most volume efficient solution.
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6.1.5 Applying compression load to all timber members in connector

To get a better understanding of how the stresses are distributed in one connector as a

whole, all the six grippers assembled together with the timber members, as can be seen

in figure 6.21, was analysed.

Figure 6.21: GF whole connector

According to Seifi (2019), because of the doubly curved geometry of gridshell structures,

the internal forces are mainly in-plane. Therefore, at first, the parametric connector

model, with the optimised dimensions from table 6.1, was only subjected to pressure

at the ends of the timber members. The pressures applied to the timber members in

the six different grippers, was calculated from the axial forces working on the connector

which is subjected to the maximum axial force in the gridshell, given by Brun (2019).

These are given in table 6.2, and can also be found in figure 6.22. To achieve stability

of the connector, the inner splices of the gripper with the lowest pressure, was applied

fixed boundary condition. The connector was analysed for two different widths of the

hexagon, first a width of 60 mm was analysed, and then a width of 100 mm. The results

can be found in figure 6.23.

94



6.1 Glued Finger connector

Table 6.2: Pressures applied to the ends of the timber members, calculated from connector

number 1125 which are subjected to biggest axial force

Member Axial load Pressure

[kN ] [MPa]

3036 109.66 1.57

3038 34.59 0.49

3111 30.34 0.43

3157 108.82 1.55

3082 39.99 0.57

3037 32.70 0.47

Figure 6.22: Whole GF connector applied to different pressures on the ends of the timber

members
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(a) Mises stress in whole GF connector with 60

mm width of hexagon, applied to different pres-

sures at the ends of the timber members

(b) Mises stress in whole GF connector with 100

mm width of hexagon, applied to different pres-

sures at the ends of the timber members

Figure 6.23: Mises stress in whole simplified GF connector applied to pressure

From the results, it is shown that when applying pressure to the ends of the timber

parts and changing the width of the hexagon, the maximum Mises stress is about the

same. For the connector with a hexagon width of 60 mm, the maximum Mises stress is

12.99 MPa, whilst for the connector with a hexagon width of 100 mm, it is 14.11 MPa.

However, the maximum Mises stress is located in the inner plates of the connectors

which is applied a fixed boundary condition. If comparing the Mises stresses in the

inner plates of the connectors which is applied the two highest pressure loads, the

maximum Mises stress is 11.91 MPa for the connector with a hexagon width of 60 mm,

whilst for the connector with a hexagon width of 100 mm, it is 11.76 MPa. In addition,

it can be seen that most of the load are transferred through the inner splices and

almost nothing through the outer splices. Therefore, the question on whether these are

necessary should be discussed. It seems at least like the dimension of the outer splices,

if they are included, can be minimised.

6.1.6 Applying shear load to all timber members in connector

In addition, to get a better understanding of the structural behaviour of the connectors,

the same connector model was only subjected to surface tractions at the ends of the

timber members. The surface traction applied to the six different timber members, was

calculated from the shear forces working on the connector, which is subjected to the

maximum shear force in the gridshell, given by Brun (2019). These are given in table

6.3, and can also be found in figure 6.24. To achieve stability of the connector, the top

hexagonal surface in the centre of the connector, was applied fixed boundary condition.

This case was also analysed for two different widths of the hexagon, first a width of 60

mm was analysed, and then a width of 100 mm, as for the case with compression. The

results can be found in figure 6.25.
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6.1 Glued Finger connector

Table 6.3: Surface tractions applied to the ends of the different timber members, calculated

from connector number 1 which are subjected to the biggest shear force

Member Shear load Surface traction

[kN ] [MPa]

90 0.66 0.009

3 -1.20 -0.017

2 -5.82 -0.083

1 -0.92 -0.013

87 -1.32 -0.019

147 -0.71 -0.01

Figure 6.24: Whole GF connector applied to different surface tractions at the ends of the

timber parts
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6.1 Glued Finger connector

(a) Mises stress of connector with 60 mm width

of hexagon, applied to surface traction

(b) Mises stress of connector with 100 mm width

of hexagon, applied to surface traction

Figure 6.25: Mises stress of connectors applied to surface traction

From the results, it is shown that when applying shear to the ends of the timber parts

and changing the width of the hexagon, the maximum Mises stress is decreasing with

almost 50 % when increasing the width of the hexagon in the core by 40 mm. For the

connector with a hexagon width of 60 mm, the maximum Mises stress is 25.11 MPa,

whilst for the connector with a hexagon width of 100 mm, it is 13.45 MPa.

6.1.7 Buckling capacity of inner plates in whole connector

To find the buckling capacity of the whole optimised connector, five timber ends was

applied a uniform compression load of 1 MPa. The last timber end was applied a fixed

boundary condition, as can be seen in figure 6.26.

Figure 6.26: Applied loading for checking the buckling capacity of the whole connector
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6.1 Glued Finger connector

As can be seen in figure 6.27a, the lowest positive eigenvalue that generated buckling in

the inner part of the whole connector was found to be 14.697, which is much lower than

for one connector. This is distributed over an area of 200·350 mm2 and corresponds to

an axial compression load of 1028.79 kN. However, this buckling mode, in addition to

the buckling mode with another buckling shape in figure 6.27b, has buckling of the inner

part of the connector which is fixed. Therefore, buckling modes that generated buckling

in the inner plate of the others connectors which were not fixed, was also investigated.

The lowest positive eigenvalues of different buckling shapes for such buckling modes,

are given in figure 6.28.

(a) Buckling mode (b) Buckling mode

Figure 6.27: Buckling modes with buckling of fixed leg

(a) Buckling mode (b) Buckling mode (c) Buckling mode

Figure 6.28: Buckling modes

To prevent buckling of the inner plates the best way of doing this is to increase the

moment of inertia around the weak axis. This can be done either by increasing the

width of the inner plates, such that the plates gets less slender, or by changing the cross

section of the plates, to stiffer geometries. A good solution could be to insert plates

perpendicular to the existing plates as was suggested for the eccentricity problem in

section 6.1.3.
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6.2 Split Ring connector

6.2 Split Ring connector

A simplified model of the original SR connector design is constructed to investigate the

possible stress distribution in this connector as well, see figure 6.29.

Figure 6.29: Simplified SR connector with parameters

The top and bottom split rings are modelled as two parts and not four as in the original

design. Also, the four threaded rods for each member are not included. However, the

connection between the aluminium part and the timber parts is modelled as tied in to

columns, where the four threaded rods are supposed to be, see figure 6.30 below.

