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Ductility is the extent to which material can plastically deform without losing its load bearing
capacity. Ductility is essential in accidental situations, areas of high seismicity, and in cases of static
overloading. In general, ductility can be understood as a safeguard against the unknown.
In the past two decades, the status of wood as a building material has become more suitable for high
rise buildings; however only a limited amount of updates have been made to the standards. This thesis
reviewed the current situation through an analysis of the design standards: Eurocode 5: Design of
Timber Structures and Eurocode 8: Design of Structures for Earthquake Resistance. The brittle and
ductile failure mechanisms and solutions were addressed and ways to increase the ductility in wood
structures were reviewed. Finally, a case study was conducted to evaluate experimentally the findings
of the literature study.
Wood is an orthotropic material. This means that the stiffness, strength and ductility of wood differ
depending on the type and direction of the stressing. In many cases, due to the tension perpendicular
to grain dominating the failure, wood is perceived to be a brittle material. However, if designed
correctly, wood can fail with a ductile compression failure.
In connections with dowel-type fasteners, the failure is ductile if the connection fails with one of the
failure modes described by the European Yield Model. However, if premature splitting or failure of
the connection area occurs, the failure is brittle. The brittle failures occur when the shear and/or
tension perpendicular to grain stress is exceeded. Slender fasteners and appropriate fastener spacing
reduce the risk of splitting. Additionally, fasteners capable of transferring axial forces (such as bolts
and screws) are less likely to fail in brittle manner. Inclined screws with an inclination angle > 30° fail
with brittle withdrawal or screw tension failure.
Eurocode 5 does not favor ductile design in wood structures. All the known brittle failure mechanisms
of mechanically connected wood structures are taken into account in Eurocode 5 by separate design
rules. However, the brittle and ductile methods are not identified and the use of brittle modes is not
penalized. Eurocode 8 gives rules that favor the use of ductile solutions in wood structures. However,
the rules are general and the modern solutions such as cross-laminated timber and inclined selftapping screws are missing.
Reinforcing wood in a perpendicular to grain direction will prevent wood from splitting. Various
number of reinforcing solutions have been proven to be effective. An effort should be made to
include these solutions to the design standards as a requirement when ductile solutions are needed.
Keywords Ductility, Dowel-type fastener, Orthotropic, Splitting, European Yield Model
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Sitkeys kuvaa materiaalin tai rakenteen stabiilia muodonmuutoskykyä plastisella alueella. Sitkeyttä
voidaan hyödyntää suunniteltaessa rakenteita kestämään maanjäristyksiä, onnettomuuksia ja
staattista ylikuormitusta. Yleisesti sitkeys voidaan käsittää varmuutena tuntematonta vastaan.
Menneen kahden vuosikymmenen aikana puuta on alettu käyttää kerrostalojen runkomateriaalina.
Tänä aikana standardeihin on kuitenkin tehty vain lieviä muutoksia. Tässä diplomityössä tutkittiin
nykytilannetta analysoimalla suunnittelunormeja: Eurokoodi 5: Puurakenteiden suunnittelu ja
Eurokoodi 8: Maanjäristyksen kestävien rakenteiden suunnittelu. Työssä käsitellyt
vauriomekanismit ja suunnitteluratkaisut jaettiin hauraisiin ja sitkeisiin. Erityisesti tarkasteliin
mahdollisuuksia puurakenteiden sitkeyden parantamiseksi. Kirjallisuustutkimuksessa löydettyjä
ratkaisuja tutkittiin lopuksi kokeellisesti.
Puu on ortotrooppinen materiaali, joten puun jäykkyys, kestävyys ja sitkeys eroavat riippuen
rasituksen laadusta ja suunnasta. Syytä vastaan kohtisuora veto aiheuttaa usein puun murtumisen,
mistä johtuen puu mielletään hauraaksi materiaaliksi. Oikein suunniteltuna puun murtotapa on
kuitenkin sitkeä puristuslujuuden ylittyminen.
Puikkoliittimin kootut liitokset ovat sitkeitä niiden murtuessa jollakin puikkoliitosteorian
määrittelemistä murtotavoista. Puikkoliitoksissa hauraita murtotapoja ovat halkeilu ja liitosalueen
murto, joita ei käsitellä puikkoliitosteoriassa. Nämä murtotavat johtuvat puun leikkaus tai syytä
vastaan kohtisuoran vetolujuuden ylittymisestä. Halkeilun todennäköisyyttä voidaan vähentää
käyttämällä hoikkia liittimiä ja riittäviä reuna- ja päätyetäisyyksiä sekä liitinvälejä. Halkeamisriski
on myös pienempi liittimillä (kuten pultit ja ruuvit), jotka pystyvät siirtämään liittimen
pituusakselin suuntaisia voimia. Vinoruuvien, joiden kaltevuuskulma on > 30°, yleisimmät
murtomekanismit on hauraita.
Eurokoodi 5 ei ota riittävästi huomioon sitkeyttä suunnittelukriteerinä. Kaikki mekaasesti liitettyjen
rakenteiden tunnetut vauriomekanismit ovat otettu huomioon. Niitä ei kuitenkaan ole yksilöity,
eikä hauraiden mekanismien käyttöä rajoiteta. Eurokoodi 8:n säännöt pyrkivät estämään hauraiden
ratkaisujen käytön seismisillä alueilla. Ohjeiden ylimalkaisuus ja nykyaikaisten ratkaisuiden kuten
ristiinliimatun massiivipuun ja vinoruuviliitosten puuttuminen on kuitenkin puute Eurokoodissa 8.
Puun halkeilua voidaan estää vahvistamalla rakennetta syitä vastaan kohtisuorassa suunnassa.
Vahvistamiseen on kehitetty useita toimivaksi todettuja ratkaisuita. Näiden ratkaisuiden vaatiminen
sitkeitä puurakenteita suunniteltaessa tulisi sisällyttää standardeihin.
Avainsanat Sitkeys, Puikkoliitos, Ortotrooppisuus, Halkeilu, Puikkoliitosteoria
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Figure 1. In physics work is independent of the path a force takes before reaching its
goal. For a reader not involved with the process, this thesis may seem to follow the
laws of physics.
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Symbols and abbreviations
Latin upper case letters

Anet.t Net cross-sectional area perpendicular to the grain
Anet.v Net cross-sectional area parallel to the grain
Dstu 0 Measurement of ductility based on strain at ultimate load limit and at
proportionate yield limit
Ds pu0 Measurement of ductility based on permanent strain at ultimate load limit and
strain at proportionate yield limit
Ds pf 0 Measurement of ductility based on permanent strain before fracture and strain
at proportionate yield limit
Dstu Measurement of ductility based on permanent strain before fracture and strain
at proportionate yield limit
Dstf Measurement of ductility based on total and permanent strain at ultimate load
limit
Dsue Measurement of ductility based on and permanent and elastic strain at ultimate
load limit
Dwue Measurement of ductility based on Non-recoverable and recoverable energy at
ultimate load limit
Dw fe Measurement of ductility based on Non-recoverable energy before fracture
and recoverable energy at ultimate load limit
E
Modulus of elasticity
F90.Rk Load carrying capacity of a fastener loaded perpendicular to grain
Fax. .Rk Characteristic withdrawal capacity of the connection at an angle α to the grain
Fax.Rk Characteristic axial withdrawal capacity of the fastener
Fv.Rk Characteristic load-carrying capacity per shear plane per fastener
G
Shear stiffness of the member
Gc
Fracture energy
Gc.I Mode I fracture energy in tension perpendicular to grain
Fmultiple Load carrying capacity of a connection with multiple fasteners
Fps.Rk Characteristic block shear or plug shear capacity

L
LF
L0
L
M y.Rk

Length
Length after deformation
Initial length
Amount of deformation
Characteristic fastener yield moment

Vu
We
Wp

Load carrying capacity of the connection

Wtot
W pu

Total energy
Non-recoverable energy at ultimate load limit

Elastic energy
Inelastic energy

Weu
Wtu
W pf

Recoverable energy at ultimate load limit

Wtf

Total energy before fracture

Total energy at ultimate load limit
Non-recoverable energy before fracture load limit

