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Abstract

Timber joints are a key part of timber structures, and their performance is a major
requisite to successful timber constructions. Among all the connection types, punched
metal plate fasteners are the most economical and e�cient, reasons why this connection
dominates the prefabricated truss industry. However, the structural load bearing capacity
of these timber connections is mechanically complex and di�cult to analyse. Besides, the
current standards oversimplify many current joint con�gurations and don’t provide a
guideline to predict the stress distribution within the plate.

Most research to date has focused on modelling and testing punched metal plate fasteners
from a FEM 3-D perspective, accounting for all its parts (timber, plate, teeth and tooth-
wood interface) whilst knowledge on the 2-D stress distribution within the plate is limited.
The complete joint modeling with a 3-D model based on FEM gives precise results on
the mechanical behavior of those plates, but requires more time to model and more
computational processing. In a truss design point of view, where many connections need
to be verify, a 2-D static model is usually the annalist’s choice, and despite the large
industrial application of metal plates, the internal force �ow still lacks research.

The research reported in this thesis describes four methods to account for the stress
distribution in punched metal plate fasteners. Each model is based on a particular plate
behavior and aims to identify the critic rupture lines to successfully attend the ultimate
limit state criteria.

A heel joint was taken as starting point to study the stress distribution in the rupture
lines, and a computational tool (NPCalc) was developed based on the current standards
to verify the main connection aspects. The connection was modeled by the four methods
and the results were analysed and compared, seeking to identify how the stress �ows
within the plate once the loads are applied.

Two manual and two numerical methods were presented. The results showed a consider-
able variability with the model’s choice, and the numerical models pointed to be more
conservative. However, the simple regions (delimited by only one rupture line) presented
equal results regardless the chosen model.

Finally, the conclusions of the elaborated research are presented, discussing the extension
of its results and the suggestions for future development, in order to complement the
analysis and modeling of wooden trusses with punched metal plate fasteners.

Keywords: timber connections; nail plate trusses; punched metal plate fasteners; stress
distribution.
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Resumo

As ligações são um aspecto chave das estruturas de madeira e seu desempenho é um
requisito necessário para construções bem-sucedidas. Entre os tipos de ligação já desen-
volvidos, as chapas metálicas são as mais econômicas e e�cientes, razões pelas quais essa
conexão domina o setor de treliças pré-fabricadas. No entanto, a capacidade de carga
estrutural dessas conexões é mecanicamente complexa e difícil de análise. Além disso, os
normativas atuais simpli�cam con�gurações correntes de conexão e não fornecem uma
diretriz para prever a distribuição de tensões na placa.

Até o momento, a maioria das pesquisas se concentrou na modelagem e teste de chapas
dentadas a partir de uma perspectiva FEM 3-D, respondendo por todas as suas partes
(madeira, chapa, dentes e interface dente-madeira), enquanto o conhecimento da dis-
tribuição de tensões 2-D dentro do placa é limitada. A modelagem completa da ligação
com um modelo 3-D baseado em FEM fornece resultados precisos sobre o comportamento
mecânico dessas placas, mas requer tempo para modelar e considerável processamento
computacional. Do ponto de vista do projeto de treliças, onde muitas conexões precisam
ser veri�cadas, um modelo estático em 2-D é geralmente a escolha do analista e, apesar
da grande aplicação industrial dessas chapas, o conhecimento acerca da distribuição de
forças internas ainda requer aprofundamento.

A pesquisa relatada nesta tese descreve quatro modelos para prever a distribuição de
tensões nas linhas de ruptura de chapas metálicas dentadas. Cada modelo é baseado em
comportamento especí�co da ligação e tem como objetivo identi�car as linhas de ruptura
críticas para atender com segurança os critérios do estado limite último.

Uma ligação de extremidade foi tomada como ponto de partida para estudar a distribuição
de tensões e uma ferramenta computacional (NPCalc) foi desenvolvida com base nas
normativas atuais para veri�car os principais aspectos da conexão. A conexão foi modelada
pelos quatro métodos desenvolvidos e os resultados foram analisados e comparados,
buscando identi�car como a tensão na chapa �ui após a aplicação das cargas.

Foram apresentados dois modelos manuais e dois modelos numéricos. Os resultados
apresentaram grande variabilidade com o modelo escolhido, e os modelos numéricos
tenderam a ser mais conservadores. Entretanto, As regiões simples (delimitadas por
apenas uma linha de ruptura) apresentaram resultados iguais para todos os modelos
testados.