Figure 6.30: The yellow circles marks the surfaces that are tied in a tied connection

According to table 3.1 and 3.2, e2 = 1.2 · d0 and d0 = d + 2, for bolts with a diameter

between M16-M24. For a plate with one bolt row, the minimum height is therefore

2 · e2. For a bolt of size M24, as used in section 3.3.4, the minimum height is therefore

hmin = 2 · 1.2(24 + 2)mm = 62.4mm

Hence, the height of one split ring should at least be 62.4 mm.
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6.2 Split Ring connector

6.2.1 Eccentricity

As for the GF connector, it is interesting to look at how the SR connector handles

eccentricities. Thus, the whole connector was applied the same compression loads as in

table 6.2 and shown in figure 6.31. The fixed boundary condition was applied to the

timber member with the lowest pressure. The dimensions of the width and height of

both hexagon rings was 55 mm and 140 mm, respectively, as found when comparing

the volumes of both connectors, which is explained in section 6.3.2.

Figure 6.31: SR connector applied to different pressures on the ends of the timber members

The eccentricities were introduced by distributing the same load over a smaller area

in the designated direction. The timber member applied the highest axial load of 110

kN, corresponding to a pressure of 1.57 MPa distributed over an area of 200·350 mm2,

was applied eccentricities. For the connector applied pure compression, see figure 6.32,

the maximum stress is 17.75 MPa and is located along the bottom, inner corners of

the hexagon of the members next to the largest load. Due to symmetry, the bottom

hexagon have the same stress distribution as the upper one.

(a) BCs and loading for pure compression on the

timber end

(b) Mises stress. Red marks shows the locations

of the maximum stress.

Figure 6.32: SR connector with pure compression
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6.2 Split Ring connector

For the eccentricity in the vertical direction, the maximum stress is 14.5 % bigger than

for pure compression, and the location of the maximum stress is shifted upwards, since

the load is shifted upwards, as seen in figure 6.33. However, since the bottom hexagon

is subjected to less stress, so there are less stresses in the bottom hexagon.

(a) Boundary condition and loading applied with

an eccentricity in vertical direction

(b) Mises stress. Red marks shows the locations

of the maximum stress.

Figure 6.33: SR connector with eccentricity in the vertical direction

For the eccentricity in the horizontal direction, as seen in figure 6.34, the value of the

maximum stress is about the same as for pure compression, but the location is shifted

to the following corner from the two other cases.

(a) Boundary condition and loading applied with

an eccentricity in the horizontal direction

(b) Mises stress. Red mark shows the locations of

the maximum stress.

Figure 6.34: SR connector with eccentricity in the horizontal direction

Since the SR connector has a hollow hexagonal geometrical shape with constant wall

thickness and encircles a circle, it was anticipated that the eccentric axial loads would

not influence the behaviour significantly. Such cross sections are known for being re-

sistant against warping and for having good bending stiffness around both axes as the

material is moved away from the centre of area.
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6.2 Split Ring connector

6.2.2 Applying shear load to all timber members in connector

In addition, the whole SR connector was subjected to only surface tractions at the

ends of the timber members. The surface traction applied to the six different timber

members, was the same that are given in table 6.3, and can also be found in figure

6.35a. To achieve stability of the connector, the inside of the top split ring, was applied

fixed boundary condition. The resulting Mises stresses are given in figure 6.35.

(a) Boundary condition and shear loading (b) Mises stress in SR connector applied to shear

Figure 6.35: Whole simplified SR connector applied to shear

From the result, it is found that the maximum stress appears in the tied connection in

the leg which is applied the highest shear load.
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6.3 Comparing necessary volumes of Glued Finger and Split Ring connector

6.3 Comparing necessary volumes of Glued Finger and Split

Ring connector

To reduce costs, one aim to keep the volume of the connector down while ensuring that

the connector has enough structural capacity. To compare the two different connector

designs, the connectors were analysed with different load combinations; compression

loads according to table 6.2 in section 6.3.1, identical compression load in all members

in section 6.3.2 and identical shear load in all members in section 6.3.2. The volume

of the connectors were then adjusted in the parametric model with the aim of making

the maximum stress reach 90 % of the yield stress of 180 MPa. The volume of the

SR connector was calculated by including the threaded rods by using the diameter and

penetration length found in section 3.3.4.

6.3.1 Compression loads according to table 6.2

At first, it was tried to use the loads from table 6.2 and then decrease the volume of

both the GF connector and the SR connector, to try to find the necessary volume to

reach a Mises stress of 90 % of the yield stress. The result for each connector can be

found in figure 6.36.
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Figure 6.36: Comparison of GF and SR connector when decreasing the volumes

From the result, it can be seen that for the SR connector, at first when decreasing

the volume, the increase in the Mises stress is quite small. But, when the volume

approaches the value of 1·107 mm3, then the rate of change gets steeper and a little

decrease in the volume will result in reaching 90 % of the yield stress. However, for the

GF connector, not always a decrease in the volume led to increase in the Mises stress,

it depended on which parameters that was decreased, and how much.
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6.3 Comparing necessary volumes of Glued Finger and Split Ring connector

6.3.2 Identical compression load applied to all members

To be able to compare the connectors, the compression load that is necessary for in-

ducing a Mises stress of around 90 % of the yield stress in the optimised GF connector

was found. This was found to be 20 MPa when applying it to five timber ends, and

when fixing one timber end, see figure 6.37. The SR connector was applied the same

load and boundary condition, and the geometry of the connector which give a Mises

stress of around 90 % of the yield stress was found, see figure 6.38. The dimensions of

the width and height of the resulting connector, was 55 mm and 140 mm, respectively.

(a) Boundary condition and loading (b) Mises stress in GF connector applied to same

pressure in all timber members

Figure 6.37: Pressure of 20 MPa applied to all timber members in the GF connection

(a) Boundary condition and loading (b) Mises stress in SR connector applied to same

pressure in all timber members

Figure 6.38: Pressure of 20 MPa applied to all timber members in the SR connection

The volume of the optimised GF connector is 37.09 · 106 mm3, whilst the volume of the

SR connector is 21.67·106 mm3. This means that for the same compression load applied

to the connectors, the GF connector needs 1.7 times the volume of the SR connector,

for both connectors to not have higher Mises stress than 90 % of the yield stress. For
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6.3 Comparing necessary volumes of Glued Finger and Split Ring connector

the GF connector the highest stress concentrations are located in the inner plates and

the mid plates, whilst for the SR connector they are located in the inner corners of the

hexagon shaped split rings.

6.3.3 Identical shear load applied to all members

In addition, one more comparison was performed, where the shear load that is necessary

for inducing a Mises stress of around 90 % of the yield stress in the optimised GF

connector was found. This was found to be 2 MPa when applying it to all the six

timber ends and when fixing the top core surface, see figure 6.39. The SR connector

was applied the same load, but here the boundary condition was fixed on the inside of

the top SR connector, and the geometry of the connector which give a Mises stress of

around 90 % of the yield stress was found, see figure 6.40. The dimensions of the width

and height of the resulting connector, was 25 mm and 65 mm, respectively.