Latin lower case letters
a1
b
d
dh
dL
e
f ax.k

Fastener spacing
Member thickness
Fastener diameter
Diameter of the screw head
Infinitesimal deformation
True strain
Characteristic withdrawal strength perpendicular to the rain

f head.k Characteristic pull-though capacity of the screw

f h.i.k
f tens.k
f u .k
fy

Characteristic embedment strength in timber member

h
h
he
nef

Wood width
Timber member height
Loaded edge distance to the center of the most distant fastener of to the edge
of the punched metal plate fastener
Effective number of nails in the row

np

Number of screw pairs in the joint

ti
w
w pl

Timber of board thickness or penetration depth
Modification factor
Width of the punched metal plate fastener parallel to the grain

Characteristic tensile capacity of the screw
Characteristic tensile strength of the fastener
Steel yield strength

Greek lower case letters




e
u
0
 pu
 pf
y


Screwing angle
Ratio between the embedment strength of the members
Engineering strain
Elastic strain
Strain at ultimate load limit
Strain at proportionate yield limit
Permanent strain at ultimate load limit
Permanent plastic strain
Slenderness ratio modification factor
Slenderness ratio

r
k
a

u
f

Modified slenderness ratio
Characteristic density of wood
Associated density for fax.k
Wood density
Normal stress at ultimate load
Normal stress before fracture

Abbreviations
CLT

Cross-laminated timber

CNC Computer numerical controlled
EC1 Eurocode 1-1-7 “Actions on structures – Part 1-7: General actions –
Accidental actions”
EC5 Eurocode 5-1-1: Design of timber structures – General –Common rules and
rules for buildings
EC8 Eurocode 8: Design of structures for earthquake resistance. Part 1: General
rules, seismic actions and rules for buildings
EYM European yield model
LVL

Laminated veneer lumber

GLT

Glued laminated timber

1. Introduction
1.1.

Background

Wood is often categorized as a load bearing material only suitable for small buildings
such as single family houses. This has not always been the case. Before the invention of
steel and reinforced concrete, wood was one of the few building materials able to carry
tensile loads. This made it a prominent material for bridges and horizontal structures in
buildings. In Japan, an area of high seismicity, wood was found to be a superior
material for high rise buildings due to its high strength to weight ratio. The Japanese
developed sophisticated building systems based on complicated carpentry joints. The
design was based on experience and successful projects of significant height were
completed long before the principles of seismic design emerged in the late 1800s. An
example of this lies near Kyoto, where a 57 meter high wood structured temple “Toji”
(Figure 1, left) was rebuilt in 1645 and has endured several severe earthquakes.
Construction of wooden buildings of this height has not been re-attempted until the past
decade (Figure 1, right).

Figure 1.1. On left: Wood structured 57 meter high temple “Toji” in Japan rebuilt in
1645.1 On right: Nine story (29 meter) high “Murray Grove” modern timber framed
building in UK built in 2010.2
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From the 1850s, the invention of cheap steel producing methods and reinforced concrete
revolutionized the building industry. Higher and larger buildings were able to be
constructed at less cost. Around the same time, the invention of modern saw mills led to
a price drop in timber (sawn wood and the products manufactured from it). Coming into
the 20th century, timber was only suited for small or middle height buildings, because
the size was limited by a number of factors and the connection technology was
undeveloped. Also, fire safety in timber buildings of this era limited their use in densely
populated areas.
Throughout the 20th century, various organizations have been trying to encourage the
use of wood for larger buildings. The invention of glued laminated timber (GLT)
enabled the construction of massive, large span timber structures. Wood has since
secured a small portion of the market in large span structures such as sports halls and
bridges. However, in Europe no progress was seen in the multi-story housing market
until the early 1990s. In Central Europe, the combined effect of political will and the
development of new engineered wood products (especially cross-laminated timber
(CLT)) enabled the widespread construction of multi-story wooden buildings. In 2009,
the market share of wooden multi-story buildings in Switzerland was 4.9%.3 This
knowledge is now spreading throughout Europe. In Finland, only few buildings have
been built, however, the political will to promote the use of wood is strong and the
number of large wooden buildings is expected to increase.
As the use of wood has mainly concentrated on small buildings, where loads are small
and the building systems are relatively simple, a need for comprehensive research of
failure mechanisms has not been as critical. In multi-story systems, the loads are higher,
their variation is harder to predict, and load transfer paths can be more complex. This,
combined with more severe consequences of abrupt structural failure, results in a need
for more detailed failure analysis.
In 1968, a gas explosion caused a progressive collapse in Ronan Point, a 22-story high
apartment building in London. This triggered extensive research programs around the
world on preventing progressive collapse in steel and concrete buildings. Later, terrorist
attacks in the USA on the Alfred P Murrah Federal building in 1995 and on the World
Trade Center in 2001 caused catastrophic progressive collapses. These tragedies
increased research on progressive collapse in the USA.4
Preparing against the unknown is usually difficult and in many cases insufficient. As a
consequence, alternative methods have been developed to increase the safety of
buildings. For normal load cases such as wind and snow, buildings are required to work
in an elastic zone where no structural damage is allowed during the life cycle of the
building. For unexpected or rare load cases such as explosions or severe earthquakes,
buildings are allowed to bear damage but not lose their load carrying abilities, thus
preventing human casualties. 5
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Ductility plays a key role in assuring this kind of behavior in buildings. Ductile
structures can undergo large, usually visible plastic deformations without losing their
load bearing capacity. These deformations dissipate energy, which in case of time
dependent loading, lowers the stress levels in structures. Ductility also allows the
formation of alternative load paths. This can prevent a chain reaction leading to a
progressive collapse. In cases of static overloading, ductile structures warn the
occupants of danger with visible deformations allowing safe evacuation.
Research on progressive collapse and ductility has mainly related to reinforced concrete
and steel structures, since most of the engineered structures use these materials. Only in
the past two decades more research has gone into the ductility and preventing
progressive collapse in wood structures. While constructing larger and higher buildings
of wood, ductility becomes more vital for their safe design and its importance as a
critical design criterion needs to be considered.

1.2.

Common Features of Wood Structures

When compared to other common building materials, wood is significantly different
from reinforced concrete and steel. Due to the growth process of trees, wood is
cylindrical orthotropic with highly irregular strength and stiffness properties.
Additionally, past yield behavior of wood differs depending on loading direction,
making it ductile in some cases and brittle in others. The strength and deformations in
wood are time dependent. In continuous action bending, the strength can be only 60 %
of the short term bending strength. If the loading level is kept for several years, the
deformations can double from the outset.6 In wood, the expansion due to change in
moisture content can be on the order of 5 %.6 These factors create challenges to the
design process absent in steel and reinforced concrete design. How can the positive
properties of wood be enhanced and how can stresses in unwanted directions be
prevented?
Industrial fabrication of engineered wood buildings is a relatively new area of business.
While large buildings were designed from wood throughout the 20th century, the
solutions were customized on a case by case basis, without the development of
standardized methods. This has been one of the major factors preventing the widespread
use of wood in engineered buildings. While the past two decades have introduced some
standardized solutions (in Finland RunkoPES, latest release in 2013)7, the field is still
under development and trying to find more competitive and efficient ways to build.
Connection technology has a significant impact on building efficiency. New types of
mechanical connections have been introduced to the market, while traditional carpentry
joints have found their way back to the buildings due to new efficient and precise
computer numerical controlled (CNC) milling machines.8 Connections also play a major
role in ductile design. If the ductile behavior of members cannot be assured, ductile
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connections can be designed to work as fuses failing before the members. This requires
accurate detailing of the connections and sufficient knowledge of wood properties.
Additionally, the knowledge of wood-connector interaction is essential in mechanical
connections.
The design of wood structures in Finland and in Europe is guided by Eurocode 5-1-1
“Design of timber structures – General – Common rules and rules for buildings”
(EC5). This relatively new code is replacing the old Finnish national code. Eurocode 51-1 gives rules for designing structures under normal load cases. The rules for
requirements of ductility in buildings are given in the following two standards:



Eurocode 1-1-7 “Actions on structures – Part 1-7: General actions – Accidental
actions” (EC1), which considers accidental situations and provides rules for
structures independent of material.
Eurocode 8-1 (EC8): “Design of structures for earthquake resistance. Part 1:
General rules, seismic actions and rules for buildings”, which provides detailing
rules and guidelines to assure the ductile behavior of different materials in areas
of high seismicity.

Due to the low seismic environment the rules of EC8 are not imposed in Finland. This
means that the only standard prescribing requirements for ductility is Eurocode 1-1-7.
This code requires preparing against accidental situations with design solutions.
Different methods are offered, only one of which covers ductility. This means that
structures with no ductility are allowed to be built in Finland.

1.3.