Por �m, são apresentadas as conclusões do trabalho elaborado, discutindo a extensão de
seus resultados e as sugestões para desenvolvimento futuro, a �m de complementar a
análise e modelagem de treliças em madeira com chapas dentadas.

Palavras-chave: estruturas em madeira; treliças pré-fabricadas; chapa metálica dentada;
distribuição de esforços.
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CHAPTER1
Introduction

In this thesis, four theoretical models were presented to predict the stress distribution in the
rupture lines of punched metal plate fasteners. The main standards were revised and each
model, accounted for a speci�c joint behavior, was analyzed to identify which parameters
have direct in�uence in the stress distribution. This introduction motivates the research and
outlines its structure.

1.1 General aspects

Timber is one of the oldest building materials, probably dating back to prehistory, where
fallen trees were used as bridges to access new paths. Due to its availability and variety,
this material has various structural applications, such as in use in bridges, trusses, �oors,
roofs, among others. Few materials have characteristics that enable as many structural
applications as wood. In addition, wood adds the concepts of sustainability, being a low
aggregate energy structural material, durable (when well designed) and recyclable. Like
any raw material, it is necessary to re�ect on its possible scarcity, and this is one of the
great advantages of wood: if sustainable forest management and good harvesting are
practiced, wood becomes inde�nitely available.

The usage evolution of the wood as a structural element is, however, conditioned to the
knowledge of the physical properties and mechanical behavior of the material. There
are many factors that make wood a more complex material than the most common
building materials such as concrete, steel and ceramic. Due to its variability, inherent
to its growth and development, wood has properties that directly in�uence its design
process, such as moisture content, di�erence in resistance when loading is applied parallel
or perpendicular to the �bers (elevated anisotropy), and even the method adopted to
classify their resistance. Structural analysis of wood elements as well as their mechanical
modeling is also hampered by nonlinear behavior, creep and biological degradation. [1,
2].

The most important aspect of timber structures is the joint design. The need to study the
connections is due to the unavailability of parts that adapt to the design conditions, either
due to the high strength required or the structure geometry. The �rst wooden houses,
which appeared around 3500 BC, had a limited width range of 5�7 m, due to simpli�ed
adhesive bonding techniques. Mechanical joints date back to 600 BC, and since then the
use of these connection types, especially in wooden trusses, has been developing. [3, 4].

Mechanical connections can be divided into two main groups, according to the form of
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stress transmission. The group of dowels or pins, such as nails and screws, where force
transmission is described by a combination of the behavior between the pins and the
wood in contact with the pin rod. The second group includes metal plates, such as rings
or shear plates and toothed plates, which transmit stress through the surface contact area
of their members. [5, 6].

In general, wood joints are the limiting factor in the structure design. The strength of
the structure is usually determined by the strength of its connections. The mechanical
behavior of the structure is also characterized by the quantity and type of the connection
used.

The mechanical behavior of wood joints is complex and di�cult to predict. For instance,
the load capacity of a connection with a certain number of connectors is not equal to the
product of the resistance of a single connector multiplied by the number of connectors. In
most regulations, the reduction in the load capacity is taken into account by the e�ective
number of connectorsne f , which is less than the actual number of connectorsn. In
European and Brazilian codes, the actual number of connectors is only dependent onn. In
codes used in Canada and the United States of America, the spacing between connectors,
either between them or relative to edges, is also taken into account. As well in metal
plates, many variables can a�ect the joint sti�ness: the size and number of teeth, the
orientation of the plate in relation to the wood �bers, the angle of forces applied, the
location of the connection in relation to the center of the members axis. In addition, the
stress distribution is nonlinear and non-constant across the width and length of the plate.
[7, 8].

The proper choice of the type of connection is also a determining factor in the cost
evaluation and, most notably, in the execution time of timber projects. The evolution of
wood building systems is therefore directly linked to the development of more e�cient
joining methods, both on-site and in prefabricated parts. [9].

Among the types of mechanical connectors developed, the most e�cient and less labor
intensive are the punched metal plate fasteners. Such plates are widely used in the
production of prefabricated roof trusses, for their low cost and easy production compared
to other types of joints. [10].