(a) Boundary condition and loading (b) Mises stress in GF connector applied to same

shear load in all timber members

Figure 6.39: Shear load of 2 MPa applied to all timber members in GF connection

(a) Boundary condition and loading (b) Mises stress in SR connector applied to same

shear load in all timber members

Figure 6.40: Shear load of 2 MPa applied to all timber members in SR connection
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6.3 Comparing necessary volumes of Glued Finger and Split Ring connector

The volume of the optimised GF connector is 37.09 · 106 mm3, whilst the volume of the

SR connector is 8.89 · 106 mm3. This means that for the same shear load applied to

the connectors, the GF connector needs 4.17 times the volume of the SR connector, for

both connectors to not have higher Mises stress than 90 % of the yield stress. For the

GF connector the highest stress concentrations are located in the core of the connector,

whilst for the SR connector they are located in the corners of the bottom hexagon

shaped split ring.
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6.4 Comparing rotational stiffness of Glued Finger and Split

Ring joints

In previous years, for discrete single-layer free form surfaces, the problem has not been

to know how to perform the structural design, but rather how to develop connector

designs that provides sufficient rotational stiffness (Lopez et al., 2011). Thus, the

rotational stiffness of both the GF and SR joints is estimated and compared in this

section.

6.4.1 Rotational stiffness of Glued Finger joints

To estimate the rotational stiffness of the GF joints, one leg of the optimised simplified

connector was looked at. The timber cross-section was set to 200·350 mm2 and had

a length of 1 m. The timber end was applied a load of 5 kN which corresponds to a

surface traction of 0.071 MPa, see figure 6.41.

Figure 6.41: Loading and for estimating rotational stiffness of GF joints

The displacement along the length in the centre of the timber cross-section was plotted,

see figure 6.42.
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6.4 Comparing rotational stiffness of Glued Finger and Split Ring joints

Figure 6.42: Plot of displacement in the middle of one leg of the GF connector

It is a general observation that the plot of the displacement at first has a linear shape

before it gets curved and then linear again. In addition, many engineers will argue that

the displacement value at the transition point from the curved shape to the linear shape

at the end, is the value which will give the best estimation of the rotational stiffness of

the joint. Thus, this was assumed as the best value for the estimation of the rotational

stiffness.

To find a rough estimation of the rotational stiffness of the joint, the displacement was

taken from figure 6.42, where the displacement U2 at the transition point is 0.27 mm.

The length of the timber beam is 1 m and the length of the joint is 0.19 m. Thus, the

rotational stiffness, Sj is calculated as

Sj =
M

Φ
=
F · L
U/L

=
5kN · 1.19m

0.27mm/813.06mm
= 17917.80kNm/rad (6.1)

Using the classification criteria from section 5.2.2.5(1) (Standard Norge, 2009a) with

the modulus of elasticity for timber in the longitudinal direction, which is 10000 MPa,

and the second moment of inertia of the timber beam, one obtain the following value

Sj
E · I/L

= 2.98

Hence, the connection is semi-rigid since it is over 0.5 (pinned), but below 8 (rigid).

The result can be found in table 6.4 below.

Table 6.4: Estimated rotational stiffness of GF connector

U2 L Sj

[mm] [mm] [kNm/rad]

0.27 813 17917
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6.4.2 Rotational stiffness of Split Ring joints

To estimate the rotational stiffness of the SR joints, one leg of the connector was looked

at. The height of each Split Ring was 140 mm, and the width of each Split Ring was 55

mm, which was the resulting geometrical values from section 6.3.2. The timber cross-

section was set to 200·350 mm2 and had a length of 1 m. The timber end was applied

a load of 5 kN which corresponds to a surface traction of 0.071 MPa, see figure 6.43a.

The fixed boundary condition was applied on the inside of both top and bottom ring.

(a) Loading and boundary conditions for estimat-

ing the rotational stiffness of the SR joints

(b) Mises stress

Figure 6.43: Model to estimate the rotational stiffness of SR joints

The displacement along the length in the centre of the timber cross-section was plotted,

see figure 6.44

Figure 6.44: Plot of displacement in the middle of one leg of the SR connector
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6.4 Comparing rotational stiffness of Glued Finger and Split Ring joints

As for the GF connector, the transition point between the curved part of the plot and

the linear at the end, was assumed as the best value for the estimation of the rotational

stiffness. From the plot it is found that this transition point has a displacement value

of -0.46 mm.

The rotational stiffness of the joint was roughly estimated, by using the length of the

timber beam of 1 m as the length.

Sj =
M

Φ
=
F · L
U/L

=
5kN · 1.0m

0.46mm/810.96mm
= 8814.78kNm/rad (6.2)

Using the classification criteria from section 5.2.2.5(1) (Standard Norge, 2009a) with

the modulus of elasticity for timber in the longitudinal direction, which is 10000 MPa,

and the second moment of inertia of the timber beam, one obtain the following value

Sj
E · I/L

= 1.23

Hence, the connection is semi-rigid since it is over 0.5 (pinned), but below 8 (rigid).

The result can be found in table 6.5 below.

Table 6.5: Estimated rotational stiffness of SR connector

U2 L Sj

[mm] [mm] [kNm/rad]

0.46 811 8815

6.4.3 Comparing rotational stiffness of Glued Finger and Split Ring joints

From the result of the rotational stiffness for both connectors, it was found that the

GF connector provides a higher rotational stiffness than the SR connector, with twice

as high rotational stiffness, see figure 6.6.

Table 6.6: Comparing rotational stiffnesses of the GF and SR connector

Sj,GF Sj,SR Sj,GF/Sj,SR

[kNm/rad] [kNm/rad] [−]

17917 8815 2.03
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6.4 Comparing rotational stiffness of Glued Finger and Split Ring joints

To compare the rotational stiffnesses of the Glued Finger and the Split Ring joints, the

displacements for both connectors was also plotted against each other, see figure 6.45.

The dashed lines represent straight lines from the initial point, through the transition

point, to the end point. The transition point is the point where the displacement curve

becomes linear. To calculate Φ, the displacement from the initial point to the transition

point was divided by the true distance to the transition point. It is observed that the SR

joint’s displacement plot is initially curved, whereas the GF connector’s displacement

plot is initially more linear. This is because the GF connector has aluminium splices

that aligns along the beginning of the timber beam that reduces the displacements.