Goals of the Research

The goal of this thesis is to determine the current standing of ductility in the design of
timber structures in Finland. This is achieved through the following steps;






1.4.

Determine the ductile and brittle properties of wood and find out how they are
present in engineered wood products;
Determine the properties of mechanical connections required for assuring
ductile failure;
Evaluate if EC5 favors ductile design of timber structures. Additionally,
evaluate what methods EC8 uses to enhance the ductility of timber structures
and are these rules applicable to the design of timber structures in Finland.
Determine the reliability of EC5 rules in the light of newest research;
Define guidelines to help designers choose ductile structural solutions.

Research Methods and Limitations

The research stems from a literature study that reviews the knowledge of ductility in
wood structures based on international conference and magazine publications. These
findings are compared to the requirements of EC5 and EC8 and example calculations
are used to determine the differences between the proposed methods and those of the
standards. Special attention is given to the solutions and products popular in the design
4

of multi-story timber buildings in Finland, such as self-tapping screws and CLT. In the
light of the findings from the literature study, a small scale experimental study is
conducted on joints connected with mechanical fasteners. This thesis will concentrate
on the ductility of mechanical joints on a member level without going into the structural
system level. The behavior of structures is researched in short term loading and in dry,
unchanged moisture conditions.

5

2. Ductility
In this chapter the methods for defining and measuring are presented. However a
Special attention is paid to the unique post elastic behavior of timber structures and how
this affects measuring ductility.

2.1.

Defining Ductility

On the fundamental level ductility is related to solid materials. On this level, ductility is
the extent to which material can plastically deform without losing its load bearing
capacity.9 A ductile material can undergo large plastic deformations. At the other end of
the scale are brittle materials which fracture after small elastic deformations. Ductility
does not consider the strength of the material, but only defines the ratio of the inelastic
and elastic areas. Toughness defines the capability of a material to store energy in
external stressing, thus a material with high strength and medium ductility can be
tougher than material with low strength and high ductility. Figure 2.1 illustrates these
properties in steel.

Figure 2.1. Illustration of stress-strain curves of strong, tough and ductile material.10
Material ductility is a property, which some materials such as steel possess, and others,
such as glass do not. There are also materials, such as wood and some composites,
which are ductile or brittle depending on the direction of the applied stress.

9
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At material level, ductility is usually defined by means of strain. Strain can be seen as
normalized deformation. In a bar undergoing axial deformation it can be expressed in
differential form;
d ( strain) 

dL
L

(1)

where:
dL
is infinitesimal deformation;
L
is length;
The total axial strain e (known as true strain) can be found by integrating this
expression;
e

L
dL
 ln  F
L
 Lo
Lo

LF




 L 
  ln 1 

L0 



(2)

where:
L
is the amount of deformation (positive for elongation);
is length after deformation;
LF
L0
is initial length;
In engineering applications the deformations are many times small compared to the
length giving L  L0 . In this case an approximate strain called engineering strain (  )
can be written as follows;
1

L0

LF

L

 dL  L

Lo

(3)

0

The relationship between these strains is the following;
e  ln 1   

(4)

Both engineering and true strains are plotted in Figure 2.2. The agreement is quite good
in strains of 0.1 and less. When engineering strain is ε = 0.1 the true strain is e ≈ 0.095,
giving an approximate 5 % difference. In ductility design, a strain area above 0.1 is
sometimes of interest thus true strains should be used if necessary. In the literature, the
word ‘strain’ is often used without specifying whether it is true or engineering strain.
This is also the case in many sources this thesis refers to and it is assumed that true
strains are used when the error of engineering strain becomes significant.11
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Figure 2.2. The difference between true and engineering strains with values up to 1.12
Figure 2.3 shows the classifications of ductility that are widely used in the literature and
V Gioncu (2000) describes them as the following;
1) Material ductility, or axial ductility, which characterizes the material plastic
deformations;
2) Cross-section ductility, or curvature ductility, which refers to the plastic
deformations of cross-section, considering the interaction between the parts
composing the cross-section itself;
3) Member ductility, or rotation ductility, when the properties of member are
considered;
4) Structure ductility, or displacement ductility, which considers the behavior of
the whole structure.

12
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Figure 2.3. Classification of ductility types in structures.13
The ductility of steel and reinforced concrete structures can be described with these
ductility types. In timber structures the inelastic deformation capacity is located in the
connections and thus an additional ductility type must be defined. It would be preferable
to define ductility with a unitless measurement such as strain or rotation. However, in
timber connections the inelastic strain occurs locally close to the fastener. This highly
stressed area can move while the fastener moves in the member making measuring
strains in the connection area insufficient. The strain could be expressed by normalizing
the displacement of the connection by the length of the connection area. However,
unlike in material ductility, the length of the specimen is not the major factor affecting
the deformation behavior of the connection. In connections, the fastener type, size and
spacing play a role in the overall behavior of the connection and because of this
normalizing the displacement with connection area length is insufficient. For timber
connections it is common to express the ductility as displacement of the connection
area. (Figure 2.4).

13

V Gioncu 2000
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  u
 

Connection
(displacement)
ductility

y

44Figure 2.4. Wood specific ductility type.
The ductility types presented above are in general governed by yield point, which is
expressed in Figure 2.3 by subscript ‘y’ and a point of ultimate deformation with a
subscript of ‘u’. These limits are especially important in static loading. In normal
loading cases, when designing wood structures in the ultimate limit state, a structural
designer can only use the zone up to the yield limit since permanent deformations are
not tolerated. In case of unforeseen loading, inelastic deformations between yield point
and point of ultimate load can be seen as an additional safety. However, if the static
load exceeds the ultimate load bearing capacity of an element, this leads to instability
and a rapid increase of deformations until Collapse. Collapse can occur either due to
fracture of the material or loss of stability in a structural element.14
After the ultimate load some materials and structures have a stable softening zone is
reached, where the element can undergo deformations without fracture if the loading
level decreases. Although this zone cannot be used in static loading if singularly
inspected in one ductility level (Material, Cross-section, Member or Structure), it can be
utilized if an alternative load transfer path is formed when the material, cross section or
member deforms. The rope effect in deformed beams is an example of this.
Figure 2.5 shows an example of how the softening branch of the deformation curve can
be used in the loading of a rigid frame with pinned foundation connections. The left
figure shows a load-deformation curve of the structural system and on right a momentrotation curve of the joint where the first plastic hinge formed is shown. Finally on the
bottom figure, the frame is illustrated at point C, identified in the two figures above it.





14

Point A: The first plastic hinge forms.
Point B: When the second plastic hinge forms in the structure, the connection
where the first plastic hinge formed has already reached its ultimate load
carrying capacity. While this particular connection cannot carry any higher
loads, the structure can still stand higher loads by load redistribution.
Point C: When the third plastic hinge forms, the deformation in the first plastic
hinge has already moved to the softening branch but the connection can still
carry loads.

V Gioncu 2000

10

Figure 2.5. Comparison of local and global deformations in structural system.15
Although the examples shown above may give a picture that ductility increases when
moving to higher ductility levels, usually this is not the case. Uncertainties of variables
such as yield stress, weather, shock-loading etc. may decrease the available ductility in
an actual structure.16 In Figure 2.6 an example of this is shown for steel, but the same
principles govern other materials.

15
16

Edited from V Gioncu 2000
V Gioncu 2000

11

Figure 2.6. Erosion of native steel properties.17

2.2.

Measures of Ductility in Wood Structures

A large number of widely accepted measures of ductility are available for wood
structures. This might make the notion of ductility confusing and cause problems when
comparing different research papers if term ‘ductility’ is not well defined. In general
defining ductility can be divided into two categories: One that compares strains or
deformations at different load levels and the other which is based on energy18.

2.2.1. Ductility Based on Strains
Stress-strain curves of wood and wood structures differ largely from other material and
also from one another. Sometimes it can be difficult to define the transition points
where the behavior of the curve changes. Also what to measure in terms of ductility can
be questionable. In Figure 2.7 characteristic values concerning measuring ductility are
defined. In this thesis the word ‘yield’ is used to define the phenomenon when inelastic
deformations are introduced to the system, although the phenomenon is different than
the yielding of metals. The word ‘failure’ is used to describe the zone in the material or
structure deformation where inelasticity occurs.