Punched metal plate fasteners (nail plates) are galvanized steel plates with thicknesses
between 0.9�2.5 mm, with teeth perpendicular to the plate with size between 8�15 mm.
These plates are pressed on each side of the wood by presses, and the transmission of the
bonding forces mobilizes a large portion of the wood area, reason why this connection
is more e�cient than other types of mechanical joints. The complexity in the design of
these connections is due to the stress distribution within the plate. The distribution is
nonlinear and non-constant along its length and width. Current standards present the
equations for the Ultimate Limit State (ULS) design from the forces acting on the rupture
lines, but there is no comprehensive research about the mechanical modeling to obtain
these forces [11].

In the present dissertation, four methods are suggested to characterize the stress distribu-
tion in the rupture lines of nail plates. A heel joint, illustrated in Figure 1.1, is taken as a
starting point for the developed modelings.
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Figure 1.1: Geometry of a heel joint

1.2 Research objectives

The main objectives were:

ˆ Study the design and modeling criteria of nail plate timber connections;

ˆ Propose models to predict the stress distribution in the rupture lines;

ˆ Develop a computational tool to verify nail plate connections.

1.3 Thesis structure

The dissertation was structured in 5 chapters.Chapter 1gives an introduction and theme's
background, the relevance of the study and the de�ned objectives of the investigation.

Chapter 2covers the literature review, starting with the main applications of wood as
a structural element, focusing on the manufacture of roof trusses. Then, timber joint
mechanisms are studied and �nally the nail plate joints, their manufacturing process and
the state-of-the-art are presented.

Thereafter,Chapter 3discusses the design criteria of nail plates. The premises and relevant
equations of the main standard resolutions are described. Finally, the truss modeling of
prefabricated trusses and the problem of rupture lines are presented.

The formulation of new stress distribution methods is described inChapter 4. In total,
four methods are proposed in order to account for the various load behaviours that a nail
plate connection may be subjected to.

Chapter 5presents the conclusions of the studies on the intended objectives. In view of
the conclusions, future development lines are suggested.
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CHAPTER2
Timber as a Structural Element

The origins and advantages of using wood as a structural element are discussed. Then, timber
connections are presented, highlighting the nail plate joints. The focus of this chapter is to
present a brief literature review on the use of wood and to direct the study to the nail plate
connections.

2.1 Introduction

From prehistory to the beginning of the industrial age, wood has always been present in
the human relationship with the environment. The use of wood, the oldest of building
materials, began a building model that would remain, even after the advent of new
materials. Over the millennia, knowledge about the construction and architecture of
wooden structures has become a way of connecting people around the world. Wooden
constructions developed, regardless of cultural and regional boundaries.

That said, the early construction methods evolved and the knowledge and techniques
needed to deal with this material were gradually building an empirical basis. In the
beginning, simpli�ed adhesive bonding techniques limited maximum spans, but constant
evolution brought new connection methods and new designs. A brief historical review
shows that, despite their scarce knowledge of building properties and techniques, pre-
historic civilizations were incredibly intelligent in adapting structures to their needs
and conditions. Therefore, the evolution of these techniques created an architectural
identity (e.g. the Nordic houses and Japanese temples) that was only achieved due to the
versatility of this material [12].

The �rst framed houses arose around 3000 BC. The durability of these constructions did
not exceed 20 years, as little was known about structural detailing, especially in bracing
and joints. Figure 2.1 illustrates the archaeological reconstruction of a house in Central
Europe, dated 3000 BC. Spans were limited to 5�7 m long, and the shape of the triangular
truss was at �rst the simplest solution found [4].
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Figure 2.1: Longhouse reconstruction, 3000 BC, [4].

Some regions of Asia have a long relationship with the structural element of wood. In
Japan, the oldest structure still in existence, the Horyuji Temple, was built in the 7th
century. This building has a double roof and each of the �ve �oors is supported by the
central pole [11, 13].

Figure 2.2: Horyuji Temple, [11, 13].

Another important structural application is in bridges structures. Prior to modern steel
and concrete constructions, wood was the dominant material in the bridge's scenario.
In 55 BC, the Roman Empire built a bridge over the Rhine river. The bridge was 140 m
long, 5�6 m wide and would allow two-way tra�c. Only 10 days were required for its
construction.