The SR model is modelled without the threaded rods, which would probably lead to a

less steep displacement curve. One could therefore argue that the SR joint’s rotational

stiffness is a bit higher in reality.

0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300
−0.8

−0.6

−0.4

−0.2

0

True distance along path [mm]

D
is

p
la

ce
m

en
t

[m
m

]

GF

Initial point - transitional point - end point

SR

Initial point - transitional point - end point

Figure 6.45: Comparison of displacements, where the dashed lines represent straight lines

from the initial point, through the transition point, to the end points.
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Discussion

7 Discussion

In this chapter, the result from the problems addressed in this master thesis will be

discussed. This includes choice of material in connector design, the efficiency and

functionality of the parametric workflow, the structural behaviour of the GF and SR

connector, and a comparison of the connector designs.

7.1 Choice of material - steel vs. aluminium

In section 3.1, the difference in weight between a connector design, used in a timber

gridshell, in steel and aluminium was investigated. For the investigated connector

design, it was found that the steel connector weighed 1.74 times the weight of the

connector in aluminium with a equally design. However, a question that should be asked

is if it is advantageous to have more lightweight connectors in gridshell structures. It is

reasonable to think that for a timber gridshell consisting of thousands of connectors, the

higher weight of the connector will increase the weight of the total structure significantly

and affect the structural behaviour of the gridshell. In addition, the necessary cross-

section, for a solid rectangular geometry, was calculated for both steel and aluminium

from the given forces in chapter 2. The necessary cross-section of aluminium was found

to be around 40-45 % bigger than the necessary cross section in steel. This, together

with that the density of steel is about three times the density of aluminium, using

aluminium may not give a significant reduction in the weight compared to using steel,

for all connector designs.

7.2 The efficiency and functionality of the parametric work-

flow

The GH components that are developed, or further developed, during the work of this

thesis, can successfully generate parametric FEA by constructing INP-files to be im-

ported as models in Abaqus. The approach is versatile, and can be used to analyse

solids parametrically. There are many possibilities, both geometrically, material wise

and regarding loads and boundary conditions. It can be more efficient to set up and

change the model in Grasshopper and purely run the analysis in Abaqus, as one does

not have to go through all the modules in Abaqus step by step. For people that have

no experience with Abaqus, but some experience with Rhino/Grasshopper, it can be

a more intuitive and effective way to set up a FE model. However, there are certain

issues and limitations that will be addressed and discussed in this section.
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7.2 The efficiency and functionality of the parametric workflow

When the model is set up, one can easily adjust the parameters that are needed. In

this way the model adapts itself accordingly and one can quickly run a new FEA.

However, if the geometry is complex with many different parameters and parts, setting

up the model for it to be fully parametric can become time consuming and the model

can end up being quite comprehensive. In this way it can be quite difficult to control

all the inputs and outputs to assure that the model is working and that the wires in

grasshopper are assigned correctly, since one will end up with numerous wired inputs

and outputs. For example, the whole GH assembly of the GF connector can be seen

in figure 7.1, where it is observed that the model is quite extensive with a substantial

amount of wires.

Figure 7.1: Whole Grasshopper assembly model for the GF connector

This is in large part because the mesh has to be consistent to get correct analysis

results. By consistent, it means that when different meshes are somehow connected,

the nodes of the meshes have to coincide, so that the nodes of one mesh are not placed

in between the nodes of the other meshes. This can be seen in figure 7.2. For the whole

GF connector, a total of 30 · 6 = 180 meshes was made to ensure consistent meshing

and for the model to be fully parametric.
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7.3 Structural behaviour of Glued Finger connector

(a) Imported Abaqus model

with two meshes in one part.

the nodes of the smallest mesh

are not aligned with the con-

nectors of the bigger mesh.

(b) An inconsistent mesh re-

sult in the two meshes only be-

ing attached in the centre point

where the element nodes over-

lap.

(c) When the mesh is consis-

tent, the nodes overlap and the

result is valid.

Figure 7.2: Example of an inconsistent and consistent mesh

For models with a large amount of elements, it can take several minutes for the code to

run. This is due to the fact that the code runs through the whole node list to compare

which nodes that should be assigned to the node sets, element list, element sets and so

on. The effectiveness of the code could therefore be looked further into.

At present, the approach is restricted to 8 node hexahedral elements. However, it should

not be too complicated to extend the code to work with hexahedral elements consisting

of more nodes. It could also be interesting to look at how to mesh, or assign, other

types of elements, to make the approach more versatile. Considering the often complex

geometries of joints, such as bolt holes, bolts and so on, it is necessary to improve or

adapt the mesh components to develop the approach. The current mesh components

meshes through geometries where four vertices somehow can be extracted. This works

well for many cases, but imposes issues for certain geometries and limits the approach

as a whole.

7.3 Structural behaviour of Glued Finger connector

The results from the finite element analyses in Abaqus shows that for the simplified GF

connector, when applied to compression, the stresses are mainly transferred through

the inner splices, the mid plate and the inner plate. An increase in the size of the core,

will not have a significant effect on the Mises stress when applying compression. When

it comes to shear, it looks from the results that the inner plates and the core is taking

up most of the stresses. When increasing the size of the core, the maximum Mises stress

will have a significant reduction.
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7.4 Structural behaviour of Split Ring connector

To look at how the GF connector is behaving when applying both moment and axial

load, analyses with eccentricities was performed. From the result it was found that

the bending stiffness about the vertical axis was little, as the maximum Mises stress

became high compared to for the analysis with pure compression. The bending stiffness

about the horizontal axis was not that high compared to the case with pure compression.

When looking at buckling of the inner plate in the GF connector, several buckling modes

were found. For the buckling case with one leg of the GF connector, the buckling load

was found to be 4100 kN. This is a quite high value, but since large forces can be

induced in gridshells, efforts should be made to increase the buckling capacity. When

looking at the buckling load of all legs in the whole connector, it was found to be 1029

kN. This result should be discussed since this buckling happened in the leg which was

fixed, and it is therefore a question whether this result can be realistic or not. As it

is impossible to model the boundary and loading condition similar to as in reality, the

connector should have a design which prevents buckling.

7.4 Structural behaviour of Split Ring connector

From the analysis results in section 6.2 it has been showed that when applying only

compression to the simplified SR connector, the maximum Mises stress are located in

two of the bottom corners in the top ring, and two of the top corners in the bottom

ring, symmetrically. Else, the stresses are pretty uniformly distributed in the split rings.