17
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Figure 2.7. Characteristic parameters of one type of stress-strain curve in timber
structures.19
For clarification purposes, the definitions for the terms introduced in the equations
below are presented in the example data in Figures 2.8 and 2.9 at the end of this chapter.
Most of the literature concerning wood (including Eurocode 8) uses ductility based on
the ratio between total strain at ultimate stress (  u ) and strain at the proportionality
yield limit (  0 ) giving;

Dstu 0 

u
u

0 0 / E

(5)

For a completely brittle material, the above equation gives Dstu0=1, which can be
misleading. One way to remove this incoherence is to replace the total ultimate strain by
total permanent strain giving;

Ds pu0 

19

 pu
 pu

0 0 / E

(6)

K A Malo et al. 2011
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With this, completely brittle material gives a ductility value of Dspu0=0, which is easily
understood. A plastic deformation capacity can be computed in a similar way;

Ds pf 0 

 pf
 pf

0 0 / E

(7)

Where the permanent plastic strain (  pf ) takes also into account a possible softening
behavior of material and is limited by fracture.
While measuring ductility based solely on deformations can be intuitively simple, the
definition of the limit σ0 can cause inaccuracies. In many cases no visible yield point
can be determined and different methods of estimating the limit σ0 are developed.
W Muñoz et. al. (2008) used six different methods to approximate the yield point of
actual test data of different timber assemblies and found out a variance between the
values. The use of the proportionate limit in measures of ductility is therefore
questionable.20
An alternative way of defining ductility is to scale the permanent strain of interest with
total strain;

 pu
 pu

 u  u / E   pu
 pf
 pf
Dstf 

 f  f / E   pf
Dstu 

(8)
(9)

When the ductility at ultimate stress limit is of interest, the Eq. (8) gives Dstu= 1 for
rigid-plastic material and value of Dstu = 0 for brittle material. The Eq. (8) works well
on hardening branch of the response. With Eq. (9), which concerns the ductility until
fracture, a distinction between strongly softening and nearly perfect plastic materials
cannot be made because the value of ductility for both is near 1.
With static loading, the response up to ultimate stress is usually of main interest. In
equations (5) and (6) the permanent strains are compared to the initial elastic strain
which gives some quantitative information of ductility. K A Malo et al (2011) opinion
was that the most useful way of defining ductility in static loading is in terms of
permanent deformation at ultimate stress (σu) and elastic deformation at the same stress;

Dsue 

 pu
 pu

 eu  u / E

(10)

One advantage is that the ultimate stress is always available from both tests and fitted
analytical expressions, and it is a unique quantity. Other is that it is directly applicable

20
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in evaluation of structures, since a total deformation at ultimate load can be achieved
from;

u 

u
E

1  Dsue 

(11)

In Figures 2.8 and 2.9 an example demonstrates how the measured values of ductility
differ in a static loading of double shear connection with cross-laminated timber. The
ductility is expressed in connection ductility and the test and the results are introduced
in detail in Chapter 6.

Figure 2.8. Definitions of ductility applied to example data.
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Figure 2.9. Definitions of ductility applied to example data.

2.2.2. Ductility Based on Energy
On a linear elastic level strains can be expressed by a ratio between stress level (σ) and
a modulus of elasticity (E) giving;

  /E

(12)

Elastic energy stored at level σ1 can be expressed by energy conjugate quantities σ and ε
and with relationship (8) it can be written;
1

We    d e 
0

 12

(13)

2E

On the plastic range the definition of strain varies on a case by case basis and therefore
a more general definition is appropriate;
 p1

W p    d p 
0

 p1

 f   d
p

(14)

p

0

Finally the total energy of the system can be expressed as a sum of the elastic and
plastic energy;
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Wtot  We  W p

(15)

Guan Z et al (2001) pointed out that energy dissipation for single ramp loading is
defined by the area under the load-displacement curve and it is closely related to
ductility. Higher energy dissipation in the plastic zone should, in general, contribute to
higher ductility. However, the energy dissipation does not tell about the shape of the
stress-strain curve in inelastic area and it should not be used alone to define ductility.
Alternately, if energy dissipation consists only or mostly from the elastic part, the
structure is likely to have a brittle failure. It is a difficult task to evaluate ductility based
barely on total energy since it does not give unambiguous limits for ductile and nonductile structures. Comparing recoverable and non-recoverable energies is more
appropriate method.
In Eqs. (10) and (11) ductility based on elastic and permanent strains at ultimate load
level was expressed. By letting  p   pu in Eqs. (13) and (14) we end up with similar
expressions based on energy;

Dwue 
Wtu 

W pu

(16)

Weu

 u2
2E

1  Dwue 

(17)

On dynamic impact or impulse loading the behavior up to fracture is of interest. In case
of impulse loading kinetic energy is imposed to the structure, the load will increase and
thereafter unload, usually to a static level prior to the impact. If the total energy of the
impulse is less than the dissipative energy available in the structure and the damaged
structure has sufficient load carrying capacity to bear the static loads remaining after the
impact, no structural collapse will occur.
To obtain the potential for energy dissipation we can compare dissipated energy with
the recoverable elastic energy at ultimate stress σu giving;

Dw fe 

W pf

(18)

Weu

 u2    f

Wtf 
2 E    u


2


  Dwue 




(19)

The usage of definitions introduced above is demonstrated in Figure 2.10.
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Figure 2.10. Measurements of ductility based on energy in an example data.
The examples presented in Figures 2.8 and 2.9 in the last section and in Figure 2.10
above show a large variation between the values given by the different measurements of
ductility. Eq. 10 is recommended to be used when measuring strains or displacements
and Eq. 5 is also important since most of the standards use this equation when defining
the level of ductility in structures. When ductility is measured from energy Eq. 16 is
recommended to be used.
In the rest of this thesis an extra notation is added to the ductility measures to inform
how the ductility is measured:
ε
δ
χ

Strain
Displacement
Rotation

For example, when the ductility is measured from displacement, Eq. 5 will appear as
such; Ds ,tu 0 .
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3. Ductility of Wood
This chapter considers the ductility of wood, the characters that make wood ductile or
brittle and how ductility can enhanced. The chapter starts with a review on the
composition of wood cells and the cell structure, which are the most important factors
affecting the ductility of wood. The ductility of clear wood is then analyzed under
different loading cases. With the knowledge gathered from the microscopic level we are
able to review the ductility of wood in macroscopic level - especially the ductility of
timber and other wood products.

3.1.

Macroscopic Characters and Composition of Wood

3.1.1. Growth Rings
In cooler parts of the world, softwood trees are the most common species due to their
better resistance against the cold. In these areas seasons divide the year into hostile and
favorable times for growth. In most softwood species this results in easily-to-see growth
rings.
In softwoods the majority of the volume (90-95%) is composed of longitudinal slender
cells, called longitudinal tracheids. The average length of a tracheid is around 3-4mm.
The average diameter is around 25-45um, resulting in a length that is around 100 times
larger than the diameter. Growth rings consist of two different zones; a light spring
growth zone, called earlywood, and a darker summer growth zone called latewood.
During the spring, a tree has a need for cells that can transfer water and nutrients,
resulting in cells that are thin walled and large in diameter. The air cavities inside the
cells are large and cause the light color of spring zone. Coming into summer, the need
for a tree to transfer water and nutrients is decreased and growth slows down until it
ceases in the fall.21 In summer growth season the cells are thick walled and small in
diameter. Figure 3.1 shows a picture from an electron microscope, where a partition of a
growth ring of redwood is shown. By volume most of the growth ring consists out of
spring wood. However, the cells of the summer growth zone are smaller in diameter and
the cell walls are thicker. As a result, the density of the latewood is over two times the
density of the earlywood, which makes latewood a significant area for the load carrying
capacity of wood.22 Kretschmann et al. (2006) found that latewood in general has two to
three times the strength and stiffness of earlywood.
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Figure 3.1. Transverse view of redwood.18

3.1.2. Composition and Structure of Wood Cell
Wood mainly consists of three polymers: cellulose, hemicellulose and lignin. The
approximate percentages of these compounds in hardwood and softwood can be seen in
Table 3.1.
Table 3.1. Organic constituents of wood24

The structure of tracheid cell can be seen in Figure 3.2 Between cell walls, a middle
lamellae (a non-woody lignified organ) provides adhesion between cells.23 The most
outer layer is called primary wall. The primary wall has high lignin content and it is
reinforced with random network of cellulose microfibrils. The inner layer is called a
secondary wall, which is divided into three sections: S1, S2 and S3. In the secondary wall
the microfibrils are oriented in a particular way. In section S1 the orientation is nearly
perpendicular to long axes of the cell. The orientation gradually changes clockwise in
the edge area of S1 and S2 until the orientation is nearly parallel to the long axes. The
orientation shifts again clockwise in edge area of S2 and S3 and the last several layers
are arranged more or less the same as in S1.24
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The structure of secondary wall described above is the single most important parameter
affecting mechanical properties of wood. The main purpose of inner and outer layers is
to maintain the shape of the cell as with the middle layer the purpose is to bear the
stresses coming to the tree from its weight and from other loads. The middle layer
represents around 85% of the cell wall thickness although its thickness changes more
than other layers when comparing thin earlywood cells to thick latewood cells. 25

Figure 3.3. Structure of a mature tracheid cell wall.24

3.2.