One of the oldest existing bridges is located in Switzerland. The Chapel Bridge is 222 m
long and was built in 1333. Like many bridges in Switzerland, the structure is covered,
which favors its weather protection and aids in protection against biological degradation
[14].
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Although the history of timber constructions has been set aside with the advent of new
building materials (concrete and steel), it is undeniable that historical examples show
excellent durability of timber structures when well designed. In this respect, certain
timber projects that aim for a long service life systematize the geometry in a way that
makes it easy to repair or replace its elements when needed.

Today wood production in the world is estimated at 3.89 bim3, with approximately 50%
of this volume being used as fuel, and construction applications are diverse. Lightweight
structures (based on structural wood, composite and laminated panels) are widely used
for residential houses, small multi-storey �oors and for commercial buildings. Similar
elements are also used for wall and �oor elements. The best known application is in
roof parts. In most steel or concrete constructions, a wood truss roof is usually the most
cost-e�ective choice [15].

Timber-based building systems have great potential for rational use of resources and
low aggregate cost. There are numerous successful examples in North America and
Northern Europe, where timber constructions exemplify that it is possible to develop
light and e�cient panels and laminate-based structures. These systems feature simpli�ed
construction techniques and are faster to build compared to concrete structures [16].

The fact that wood has been widely used for millennia does not imply that there has been
a major scienti�c advance on the physical and mechanical understanding behavior of the
material. In fact, the vast majority of studies and timber construction techniques result
of empiricism and from designer's experience.

2.2 Advantages of timber-based structures

Wood is the building material available to most societies. The vast amount of species
has made at least one of them adapt to local climate and conditions, which is why this
material can be found in all parts of the globe. Wood has already been used for the
construction of various engineering works: houses, bridges, war machines, boats, among
others. There are numerous advantages to applying this material, as shown in researches
by Whitelaw [17], Nolan [18], Townsend and Wagner [19], Adedeji and Ogunsote [20],
Smith and Snow [21].

1. It is available in most countries. It can be obtained from local suppliers and trans-
ported to the construction site by small vehicles. It is a widely accepted structural
material and used in various cultures.

2. The good weight-resistance ratio enables its use in framed structures. Some species
have high resistance to biological degradation, corrosion and even good resistance
to marine environments. Wood is markedly more resistant to salt corrosion, with
less variation in structural properties. It is a durable material and there are several
�nishing and protection techniques that, in addition to increasing the aesthetic
capital of the building, can extend the service life for centuries with minimal
maintenance.

3. Workability is a major factor in the rise in the scope of construction. It is possible to
shape the material with hand or machine tools, and there are several design options.
In addition, due to the wide range of resistances, depending on the species used, it
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is possible to �nd the optimal geometry and strength capacity for the project.

4. It is renewable and biodegradable. It has low aggregate energy and presents good
thermal and acoustic performance. Wooden designed houses still remain a model
for minimum energy consumption in buildings.

2.3 Connection systems

Connections are the main aspect in the design of timber structures. Due to the limitation of
the length of the pieces, generally shorter than the required spans, splices and composite
arrangements should be used. Timber joints are generally less e�cient than corresponding
joints between other materials (such as steel) due to the low embedded resistance and
low shear strength, especially in perpendicular direction to the �bers. This means that
there is a need to increase the connection area, which generally infers geometric changes
and, in practice, in the peace length. Joints tend to be less resistant than the connected
members themselves, and choosing the best joint type goes beyond simply checking the
maximum resistant load. Other aspects such as cost-e�ective and the production process
are equally important. This shows how important is the study of timber connections. [5,
11].

Mechanical connectors have been used for centuries and over 60 di�erent types have
been patented in Europe and America. The development of connections was most no-
table in Europe as a result of World-War-I-related timber demand. The United States
then experienced rapid growth at World War II period, with about 1 mim2 built in the
�rst six months of 1942. During this period, there was a large expansion in the timber
framed structure's market, which motivated the development of more e�cient connection
techniques, both mechanically and in the manufacture itself [22].

Thomas [23] brie�y reviewed major mechanical connectors such as nails, screws, bolts,
shear rings, and metal plates. Some advantages of nail plate joints were highlighted: high
e�ciency in terms of load capacity, simplicity and automated fabrication process, good
�re resistance and reduced amount of steel used in joints. The main disadvantage is the
need for special tools for crafting, especially in small works.

Bainbridge and Mettem [24] studied various types of �xed covered joints (which can
transfer bending moments), illustrated in Figure 2.3. In the analysis of timber structures,
the links are generally modelled as hinges, which reduces the complexity of the analysis
and generally leads to a more conservative model. The study addressed conventional
technologies and new connections not yet on the market. The authors comment that
the use of conventional connections is ine�cient, and may result in heavy and poorly
optimized structures.
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Figure 2.3: Prefabricated timber frame with several concealed connections, [24].