When applying only shear to the whole SR connector, it is reasonable to think that the

stresses induced will mainly be transferred from the threaded rods to the rings. Since

that the threaded rods was modelled in a simplified way by using tied contact in two

columns in each side of the rings in the shear analysis, it is difficult to predict from

the result how the stress distribution will be in reality. For the leg which is applied

the maximum shear load, the maximum Mises stress appears in the tied connection

between the timber and aluminium. The rest of the stresses in the corresponding side

of the rings are located mostly at the top of the top ring and at the bottom of the

bottom ring. However, the Mises stresses have quite low values, compared to when

applying compression.

To induce a moment and axial load simultaneously, eccentricities have also been applied

to one of the legs in the SR connector. As stated in section 6.2.1, it was found from

the analysis results that when applying the eccentricity in the vertical direction, the

maximum Mises stress became 14.5 % bigger than for pure compression. Whilst when
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7.5 Comparing the designs of Glued Finger and Split Ring connector

applying eccentricity in the horizontal direction, the stresses was equal to the stresses

for pure compression. Therefore, the hexagonal shape of the split rings provides good

bending stiffness in both directions, which is suitable for gridshells as they have varying

loading conditions and angles between members. It was also tried to perform a buckling

analysis of the SR connector, but without obtaining any informational results. However,

buckling of a final design of the SR connector should be checked.

7.5 Comparing the designs of Glued Finger and Split Ring

connector

When comparing the designs of the two connectors, several aspects should be consid-

ered. For instance, how stresses are distributed for different load cases, how the design is

handling eccentricities and buckling, if the connections are easy to assemble at construc-

tion cite, the rotational stiffnesses of the joints and how volume efficient the designs are.

Considering the stress distribution in the connectors, the two different connection types

should be discussed. Though it is not made an analysis of what will happen in the con-

nection between the threaded rods and the aluminium split rings, it is reasonable to

think that sharp stress peaks may arise in the area where those parts are connected and

where the bolt heads are pushing against the split rings. For the glued connection in the

GF connector, sharp stress peaks in the bonded contact may arise if a stiff adhesive is

chosen. However, if choosing a soft bonding type, this can be avoided and a more even

shear stress distribution can be obtained. Another problem that has not been analysed

is the connection between the connector core and the grippers. It is reasonable to think

that high stress peaks may arise in this area.

Furthermore, when considering that the connector designs must handle eccentricities

and be resistant against buckling, the GF connector design was found to be the most

unstable. A suggestion on how to better the design according to this problem was

suggested in section 6.1.3, where a plate was inserted perpendicular to the inner plate

in the middle to accomplish higher bending stiffness about the weak axis of the inner

plate. It was suggested to insert it in the middle to get the most volume efficient so-

lution, but another option may be to insert plates at the top and bottom so that the

cross-section of the inner plates becomes an I-profile. However, inserting a plate at the

middle of the inner plate will make the design more stable against buckling, compared

to an I-profile. Inserting plates perpendicular to the inner plate will also create more

shear area to take up shear forces in the horizontal direction, which is beneficial as the
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7.5 Comparing the designs of Glued Finger and Split Ring connector

Mises stress became almost as high as the yield stress when applying horizontal shear

to one leg.

Looking at the volume efficiency, which was done in section 6.3, it was found that when

applying a compression load of 20 MPa, which induces a maximum Mises stress of 90

% of the yield stress in the optimised GF connector, the necessary volume of the SR

connector, including threaded rods, was 58 % of the total volume of the optimised GF

connector. When doing the same analysis for shear, the necessary volume of the SR

connector is only 24 % of the optimised GF volume. This means that it is the case with

compression that should be looked at, and the volume difference is significant as the

volume of the GF connector is almost twice as big as the volume for the SR connector.

The reason why the volume of the GF connector is so high is that is consists of many

parts, where all have the same height as the height of the timber beam. Therefore, as

it is observed that most of the stresses are taken up by the inner splices and almost

no stresses by the outer splices, the question on whether these are necessary should be

looked at. As discussed previously, it seems at least like the dimension of the outer

splices, if they are included, can be minimised. However, as seen in figure 6.18b, when

inserting a plate perpendicular to the middle of the inner plate and increasing the width

of the additional plate to be equal to the length of the mid plate, the Mises stress in-

creases in the outer splices.

Also, the rotational stiffness of the two types of joints is vital to investigate. The ro-

tational stiffness of the joints in the GF connector is found to be twice as high as the

rotational stiffness of the joints in the SR connector. On the other hand, the threaded

rods is neglected in the analysis, so it reasonable to think that the rotational stiffness

will be higher for the SR joints in reality.

Another important aspect that must be considered, is the practicality when assembling

the structure at building site. Looking first at the GF connector, as stated in section

1.4.1, the thought is that all the grippers will be the same and the connection to

the timber part can be prefabricated, while it is the connector cores with the inner

plates that will be unique for all connectors in the gridshell. Furthermore, for the SR

connector, the threaded rods are supposed to be prefabricated into the timber members,

and the split rings are supposed to be unique for all connectors in the gridshell. This

means that for the SR connector it need to be produced twice as many unique parts as

for the GF connector. When it comes to assembling the gridshell with SR connectors,

it will probably be more complicated as it is four parts that are supposed to connect
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7.5 Comparing the designs of Glued Finger and Split Ring connector

all the six timber members, and two and two rings are supposed to be bolted together

by six screws each. Whilst for the GF connector it is only one part that is supposed to

connect the six timber members, and this will happen either by self-locking or by six

screws. Thus, the GF connector can be argued for having the most practical solution

for assembling.
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Conclusion

8 Conclusion

Concerning the topic of parametric structural analysis and development of aluminium

connectors in timber gridshells, conclusions can be drawn regarding both the approach

to analyse the connectors parametrically, as well as the results of the analyses.

The parametric FE approach

The method of generating the INP-file in Grasshopper and import the whole model and

run the FEA in Abaqus, proved to be successful with many possibilities. Mæhle (2017)

created an extensive basis which have been implemented, altered and further developed

to ease and expand the meshing functionality, add several different meshes into one

part, add the possibility of having orthotropic materials with orientations and different

type of loads. By using the components, one can model various geometries and easily

adjust the parameters. However, there are certain issues and limitations that should be

addressed. For complex geometries, setting up the model can be quite comprehensive.

This is in large part because the mesh has to be consistent to get correct analysis results.

Furthermore, the mesh components are currently limited to geometries which somehow

has four corner points. In addition to this, for very fine meshes with a great amount of

elements, it can take several minutes for the code to run as the code runs through the

whole node list until it reaches the correct node to be assigned to the correct set.

Comparing the Glued Finger and Split Ring connector

When it comes to the structural design performed in section 3.2 and 3.3, Eurocode 5 do

not provide sufficient information for designing the two connection types structurally.