Mechanical Properties of Clear Wood

As a result of the macro- and microscopic structure of wood, its mechanical properties
depend on the direction of the applied load. In other words, wood is an orthotropic
material. Just like nature in general, the structure of wood has mutated during millions
of years to provide strength where it is needed most. In Finland, the weight of snow is
the main vertical load a tree is subjected to. Horizontally, wind is dominant due to the
large wind area created by needles/leaves. In many cases, wind is the most critical load
in determining the overall durability of a tree.
In wind tree works like cantilever beam collecting high moments in the trunk near the
roots. The moment causes high compressive and tensile stresses on the longitudinal axis
direction of a tree. As a result the strength and stiffness of a tree are much greater in
longitudinal direction than in others.
This chapter takes a special interest of the failure modes in different loading directions.
Namely, is the failure mode ductile or brittle and what does cause it? The discussion
focuses on clear wood with no defects.
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3.2.1. Tension Parallel to Grain
Most of the strength in wood cells comes from cellulose microfibrils. Most of the cell
wall consists of layer S2 where microfibrils are oriented almost parallel to the
longitudinal axis of a cell. This is the main source of high tensile and compressive
strength parallel to grain in wood.
The cellulose mircofibrils have a tensile strength on the order of 1200 N/mm2.25 The
mean tensile strength of a tracheid in softwood has been measured to be on order of 500
N/mm2. The drop in strength comes from the angle between microfibril and cell
longitudinal axes and other substances than cellulose in wood cell. Finally the tensile
strength of clear wood is on the order of 100 N/mm2. The difference can be partly
explained by numerous discontinuities in cell walls and imperfectly aligned cells.
When wood is stressed in tension parallel to grain, it behaves linearly elastic until a
strain of about 1 %, when it breaks abruptly with little or no plastic deformations. The
failure mechanism differs in latewood and earlywood zones. Figure 3.3 shows how the
rupture in earlywood zone is transwall and the failure mechanism is tensile failure of
thin cell wall. In the latewood zone, rupture follows the cell surface line and the failure
mechanism is shear. By examining the rupture closer with an electron microscope, the
plane of fracture has been validated to occur between layers S1 and S2 and sometimes
solely within layer S1. The zone of failure implies that the shear strength of ligninpecting material cementing together the cells is stronger than the strength of wall
layers.26

Figure 3.3. Parallel to grain tensile failure on earlywood (top) and on latewood
(bottom).27
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3.2.2. Compression Parallel to Grain
Compression failure is a slow yielding in which there is a progressive development of
structural change. The first changes start around 25% of ultimate strain, though changes
in the macroscopic level cannot be seen before about 60% of ultimate strain. Around
60% the behavior changes from linear elastic to strain hardening. Figure 3.4 shows
stress strain curves of four pine specimens in compression parallel to grain (width x
breadth x height: 40 x 40 x 80 mm). The loadings were conducted as part of a course
demonstration at Aalto University in 2008.
Failure in compressed wood is not sudden. Even when the ultimate load is reached and
the cell walls buckle, wood will not suddenly lose its load bearing capacity and the
behavior turns to softening. After the softening phase the behavior can change to perfect
plastic. In the four test specimens, the average fracture strain was 5.1%. These results
and the values given in literature differed largely. The parallel to grain strength values
given for wood are usually around 20-50MPa28. In source29 results where the strain at
ultimate load was around 0.7 % are shown. In the tests done in Aalto-University the
stain at ultimate stress was around 2%. The difference can be explained with the high
load bearing capacity and low modulus of elasticity of the test specimens, compared to
the values in the literature.
70
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Figure 3.4. Stress strain curves of four pine specimens in compression parallel to grain.
On a microscopic level the compression deformations can be seen as a form of small
kinks in the cell walls (Figure 3.5). These kinks are located in an area where tracheids
are displaced vertically to accommodate the horizontally running rays. As stress
increases the kinks become more prominent and increase in number. The kinks
generally increase in a lateral direction and at an angle of 45⁰ to 60⁰ to the vertical axis.
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Figure 3.5. Formation of kinks in spruce cell walls, which lead to buckling in the
walls.30
At failure defined in terms of maximum stress, the line of deformation can be seen on
the face of the block (Figure 3.6). At this stage, there is delamination between layers S1
and S2, and considerable buckling in the cell walls.

Figure 3.6. Compression failure of wood loaded parallel to grain.31

3.2.3. Compression Perpendicular to Grain
In timber structures, radial and tangential directions of wood are considered to have the
same properties. One explanation for this can be that usually in timber the growth ring
orientation changes in different parts of the cross section due to the cylindrical shape of
the growth rings in a tree and the rectangular shape of timber. Additionally, separating
timber with the same grain orientation across the cross section from the others has not
been found to be economically feasible. However the mechanism of failure and
modulus of elasticity differ when examining loading in different directions.
On the cellular level the behavior of wood compressed in a radial direction can be
compared to that of polymeric foam (Figures 3.7 and 3.8). In small strains, the cell
walls first bend and stretch in the elastic range32. When the load increases, the cell walls
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lose their stability and start to buckle. After this wood acts almost ideal plastic until the
cell cavities close and the load bearing capacity starts to rise again, when cell walls
crush together. Unlike in Figure 3.7, it is not uncommon for the cells to align in radial
direction. This increases the stiffness of the radial compressed wood when loads are
transferred as axial stresses not by bending.
It is important to notice that this capacity is only theoretical in wood structures and it
cannot be taken into account in the design. However the capacity is used in densified
veneer wood where the wood veneers are crushed together with high pressure in order
to use the high load carrying capacity and stiffness of the densification range (Figure
3.8).

Figure 3.7. Wood behavior when loaded perpendicular to grain in elastic- (right) and
plastic range (left).33

Figure 3.8. Compression stress strain curve of polymeric foam.34
The macroscopic structure of wood compressed in radial direction has layers of late and
earlywood perpendicular to loading direction. Due to the thickness of latewood cell
walls, which can be five times greater than earlywood, the earlywood cell walls buckle
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before latewood. Additionally, the elastic behavior is dominated by earlywood, because
earlywood occupies the largest area of the wood and most of the elastic deformations
happen within it. In most cases the buckling of the cell walls happen randomly and no
shift in horizontal direction occurs at the macroscopic level. In Figure 3.9 the failure in
earlywood zones can be noted from sides of the test pieces where visible bumps can be
seen on the lighter earlywood zones.

Figure 3.9. Radial compressive failure.34
When loaded in a tangential direction, the behavior of wood is dominated by latewood
columns which span parallel to the load. The stiffness in earlywood is significantly less,
which indicates that it has little significance in load carrying capacity. Thus earlywood
mostly operates as an adhesive making the latewood columns work as a unit.
The failure mechanism for wood compressed in tangential direction can be seen on
macroscopic level (Figure 3.10). When latewood columns lose their stability, buckling
spreads through whole loaded area and a significant horizontal shift can be seen in
wood. At the microscopic level, cell walls buckle in the same direction as they buckle
on a macroscopic level.

Figure 3.10. Tangential compressive failure.35
In Figure 3.11 the stress-strain curves of four radial and four tangential loaded
45x45x45 mm pine test specimens are shown. The loadings were conducted as part of a
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course demonstration at Aalto University. The specimens were loaded until strain of
10.5% was reached. During the loading no drop in the load carrying capacity could be
identified. In larger specimens and in glue laminated wood, the strains may be limited
by tensions perpendicular to grain cracking if the deformation of the wood is
constrained in some direction. This is illustrated in Figure 3.12 where an example of
perpendicular to grain loaded 150x150x150 mm glue laminated specimen is shown. The
horizontal deformation of the top and bottom edges was constrained by friction of the
contact surfaces. This led to tension perpendicular to grain cracking. The picture was
taken after compression of 30mm (≈20% strain).
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Figure 3.11. Stress-strain curves of radial and tangential compressed wood.
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Figure 3.12. Cracking in glued laminated timber compressed to 20% strain.