Claisse e Davis [25] performed tests on four types of high performance joints. As in the
current design methodology, timber sections are generally governed by the joint section
necessity, thus more e�cient joints can increase sti�ness and also reduce sections and
therefore the overall weight of the structure. The connections studied were: conventional
bolts (for reference value), injected resin steel dowels, nail plates and glass polymer
reinforced (GRP) pins. The most e�cient connections were nail plates and GRP reinforced
pins. The sti�ness of the GRP reinforced connections were clearly higher than the others,
but from the load capacity point of view, the nail plates presented the highest average.
Figure 2.4 shows the maximum load values of the four studied connections.
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Figure 2.4: Comparison of four high performance connections, [25].

Faherty [22] summarized the analysis and design criteria for the main connections.
Some relevant factors that in�uence the performance of mechanical connections were
highlighted:

1. Thickness: Experimental tests were conducted in two modes: parallel and perpen-
dicular loading to the �bers. It was observed that the rupture mode also depends
on the thickness. In general, the critical load increases linearly with thickness to a
certain extent of proportionality;

2. End margin: Two dimensions of shear rings have been tested. Load capacity re-
mained constant with increasing end spacing beyond the reference value (15 cm).
For smaller spacings, the reduction in load capacity decreased almost proportionally
with the decrease in spacing;

3. Edge margin: There was an increase of the maximum load the greater the lateral
spacing adopted. For minimum distances, the pieces broke when the maximum
load was reached, and for maximum distances, the maximum load was reached
before the wood failure;

4. Moisture content: The tested scenarios were: green wood1, treated and then con-
nected and treated before making the connection. Specimens with untreated wood
had a maximum load of about 2/3 of those obtained with treated wood. Similarly,
the connection in already treated wood presented higher strengths. The drying
process causes a rearrangement of the �bers and the spaces between the connec-
tions weaken the embedded strength. The series of tests shows that joint strength
increases as moisture decreases and sti�ness properties, both elastic and inelastic,
are little a�ected;

5. Steel Resistance: joints have been tested with three steel grades: 435 MPa, 500 MPa
and 700 MPa. The tests showed that the sti�ness and strength of the joints are

1green wood refers to the recent cut, with no time for drying and evaporation. The m.c. considered for
this type of test is 100%.
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governed by the mechanical properties of the wood, and not by steel quality.

2.4 Trussed rafter industry

Prefabricated roof trusses have been used in America, Europe and the United Kingdom
since the mid-1960s. Over the past 30 years, 50 million roofs have been manufactured
in the United Kingdom. In 1978, US sales were estimated at $1.5 billion, in which $100
million representing just the nail plates. Its use is known for residences, but applications
are increasing their spectrum for long-span buildings such as schools, institutes and
industries. Interestingly, the success of this industry branch is not as published and
technical reports on technology and manufacturing methods are scarce [26].

Prior to the expansion of the prefabricated industry, the manufacturing process with pin
type connectors was time consuming and labor intensive. Technical advancement in the
US began in the study of the feasibility of producing stamped tooth plates (nail plates).
These connections proved superior from the point of view of maximum load capacity and
it was rarely necessary to increase the dimensions of the parts for the purpose of �tting
the connection. Traditional connections with nails or screws still required some form of
notch in the connection area, which eventually constrained edge spacing. This drawback
was generally bypassed by increasing shear planes by duplicating certain elements in
the roof truss. Due to their high performance, the nail plates also had less need for edge
spacing, resulting in smaller timber sections and lighter trusses [27].

Conventional roo�ng structures, Figure 2.5, are composed of structural elements (truss)
that withstand the stresses required and weft elements (purlins, rafters and bracing) that
support the roo�ng materials. Its manufacturing process was on site, using metal notches
and pins such as nails and screws. The classic geometry of the scissors requires some
duplicate element in a sandwich shape. In Figure 2.5 the webs are doubled and allow the
other elements to be connected by at least one shear plane.