Therefore, both connections should be tested experimentally, as the equations used for

the structural design of the SR connection with threaded rods are only assumed to be

valid and are not validated experimentally, and the structural design of the glued GF

connection is based on a lot of assumptions.

Summing up the arguments in the discussion about the GF connector and the SR

connector, it is concluded from the results that the SR connector is the most volume

efficient design. As it is found that the outer splices of the GF connector is taking up

a small amount of stresses, the necessity of these should be discussed and investigated

further. When it comes to which of the currently connector designs that counteracts

eccentricities best and are most resistant against buckling, it is found from the results

to be the SR connector, because of its high bending stiffness about both axes. However,
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for the GF connector, it is proposed to insert plates perpendicular to the middle of the

inner plates, to make the connector resistant against buckling and to handle eccentric-

ities well.

Furthermore, the GF connector is argued to be the most practical design when assem-

bling the structure at building site, as it consist of less parts which connects the timber

members together. In addition, according to the analyses of the rotational stiffness, it is

found that the GF connector provides higher rotational stiffness than the SR connector.

However, it is reasonable to think that the original SR connector will provide a higher

rotational stiffness in reality as the threaded rods were neglected in the simplified model

of the SR connector.

Looking at stress distribution in both connectors, when applying shear to the GF

connector, it is found that the stresses are concentrated in the core of the connector.

To increase the shear capacity, increasing the size of the core is found to be a good

solution. However, for the SR connector, the highest stresses are concentrated in the

inner corners of the bottom ring. For compression applied to the GF connector, the

highest stresses are located in the middle of the mid plate and the inner plates. On the

other hand, for the SR connector the highest stresses are located at the inner corners

of the connector, when applied to compression.
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9 Recommendations for further work

To investigate further the topic of parametric structural analysis and development of

aluminium connectors in timber gridshells, several recommendations can be made:

The parametric FE approach

– The Grasshopper components established are limited to 8 node elements as they

are now. However, the mesh components should be quite easy to adapt with some

extra coding, to create other hexahedral elements.

– It is important to assign timber parts the correct orientation. As the components

are now, the orientations are not always correct when importing the model to

Abaqus, so sometimes one have to manually change the orientation. Thus, this is

something which could be looked further into.

– The current mesh components can only mesh between geometries with four corner

points. Therefore, certain geometries can not be meshed which is a limitation

factor of the components. A good idea is therefore to look at the possibility to

develop components which can mesh more complex geometries.

– The load component are now only suited for uniformly distributed loads, so de-

veloping this to work for point loads as well could be interesting.

– As the components are now, the geometry and the FE model must be created

simultaneously. Therefore, it would be beneficial if components, that easily gen-

erate the mesh from a given geometry, could be developed.

– It could also be interesting to program tools which automatically import and run

the FEA in Abaqus without having to manually import the input file and run the

analysis.

– A problem which often arises is that the total mesh can become inconsistent if

the separate meshes are not modelled with node locations that are aligned to

eachother. Thus, it could be looked at how to make it easier to make consistent

meshes.

– To decrease the computational time, it can be beneficial to develop the AbaqusPart

component further to create elements without having to iterate through the whole

node list.
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– The buckling step has been added to the model in Abaqus for buckling analyses,

since the approach does not cover buckling analysis yet. Thus, how this can be

included in GH components can be further investigated.

The Glued Finger and Split Ring connector

– The structural behaviour of the two connector designs, should be investigated

further. As stated in the discussion about the stress distribution of the GF con-

nector, the connection between core and the grippers has not been addressed in

this thesis. As it is reasonable to think that high stress peaks may arise in this

area, this is a vital part of the design and should be investigated. Also, the con-

nection between the threaded rods and the split rings in the SR connector, has

not been sufficiently analysed in this thesis, and should also be investigated.

– For the GF connector, the design should be updated to increase its bending

stiffness to avoid buckling and minimise rotations due to eccentric loads. When

it has been updated it should be reanalysed.

– The relevance of the outer splices should also be looked at, since they are only

taking up a small amount of stresses.

– As Eurocode 5 do not provide sufficient information for designing the two connec-

tion types structurally, both the SR and GF connection should be tested experi-

mentally. This includes experimental tests of how much spacing that is required

between the threaded rods and the required distance to the end in the SR con-

nector.

– It should be also investigated if the SR connector design could be further devel-

oped in a way which increases its efficiency and practicality when assembling the

structure at building cite.
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Monasterio, M., Goñi, J. and Cabañas, A. (2018), ‘Development of a bolted system

for timber gridshells’, Proceedings of the IASS symposium 2018 Boston, Creativity in

structural design .

125

https://www.fondazionerenzopiano.org/it/project/ibm-padiglione-itinerante/##section-images-498
https://www.fondazionerenzopiano.org/it/project/ibm-padiglione-itinerante/##section-images-498
http://karamba3d.com/
https://www.ntnu.edu/kt/research/csdg/research/trondheim-gridshell
https://www.ntnu.edu/kt/research/csdg/research/printshell
https://abaqus-docs.mit.edu/2017/English/SIMACAECAERefMap/simacae-c-anajobmanwritebtn.htm
https://abaqus-docs.mit.edu/2017/English/SIMACAECAERefMap/simacae-c-anajobmanwritebtn.htm


BIBLIOGRAPHY

MX3D (2020), ‘Connector for Takenaka’. Photo: c©Leonard Fäustle. Retrieved 03-06-
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Vallèe, T., Tannert, T. and Fecht, S. (2017), ‘The journal of adhesion - Adhesively

bonded connections in the context of timber engineering - A review’.

Vallée, T., Tannert, T. and Hehl, S. (2011), ‘Experimental and numerical investigations

on full-scale adhesively bonded timber trusses. Mater Struct 44, 1745’.

Westmuckett Hawkes Ltd (2010), ‘Scunthorpe Sports Academy’. Retrieved 02-06-20.

URL: http:// www.westmucketthawkes.com/ about-us/

Worsfold, T., Bryant, M. and Crack, J. (2018), ‘Design of canary wharf elizabeth line

station and crossrail place oversite development’, The Structural Engineer .

127

http://www.westmucketthawkes.com/about-us/


Appendices

A Comparing connectors in aluminium and steel

A.1 Detailed calculation of necessary aluminium cross-section

Here, the detailed calculations from chapter 2.1 are given. A width of 30 mm is assumed

to find the necessary cross-section, which gives the following expressions for the design

resistances:

NRd =
h · 30mm · 180MPa

1.1
=
h · 5400N/mm

1.1

My,Rd =
30mm·h2

6
· 180MPa

1.1
=

900N/mm ∗ h2

1.1

Mz,Rd =
(30mm)2·h

6
· 180MPa

1.1
=

27000N · h
1.1

Inserting these expressions in equation 2.1, gives the following equation:

(
68600N
h·5400

1.1

)2

+

(15.79 · 106Nmm
h2·900

1.1

)1.7

+

(
0.45 · 106Nmm

h·27000
1.1

)1.7
0.6

≤ 1.0

Solving this equation for h, gives a necessary height of 141 (140.92) mm. The necessary

cross-section is A = b · h = 30mm · 141mm = 4230mm2.