3.2.4. Wood in Tension Perpendicular to Grain
Three different failure modes are usually identified in tension perpendicular to grain and
are displayed in Figure 3.13: (a) when loaded in radial direction wood fails from weaker
earlywood zone in tension. In (b) load direction is in 45° angle to rays and wood fails in
shear from earlywood zone and in (c) load is in tangential direction and the wood fails
with tension failure of the rays.
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Figure 3.13. Most common failure modes in tension perpendicular to grain.35
In tension perpendicular to grain, the cell wall failure commonly occurs in the primary
wall and S1 layers.36 The failure is brittle, occurring suddenly with low stresses and
strains compared to failures of wood in other directions. Reliable information of the
failure strain was not found from the literature. In Appendix 1 failure strains of four
pine species in tangential and radial tension are computed from modulus of elasticities
and tension perpendicular to grain strengths given by the source.37 The average failure
strain in perpendicular to grain tension was 0.41 %. This value should be only taken as
an approximation since the sampling is small and no detailed information is available
about how the initial values used in the calculations were obtained. The tension
perpendicular to grain strength is small varying between 2-6% of tension parallel to
grain strength, and around 2-6 MPa.38

Figure 3.14. Failure in earlywood in tangential tension.39

35

B Jayne, 1982
J Bodig, B A Jayne, 1982
37
Forest Product Laboratory 2010
38
D W Green 2001
39
B Jayne 1982
36

28

3.2.5. Wood in Shear
In literature, a limited amount of information is available about the micromechanical
behavior of wood in shear. In particular, information about failure mechanisms on the
cellular level is limited and only a general explanation of the failure mechanisms is
provided here.
The three different shear cases are shown in Figure 3.15. Case a) is usually neglected
since the shear strength is significantly more than the strength in Case b). Due to the
nature of shear, the stresses act in pairs, this makes wood fail in Case b) when the
stresses are equal.
In shear failure parallel to grain the failure follows the highly lignified middle-wall
layer and the failure type is brittle. No reported strain limit could be found from the
literature. An approximate strain limit of 0.94 % was calculated (Appendix 1) from the
shear moduli and shear strengths of four pine species given in the source40. For
softwoods the shear strength of clear specimens varies from 5 – 11 MPa dependent on
the species.41
The shear Case c) is often known as “rolling shear”. In Figure 3.16 a deformed shape of
the microstructure of wood under rolling shear is shown. For rolling shear an average
failure strain of 1.8 % was calculated (Appendix 1). While the deformation in macro
scale can be categorized as shear deformation, the initial failure mode is usually tension
failure of the cell wall. In the few tests done on rolling shear the reported strength has
varied between 18-28% of parallel-to-grain values and was about the same in the
longitudinal-radial and longitudinal-tangential planes.41

Figure 3.15. Different shear loading cases.41

40
41

Forest Product Laboratory 2010
Petter Aune 1975

29

Figure 3.16. Deformation of earlywood in wood loaded with shear perpendicular to
grain i.e. rolling shear.42

3.2.6. Summary of Failure Modes
In Figure 3.17 a schematic drawing of the behavior of clear wood in different loading
directions is provided. The purpose of the figure is to give an image of the range of
wood behavior in different loading directions and the values should be taken only as
rough approximations. This is due to the variation of the wood behavior when
comparing different species and the lack of information of the behavior available in
literature.
The brittle behavior of wood is dominated by tension perpendicular to grain and shear.
In tension perpendicular to grain wood fails with around 0.5 % strain, which is low
compared to the other direction. This combined with low failure stress makes tension
perpendicular to grain the most critical property of wood in ductility design. Brittle
failure of wood occurs often as combination of shear parallel to grain and tension
perpendicular to grain failure. Shear stresses in radial tangential shear planes are not
common in traditional timber structures; however they can become critical in modern
wood products and connection design.
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Figure 3.17. Schematic drawing of the Stress-strain relationship of clear wood in
different loading cases.

3.3.

Imperfections

From an engineer’s point of view, trees have many characteristics, which can be seen as
imperfections. Most of these characteristics are vital to the tree but decrease the strength
of the wood and especially timber and other wood products. In this chapter, the most
important imperfections are reviewed.

3.3.1. Knots
A knot is the part of a branch which extends inside the main stem of a tree. Most of the
branches form in the pitch when a tree grows in length. Living branches keep on
growing simultaneously with the main stem, forming a cone shaped area of disturbance
in the main stem (Figure 3.18, left). There are two main types of knots in wood;



Encased knot: The dead part of a knot, which has ceased growing upon dying
and is not an integral part of the wood. An encased knot may fall out of sawn
lumber as drying takes place.
Intergrown knot: Knot or part of a knot of a living branch. The knot is an
integral part of the wood and it does not become loose or fall off in sawn
lumber upon drying.

As seen in Figure 3.18 (on left), the growth rings are turned towards the main axis of the
knot in the cone shaped knot area. This is problematic for the mechanical properties of
wood since wood is strongest in the direction of the grain. In Figure 3.18 (on right), the
change in wood grain is shown for both encased (A) and intergrown (B) knots. With
intergrown knots the change is usually more significant since the grain is turning
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towards branches longitudinal axis and in encased knots the grain only strives to go
around the dead knot.43

Figures 3.18. left: Branch configuration in main stem. right: A, encased knot,44 B
Intergrown knot.45
Knots are the single most important reason for significant loss in tension parallel to
grain strength. Due to a significantly smaller modulus of elasticity of wood in
perpendicular to grain direction than in parallel to grain direction, the stresses have to
go around the knot area. In structural design, knots are often considered as holes.45 The
disturbance on the stress field creates strain peaks around the knot area. The direction of
these strains cannot be controlled and especially in tension parallel to grain the direction
can change to tension perpendicular to grain around these areas of disturbance. This
also significantly affects the overall ductility of wood. In structures where by mere
inspection of tension parallel to grain strength the structure would fail in ductile
compression failure the case is different when the initial failure is triggered by tension
perpendicular to grain failure around knot area. Due to the randomness of the knots in
structural timber, the knots lead to a large reduction in tension parallel to grain strength
of clear wood in structural design.
In case of compression parallel to grain, the effect on strength is much smaller. In case
the compression is perpendicular to the grain, knots can even increase the strength and
stiffness of wood.44 45

3.3.2. Grain Orientation
It is not uncommon that the grain orientation differs from the longitudinal axis of the
main stem. A spiral grain orientation (Figure 3.19) is the most common alteration. It is
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not uncommon that the spiral grain orientation is maintained in one direction for several
years and then changes direction. This is called interlocking grain.47
If the grain is oriented in a spiral or interlocking manner, the longitudinal strength of the
log decreases. The effect is much more significant when the log is sawn into timber. In
timber the discontinuity of grain can occur due to the spiral grain in tree or due to the
sawing process of the log. The discontinuity of grain causes unwanted shear parallel to
grain and tension perpendicular to grain stresses.

Figure 3.19. Straight- and spiral grain orientation.46
The effect of the slope of grain to the strength of the material can be obtained from
elastic theory. The strength properties can be approximated by using a Hankinson-type
formula;47
N

PQ
P sin   Q cos n 

(20)

n

where:
is strength at angle θ from fiber direction;
N
P
is strength parallel to grain;
is strength perpendicular to grain;
Q

is angle from fiber direction;
n
is empirically determined constant;
In table Table 3.2 the required values to evaluate the formula (20) are given for strength
in different loading directions and Figure 3.20 shows the formula plotted with different
values.
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Table 3.2. Tabulated values of n and Q/P.48

Figure 3.20. Effect of the grain angle to the strength of clear wood.49
From Figure 3.20 it can be seen that the slope of grain has the largest effect on tension
strength where the Q/P ratio is around 0.05. The strength can decrease more than 50%,
when the grain angle changes 10° from parallel to grain. With the same change in the
grain orientation there can be little if no change in the compression strength. The slope
of grain has the same effect to the ductility design as knots. Structures which would
originally fail with ductile compression failure can fail in brittle tension failure due to
the tension strength reduction.

3.4.

Ductility of Timber and Wood Products

3.4.1. Timber in Bending
Bending is an example of a loading case where the imperfections of wood have a major
role on the ductility. In bending one side of the cross section is in tension and the other
side is in compression. Clear compression strength of wood is about one third of tension
strength, which leads to the compression side failing before the tension side. As a result
of the ductile compression failure of wood, when bended, wood without defects fails in
a ductile manner. When loading is continued after the yielding, the compression failure
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zone increases (Figure 3.22) and the neutral axis moves towards the tension side until
the tensions strength is exceeded and timber fails abruptly.