The prefabricated system, Figure 2.6, with the use of nail plates, presents some key
di�erences. In the truss, all members must have same thickness and are all in the same
plane. There are no duplicate elements, as nail plates do not require shear planes outside
the connection plane. The structure consist of trusses equally spaced between 0.6�2 m,
depending on the particularities of the project. The weft elements are reduced to only
slats (for ceramic tiles) or purlins (for �ber cement slates). Increasing the amount of
trusses compensates for the decrease in weft elements. However, the sections of the truss
parts are considerably thinner, which can reduce the overall frame weight by up to 40%
compared to the conventional system. [28, 29].
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Figure 2.5: Conventional truss structure, [30].

Figure 2.6: Nail plate truss structure, [30].
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2.4.1 Nail plate trusses manufacturing

The prefabricated truss production line consists of a series of saws, guides and presses,
as shown in Figure 2.7. The relevant stages of the process are described in the following.

Figure 2.7: Manufacture of truss frame, [31].

The �rst step is the elaboration of the truss model design. The project can be done by the
customer or the manufacturer. There are many factors to consider in a prefabricated roof
design: the amount sloping regions and the geometric arrangement of trusses, spacing and
bracing, load redistribution elements, among others. Companies that manufacture trusses
generally have specialized software for detailing and designing these structures. By the
mid-1970s, computer development was still limited, and the �rst calculation programs of
the time were parameterized for each truss type, and design options were prede�ned. The
simpli�ed model of calculation considered, for deformation purposes, that the multiple
trusses operated as a beam with several sections. Today the sti�ness matrix method
allows to calculate any truss con�guration for any load con�guration. Truss members
are considered as uniform linear bars, and the joints are treated as rigid, transmitting
bending moments. Unless previously speci�ed, trusses are designed with pinned supports.
It is therefore necessary to specify the vertical and horizontal bracing of the wall-roof
interface [27].

With the project, the elaboration of the wood pieces begins. A series of guides and saws
are used to shape the truss members. This process is virtually all computerized. Modern
cutting tables feature laser mapping and a rolling system for serial part cutting, as shown
in Figure 2.8:
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Figure 2.8: Automated Cut Saw SP720, [32].

The next step is assembling the truss pro�le. The positioning take place on tables with
the structure shape. Again, there are a number of machines that have automated most of
the work, using laser guides and rolling pins, illustrated in Figure 2.9:

Figure 2.9: Truss assembly, [33].

With the truss arrangement set, the next step is the plate placement and pressing. Nail
plate connections require a speci�c calculation for pressing. If the pressure is too high, it
is possible that the wood may su�er some mechanical damage, compromising the sti�ness
of the connection. Similarly, if the pressure is too low, the plate may exhibit slippage or
teeth withdrawal in the section. There are other less commonly used techniques for on
site pressing, such as portable hydraulic presses or the use of hammers combined with a
metal plate that covers the entire plate. An example of automatic press is illustrated in
Figure 2.10:




	Cover Page
	Title Page
	Contents
	Abstract
	Resumo
	Acknowledgements
	Epigraph
	List of Figures
	List of Tables
	List of Charts
	Nomenclature
	1 Introduction
	1.1 General aspects
	1.2 Research objectives
	1.3 Thesis structure

	2 Timber as a Structural Element
	2.1 Introduction
	2.2 Advantages of timber-based structures
	2.3 Connection systems
	2.4 Trussed rafter industry
	2.4.1 Nail plate trusses manufacturing

	2.5 Nail plates
	2.6 Summary

	3 Design of Nail Plate Connections
	3.1 Introduction
	3.2 Nail plate mechanical parameters
	3.2.1 Anchorage area parameters
	3.2.2 Net-cross section parameters

	3.3 Characteristic resistance values
	3.3.1 Nail plate characteristic values
	3.3.2 Connection characteristic values

	3.4 Design according to Eurocode 5
	3.4.1 Anchorage verification
	3.4.2 Net-cross section verification

	3.5 Stress distribution in wood trusses
	3.6 Rupture lines
	3.7 Summary

	4 A Heel Joint Modeling
	4.1 Introduction
	4.2 Anchorage area verification
	4.3 Distribution models
	4.3.1 Model 1 – Simultaneous line deformation
	4.3.2 Model 2 – Bending moments transfer
	4.3.3 Model 3 – Isolated regions
	4.3.4 Model 4 – Independent force transfer

	4.4 Comparison and critical combination of force distribution
	4.5 Summary

	5 Conclusions and Further Research
	5.1 Conclusions
	5.2 Future developments

	References
	A NPCalc Code