In the end, it need to be checked that VEd ≤ 0.5 ·VRd. By inserting the necessary values

in equation 2.5 for the shear design resistance, the following expression is obtained:

VRd = 0.8 · 4230mm2 · 180MPa√
3 · 1.1

= 319.70kN

This gives the following

VEd = 3.04kN < 0.5 · VRd = 159.85kN

The criteria is thus found to be fulfilled.
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A.2 Detailed calculation of necessary steel cross-section

A.2 Detailed calculation of necessary steel cross-section

Here, the detailed calculations from section 2.2 are given. A width of 30 mm is assumed

to find the necessary steel cross-section, which gives the following expressions for the

design resistances:

NRd =
h · 30mm · 355MPa

1.05
=
h · 10650N/mm

1.05

My,Rd =
30mm·h2

4
· 355MPa

1.05
=

2662.5N/mm · h2

1.05

Mz,Rd =
(30mm)2·h

4
· 355MPa

1.05
=

79875N · h
1.05

Inserting these expressions in equation 2.7, gives the following equation:(
68600N

h·10650N/mm
1.05

)2

+

(
15790000Nmm

2662.5N/mm·h2
1.05

)
+

(
450000Nmm

79875N ·h
1.05

)
≤ 1.0

Solving this equation for h, gives a necessary height of 82.23 mm. The necessary cross-

section is A = b · h = 30mm · 82.23mm = 2466.9mm2.

In the end, it need to be checked that VEd ≤ 0.5 · VRd. If this is verified there should

be no reduction of the resistances defined for axial force and bending. By inserting the

necessary values in equation 2.11 for the shear design resistance, the following expression

is obtained:

VRd = Av ·
fyk√

3 · γM0

= 2466.9mm · 355MPa√
3 · 1.05

= 481.4kN

This gives the following

VEd = 3.04kN < 0.5 · VRd = 240.7kN

The criteria is thus found to be fulfilled.
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B Structural design of timber-to-metal connections

B.1 Difference in weight of connector in aluminium and steel

In this section, the calculation of the estimation of the difference in weight of a connector

in aluminium and steel is given. First, the calculation of the weight of a connector in

aluminium is given and then the weight calculation of a connector in steel. The problem

was described in section 3.1, and the calculation is done in Excel.

Figure B.1: Weight calculation of aluminium connector
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B.1 Difference in weight of connector in aluminium and steel

Figure B.2: Weight calculation of steel connector
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B.2 Necessary glue surface in Glued Finger connector

B.2 Necessary glue surface in Glued Finger connector

In this section, the calculation of the estimation of the necessary glue surface and splice

lengths is given. The problem was described in section 3.2, and the calculation is done

in Excel.

Figure B.3: Necessary glue surface and splice lengths in GF connector

132



B.3 Diameter and penetration length of threaded rods in Split Ring connector

B.3 Diameter and penetration length of threaded rods in Split

Ring connector

In this section, the calculation of the estimation of the diameter and penetration length

of the threaded rods in the SR connector is given. The problem was described in section

3.3, and the calculation is done in Excel.

Figure B.4: Estimated calculations of diameter and penetration length of threaded rods in SR

connector

133



Benchmarks - comparing structural behaviours

C Benchmarks - comparing structural behaviours

Here, more detailed tables and additional figures from the benchmarks in chapter 4 are

given.

C.1 Case 1 - Cantilever

Table C.1: Cantilever stresses for orthotropic material

Mesh Elements S11 [MPa] S22 [MPa] S33 [MPa] S12 [MPa]

1x1x10 10 2.67316 0.01135 0.06493 -0.09500

2x2x20 80 2.85515 0.09847 0.09530 -0.09002

3x3x30 270 3.09318 0.13294 0.11089 -0.09189

4x4x40 640 3.25799 0.15313 0.12016 -0.09836

5x5x50 1250 3.39387 0.16777 0.12709 -0.10433

6x6x60 2160 3.50967 0.17901 0.13256 -0.11056

7x7x70 3430 3.61235 0.18825 0.13717 -0.11645

8x8x80 5120 3.70517 0.19607 0.14115 -0.12206

9x9x90 7290 3.79034 0.20290 0.14470 -0.12736

10x10x100 10000 3.86934 0.20896 0.14790 -0.13238

11x11x110 13310 3.94320 0.21444 0.15084 -0.13713

12x12x120 17280 4.01271 0.21944 0.15355 -0.14163

14x14x140 27440 4.14096 0.22833 0.15848 -0.14997

16x16x160 40960 4.25755 0.23611 0.16287 -0.15758

20x20x200 80000 4.46439 0.24937 0.17053 -0.17100

25x25x250 156250 4.68706 0.26306 0.17866 -0.18528

30x30x300 270000 4.88137 0.27466 0.18569 -0.19754

134



C.1 Case 1 - Cantilever

Table C.2: Cantilever stresses for isotropic material

Mesh Elements S11 [MPa] S22 [MPa] S33 [MPa] S12 [MPa]

1x1x10 10 2.59708 -0.11800 0.59000 -0.10000

2x2x20 80 2.80000 0.57000 0.91500 -0.02530

3x3x30 270 2.99983 0.82800 1.06750 -0.01520

4x4x40 640 3.15787 0.97700 1.15232 -0.03580

5x5x50 1250 3.29985 1.08199 1.22000 -0.06000

6x6x60 2160 3.43161 1.16516 1.26991 -0.09010

7x7x70 3430 3.55590 1.23485 1.31663 -0.11800

8x8x80 5120 3.67409 1.29566 1.35912 -0.14600

9x9x90 7290 3.78703 1.35010 1.39862 -0.17200

10x10x100 10000 3.89534 1.39977 1.44000 -0.20000

11x11x110 13310 3.99949 1.44569 1.47118 -0.22100

12x12x120 17280 4.09987 1.48857 1.50501 -0.24400

14x14x140 27440 4.29058 1.56719 1.56889 -0.28700

16x16x160 40960 4.46960 1.63842 1.62867 -0.32600

20x20x200 80000 4.79877 1.76498 1.74000 -0.40000

25x25x250 156250 5.16747 1.90235 1.86256 -0.47000

30x30x300 270000 5.49970 2.02366 1.97495 -0.53500
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C.1 Case 1 - Cantilever