Figure 3.21. Stress distribution in clear wood beam caused by progressive increasing
bending moment.49
While clear wood fails with ductile compressive failure the situation is more complex
with timber which includes knots and other defects. The imperfections usually lead to
tension strength governing bending failure and because of this chance, bending is taken
as a brittle loading mode in wood structures.
In Figure 3.22 two brittle and one ductile failure mode of timber in bending are shown.
In case (a), the initial failure is triggered by the knot in the tension side of the beam. The
failure propagates as tension perpendicular to grain failure between the sloped grain
splitting the timber in two. (b) In timber with straight grain and no large knots on
tension side, the initial failure happens around the knot in compression side. In the close
proximity of the knot the grain is sloped and the initial failure can be assumed to happen
as compression perpendicular to grain failure. The initial failure is ductile and the
loading can be continued until the tension side fails. (c) Knot on the tension side
combined with sloped grain leads to failure starting from the tension side and
propagating in-between the sloped grain.

Figure 3.22. Bending failure varies between ductile compressive failure and brittle
tensile failure depending on defects of the wood.50
In sawn timber the ductile compression failure cannot be utilized. When the sawn
timber is glued into glued laminated timber (GLT), there are some possibilities to
increase the ductility of the beam. D S Massimo et. al. (2006) assembled spruce GLT
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beams with diminishing strength quality towards the compression side of the beam
(Figure 3.23, left). With this assembly and five specimens they achieved an average
curvature ductility ratio of Ds ,tu 0  5.3 . Even though promising, to implement this
method in design, more tests should be made to create a product with controlled
ductility properties.

Figure 3.23. On left: the assembly principle of the GLT beam. On right: a momentcurvature curve of the specimens.51

3.4.2. Wood Composites
Cross lamination is done in many wood products. The most relevant products for
structural purposes are CLT, laminated veneer lumber (LVL), and plywood (Figure
3.25). Plywood and LVL are produced from veneer and CLT is produced from timber.
LVL is not normally produced from cross-laminated veneer, but products with crosslamination are also available.

Figure 3.24. Three cross laminated wood composites from left to right: CLT, LVL
(product name Kerto-Q) and plywood
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The cross-lamination reinforces the wood against tension perpendicular to grain and
shear and thus increases the ductility. With respect to tension the effect can be
understood with Hooke’s law (12). If it is assumed that no slip happens in a glue bond,
the strain in both members at absolute proximity of the bond must be same. With that
assumption the relationship between the stresses can be deduced:

 2 E2

 1 E1

(21)

In softwood the modulus of elasticity perpendicular to grain is around 30 times smaller
than the modulus of elasticity parallel to grain and because of this the tension stress
perpendicular to grain becomes small. If thick lamellas such as those in CLT are used
the tension perpendicular to grain stress might exceed the strength further away from
the bond. In these situations local cracking occurs, however cracks will not propagate
because of the glue bond.52
LVL is widely used as a primary load bearing structure. In the most common LVL
product (Finnish product name Kerto-S) all the grains run longitudinally through all the
layers. However, LVL is also produced with crosswise glued veneer (Kerto-Q), where
one fifth of the veneers are glued crosswise. The aim of the cross lamination is to
increase shear strength, lateral bending strength and lateral stiffness, however the cross
lamination increases the ductility the same way as with CLT.
The use of plywood as a primary load bearing structure is rare since making cross
sections thick enough for beams, walls or columns is economically inefficient.
However plywood is widely used in shear walls and as sheathing in floors to transfer
lateral loads.
The development of wood composites has been fast in the past few decades and shows
no signs of slowing down. CLT is relative new product and researchers are still trying to
find the best combination to achieve the strongest and most cost efficient cross
lamination. In the future, using wood fibers and other materials as reinforcing layers
might also be a viable option.
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4. Ductility

of

Connections

with

Dowel-type

Fasteners
For connection design, Eurocode 5 only gives regulations for connections with metal
fasteners. This means that the other common connecting methods (glue and carpentry
connections) are designed with national regulations. In Finland, structural gluing is only
allowed in controlled indoor conditions. The gluing is controlled by many regulations
and instructions.53 For carpentry joints no national regulations exist.
In this chapter, the most important connection types, including nails, bolts, dowels and
screws, and their behavior in wood structures are presented. The discussion concentrates
on identifying ductile and brittle failure modes and ways to prevent the brittle ones. The
accuracy of the Eurocode 5 methods in defining the behavior of the connections is also
evaluated in the light of newest research.

4.1.

European Yield Model

To define the strength of dowel-type fastener in shear, EC5 uses formulas derived from
work of K. W. Johansen54 55. The theory, often called the European Yield Model
(EYM), assumes that failure occurs either by compression failure of wood or by
combination of dowel yielding and wood compression failure. Both of these failure
modes are considered ductile. Brittle failure by splitting of the wood is assumed to be
prevented by using appropriate minimum fastener edge-, spacing- and end distances.
The accuracy and limitations of this assumption are discussed later on.
In Figure 4.1 the first and second failure mode of single shear connection are presented.
In these figures the two wood members are assumed to have different embedment
strengths (fh1 and fh2). The stress level in wood is presented with the grey diagrams.
 On the left: embedment strength is exceeded in the whole contact area of one of
the members before the yield strength of the dowel. After this the dowel stays
straight while bearing into the wood.56
 On the right: a slender dowel forms a plastic hinge before the embedment
strength is exceeded in the whole contact area of one of the members. After this
the dowel bears on wood while rotating around the plastic hinge.
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Figure 4.1 First and second failure mode of EYM.
In Figure 4.2, different failure modes for single shear (top row) and double shear
(bottom row) are presented. In failure modes 1a through 1c, wood yields in compression
while the dowel remains straight. With modes 2a and 2b, one plastic hinge is formed
and in mode 3 two hinges are formed. In double shear, because there is no eccentricity
of the load, the rotation of the straight dowel is prevented and thus failure mode 1c
cannot occur. Finally, in failure mode 2 plastic hinges are always formed in the middle
member.

Figure 4.2. Different failure modes of single- and double shear wood-to wood dowel
connections.57
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The formulas for calculating the characteristic strength of a single shear connection are
presented below:
I a)
I b)
I c)

f h.1.k t1d
f h.2.k t 2 d

(22)
(23)
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(26)
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with



f h.2.k
f h.1.k

M y.Rk  0,3 f u.k d 2.6

For bolts, dowels and round nails

where:

Fv. Rk
ti
f h.i.k
d
M y.Rk

is the characteristic load-carrying capacity per shear plane per fastener;
is the timber of board thickness or penetration depth, with i either 1 or 2;
is the characteristic embedment strength in timber member i;
is the fastener diameter;
is the characteristic fastener yield moment;

is the ratio between the embedment strength of the members;

Fax.Rk is the characteristic axial withdrawal capacity of the fastener;
f u .k
is the characteristic tensile strength of the fastener in N/mm2;
If not considered, the Fv.Rk/4, which takes into account the catenary effect and is not part
of the EYM, the capacity of the connection only depends on the following parameters:





wood thickness
wood embedment strength
fastener diameter
fastener yield moment
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When examined closely the first two formulas are just the basic formula for critical
force in axial loading (strength times area). In failure modes II and III the moment
capacity of the dowel is reached before the whole contact area yields. Due to the larger
effect of the fastener diameter on the moment (d2,6) than on the embedment stress (d),
thick dowels will fail in failure mode I and slender dowels will fail with higher modes.
The wood thickness and embedment strength have the opposite effect on failure modes.

4.2.

Embedment Strength

Figure 4.3. Measurements of test specimens in EN 383 embedment strength test.58
For dowel-type connections loaded parallel and perpendicular to grain, the standardized
test method described in EN 383 is used to determine the embedment strength of wood
(Figure 4.3). In this method the dowel is forced to remain straight. M Yasamura (2000)
did tests according to this method for different diameter dowels loaded perpendicular
and parallel to grain. The results are shown in Figure 4.4. These results do not give a
good picture of ductility of connections with different diameter dowels. However, these
results are exemplary at showing what happens when the dowel type connection is
loaded parallel and perpendicular to grain. In parallel to grain loading, the dowel type
connection reaches the maximum load relatively early after the yield point is reached
and the behavior after that is usually linear plastic or gradually softening. When loaded
perpendicular to grain, dowel-type connections behave strain hardening after the yield
and the past yield stiffness is dependent on dowel diameter. This can be explained by
cable effect of the wood fibers which is more significant with small diameter dowels.59
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Figure 4.4. Stress-displacement relationship for dowel-type connection loaded (a)
parallel to grain and (b) perpendicular to grain.60

4.3.