Table C.3: Comparison of cantilever displacement

Mesh Elements
U2 [mm]

Isotropic

U2 [mm]

Orthotropic

1x1x10 10 -1.49649 -1.58000

2x2x20 80 -1.49191 -1.57984

3x3x30 270 -1.49600 -1.58779

4x4x40 640 -1.49828 -1.59134

5x5x50 1250 -1.49963 -1.59319

6x6x60 2160 -1.50051 -1.59426

7x7x70 3430 -1.50111 -1.59495

8x8x80 5120 -1.50155 -1.59541

9x9x90 7290 -1.50187 -1.59574

10x10x100 10000 -1.50213 -1.59598

11x11x110 13310 -1.50233 -1.59616

12x12x120 17280 -1.50249 -1.59631

14x14x140 27440 -1.50274 -1.59651

16x16x160 40960 -1.50292 -1.59666

20x20x200 80000 -1.50316 -1.59683

25x25x250 156250 -1.50333 -1.59695

30x30x300 270000 -1.50344 -1.59702

136



C.2 Case 2 - Column

C.2 Case 2 - Column

Table C.4: Column stresses for orthotropic material

Mesh Elements S11 [MPa] S22 [MPa] S33 [MPa] S12 [MPa]

1x1x10 10 -0.01000 -0.00066 -0.00044 0.00000

2x2x40 160 -0.01049 -0.00067 -0.00044 -0.00015

3x3x50 450 -0.01077 -0.00069 -0.00045 -0.00020

4x4x80 1280 -0.01126 -0.00071 -0.00046 -0.00029

5x5x80 2500 -0.01161 -0.00072 -0.00047 -0.00034

6x6x118 4248 -0.01194 -0.00074 -0.00048 -0.00037

8x8x154 9856 -0.01252 -0.00076 -0.00050 -0.00043

10x10x200 20000 -0.01310 -0.00079 -0.00052 -0.00049

13x13x250 42250 -0.01376 -0.00082 -0.00054 -0.00054

16x16x323 82688 -0.01445 -0.00085 -0.00056 -0.00059

20x20x400 160000 -0.01516 -0.00089 -0.00059 -0.00064

Table C.5: Column stresses for isotropic material

Mesh Elements S11 [MPa] S22 [MPa] S33 [MPa] S12 [MPa]

1x1x10 10 -0.01000 -0.00429 -0.00429 0.00000

2x2x40 160 -0.01085 -0.00441 -0.00441 -0.00050

3x3x50 450 -0.01132 -0.00458 -0.00458 -0.00076

4x4x80 1280 -0.01235 -0.00484 -0.00484 -0.00113

5x5x80 2500 -0.01308 -0.00506 -0.00506 -0.00134

6x6x118 4248 -0.01374 -0.00526 -0.00526 -0.00150

8x8x154 9856 -0.01496 -0.00565 -0.00565 -0.00175

10x10x200 20000 -0.01624 -0.00605 -0.00605 -0.00201

13x13x250 42250 -0.01764 -0.00652 -0.00652 -0.00223

16x16x323 82688 -0.01923 -0.00703 -0.00703 -0.00250

20x20x400 160000 -0.02082 -0.00757 -0.00757 -0.00274
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C.2 Case 2 - Column

Table C.6: Comparison of buckling coefficient

Mesh Elements Buckling Coefficient Buckling Coefficient

Isotropic Orthotropic

1x1x10 10 2059.6 2010.3

2x2x40 160 2057.7 1994.9

3x3x50 450 2028.6 1920.2

4x4x80 1280 2008.7 1874.4

5x5x80 2500 1993.6 1841.4

6x6x118 4248 1981.8 1816.2

8x8x154 9856 1963.5 1778.4

10x10x200 20000 1949.1 1750.3

13x13x250 42250 1933.3 1719.2

16x16x323 82688 1920.2 1695.1

20x20x400 160000 1907 1670.5
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Figure C.1: Principal stresses case 2
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C.2 Case 2 - Column
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Figure C.2: Shear stresses case 2
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Parametric FEM model examples

D Parametric FEM model examples

The parametric FE model examples that can be found in appendix E.2 are gathered in

a separate GH file. The model examples are sorted in groups with headings to easily

distinguish the different examples. To save computation space, parts of the assemblies

have temporarily been disabled, and should be enabled before generating the INP file.

To run the code and create the input file, the boolean toggle, marked in red, have to be

set to true.

Two of the parametric FE model examples are elaborated further; the I-beam and the

shell model. The rest can be viewed and further explored in the attached GH file.

D.1 I-Beam

A cantilever I-beam have been modelled parametrically where a total load of 10 kN

have been distributed over the top flange surface. By changing the width and height of

both the flanges and the web, the length of the beam, size of the mesh, the load and

boundary conditions, the model can easily be adapted, see figure D.1.

(a) Geometrical parameters (b) Geometry in Rhino (c) Imported model in Abaqus

with Load and BC’s
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D.1 I-Beam

(d) Mises distribution of a slender I-profile

with deformation

(e) Vertical displacements of the same I-beam

(f) When decreasing the web’s width and in-

creasing the thickness of both the flange and

webs, the stress is more evenly distributed

(g) The displacements are also more evenly

distributed

Figure D.1: I-Beam
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D.2 Shell

D.2 Shell

A shell have been modelled, from an Arc curve, with an arbitrary number of divisions.

In addition, a pressure of 1 MPa have been applied on top of the roof in various ways

as seen in figure D.2. It is possible to change numerous parameters such as the radius,

the length and the thickness. To show different configurations and results, and to

save computational time, a coarse mesh has been used. It should be noted that Shell

elements should be used to model shells more properly, which is out of scope of this

approach.

(a) Geometrical parameters (b) Shell created from an arc

divided in three

(c) Shell created from an arc

divided in five

(d) Surface traction working

downwards

(e) Uniform pressure (f) Uniform pressure over half

the roof

(g) Surface traction down-

wards Mises stresses

(h) Uniform pressure: Mises

stresses. A coarse mesh result

in

(i) Finer Mesh
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D.2 Shell

(j) Surface traction: Mises stresses (k) Uniform pressure: Mises stresses

(l) Uniformly distributed load over the whole

shell

(m) Uniformly distributed load over half of the

shell

(n) Uniformly distributed load over the whole,

circular shell

(o) Uniformly distributed load over half of cir-

cular shell

Figure D.2: Parametric FE Shell model
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Grasshopper files attached

E Grasshopper files attached

Grasshopper files that are attached as a ZIP-file

E.1 Components

E.2 ModelExamples.gh

E.3 GFConnector.gh

E.4 SRConnector.gh
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