Fastener Slenderness Ratio

Fastener slenderness ratio is an important factor in designing connections with dowel
type fasteners. Different failure modes in EYM model are closely related to fastener
slenderness ratio. Additionally brittle failure modes are often related to stout dowel
connections while slender connections act more ductile.
Commonly used way to measure the slenderness is the ratio between dowel diameter
and the smallest thickness of the object it is connecting.61 In Figure 4.5, the effect of
different loading conditions to slenderness ratio is shown. If the material is the same, in
single shear connection slenderness ratio is determined by the ratio between thinner
wood member thickness and dowel diameter. This is because the failure is known to
occur in the thinner member. In wood-to-wood double shear connection, the ratio can
be taken as either between side member and dowel diameter or between middle member
and dowel diameter. These two indicate the effect of side and middle member thickness
on failure mode. If both side and middle members are wide enough for the connection
not to fail in failure mode I, the side member thickness decided whether the connection
fails in failure mode II or III.

60
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M Yasamura, 2000
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λ=t/d

λ=(min(t1,t2))/d

λ1=t1/d
λ2=t2/d

Figure 4.5. Slenderness ratio in different dowel type connections.
In Figure 4.6 an example of slenderness ratio λ1=t1/d is shown in double shear
connection. The figure shows how connection failure mode changes when slenderness
is increasing. After slenderness ratio λ1≈5 the connection fails in mode III and
increasing fastener slenderness does not effect on the load carrying capacity anymore.

Charasteristic load carrying capacity [N]

Combined failure model
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Slenderness ratio t1/d

Figure 4.6. An example how the slenderness ratio of the side member effect the failure
mode of the double shear connection.
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The above definition of fastener slenderness does not take into account the influence of
dowel material. This might be problematic when talking about slenderness as pure
value. For example, one might say that connection with slenderness ratio of 4 is going
to fail in a more ductile manner than one with ratio of 3. This might not be true if higher
strength steel is used in the dowels. To overcome this problem Danish code (DS 413
(5.1) 1999) used a corrected slenderness ratio.

r 


y

(29)

where:
 y  f y / 240 ;
fy

is the steel yield strength in MPa

when steel with yield strength in excess of 240 MPa is used.62
This method should be favored since it gives more unambiguous picture of the
connection behavior. The embedment strength of timber also has an effect to the failure
mode. A timber with lower embedment strength fails in lower failure mode. Due to this
it would be appropriate to develop a modified slenderness ratio including the
embedment strength.

4.3.

Connections with Multiple Fasteners

When multiple fasteners are installed in a line with load direction, the capacity of the
connection does not equal the sum of the capacities of a single fastener. For wood as an
inhomogeneous material it is easy to see that the load distribution for all the fasteners is
not the same. Even in homogenous material, the load distribution in multi-fastener
joints is non-uniform. This can be explained with example shown in Figure 4.7. The
load between fastener 1 and 2 in Member 1 is the load F minus the load taken by
fastener 1. In Member 2 the load however is only the load coming from fastener 1. Due
to this the elongations in the members are different and it must be compensated by
different displacements of the fasteners. If the yield moment is not yet reached, this
means different loads in fastener 1 and 2. This phenomenon is independent of material
or fastener type and in steel structures this is called the Volkersen effect.63
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Figure 4.7. The influence of member elongation in multi-fastener connection.64
H J Blass argued that with nailed joints the effect of different elongation does not affect
the ultimate capacity of connection and the capacity could be taken as the sum of single
fastener capacities. In nails the length/diameter ratio is high which makes nailed
connections to fail in failure modes II or III. This evens out the stress distribution after
the nails yield.65 However, this has not been adapted to Eurocode 5 and the same
reduction factor has to be used with nailed joints.
For larger fasteners, several studies indicate that the capacity of single fastener
decreases sometimes severely when multiple fasteners are placed in line with load
direction. Many times this is due to premature splitting of the wood. Also especially
with bolts the oversized and misaligned bolt holes may lead to uneven load distribution.
Long-term or repeated loading due to creep and previous loading history also affect the
load distribution.65

4.4.

Failure Due to Splitting

Splitting in wood happens due to excess tensile strength perpendicular to the grain,
excess shear strength, or combination of the two. The most common way to analyze
splitting is through fracture mechanics. A wide range of research has been conducted in
this area. In 1998 A Jorissen released his doctoral thesis which discussed the effects of
splitting on dowel type double shear connections when loaded parallel to grain. In the
next chapters his key findings related to splitting are presented.
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4.4.1. Single Fastener Connections Loaded Parallel to Grain
Fracture mechanics is used to describe the capacity of material or joint when cracking
leads to failure. The development of fracture mechanics was catalyzed by the Liberty
ship fractures in the 1940s65 and was first concentrated on metals. For metals the first
applications used linear elastic fracture mechanics, where a stress singularity is
developed at the crack tip. Later non-linear fracture mechanics has been developed. In
non-linear fracture mechanics the stress singularity at crack tip does not exist and the
stress is limited to the yield stress. In timber structures fracture mechanics is not as
widely used, although predicting failure due to tension perpendicular of grain or shear
might be more reliable with fracture mechanics than traditional theories. Both linear and
non-linear fracture mechanics have been developed for timber structures to analyze
notched beams and beams with holes. 66
When used in timber structures, fracture energy for tension perpendicular to the grain
and/or shear is used for the prediction of the load carrying capacity. The result is a so
called mixed mode fracture. In Figure 4.8 three modes of fracture are shown (mode III
is not common in dowel type connections). For wood the fracture energy is 3.5 times
higher in mode II: cracking due to shear, than in mode I: cracking due to tension stress
perpendicular to the grain.67

Figure 4.8. Three modes of fracture.67
P J Gustafson determined the relation between the fracture mechanical properties and
timber density in 1991 and in 1995 H Petersson introduced a model for mixed mode
fracture depending on the tension stress perpendicular to the grain (σt.90) and shear stress
(σv). In Figure 4.9 total fracture energies are shown for common variation of densities in
spruce when the ratio between tension stress perpendicular to grain and shear stress
(σt.90/σv) is variable. The fracture energy of wood for opening mode Glc and for sliding
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mode Gllc as determined by Petterson are also given in the figure. In his study, Jorissen
did determine a ratio of σt.90/σv =0.4 for dowel type connections.69

Figure 4.9. Fracture energy of wood as a function of tension perpendicular to grain to
shear stress ratio (σt,90/ σv).68
Jorisson introduced a strength model for dowel type connections with rigid dowels. This
model was deduced from a model earlier introduced by H Petersson (1995). Figure
4.10 shows how two cracks are formed when the connection is loaded parallel to grain.
The distance 2h2 between cracks depends on angle of friction of the contact surface
between dowel and wood. According to I. Smith (1988) the angle is φ=30°.

Figure 4.10. Crack formation in dowel type connection when loaded parallel to grain.69
With these assumptions, A Jorissen derived Eq. (30) for load carrying capacity of a
single dowel according to fracture mechanics.
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2F  t

Gc E0 d 2h  d 
h

(30)

where:

Gc
E0


d
h

is the fracture energy in Nmm/mm2
is 18ρ0,91 in N/mm2;
is the wood density in kg/m3;
is the fastener diameter in mm;
is the wood width (see Figure 5.17) in mm.

The formula is plotted into the same graph (Figure 4.11) with load carrying capacities
calculated by Johansen’s yield model for single shear connection with a thin steel side
plate. The results showed that with slenderness ratios less than 2.8 load carrying
capacity calculated with equation based on fracture mechanics starts to govern. In wood
if the failure load obtained though fracture mechanics governs, the failure mechanism is
brittle.69
In his study Jorissen did conduct a large amount of tests on single bolted timber
connections and found good agreement between the fracture mechanics theory and test
results. However, this method has not been adapted to Eurocode 5 and divergent
opinions have been brought forward whether this theory is actually correct70.

Figure 4.11. Comparison between load carrying capacity in single shear connection
with side steel plate according to fracture mechanics and Johansen’s yield models
failure mode I (rigid) and II (slender).71
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Splitting in the wood may also occur after the embedment strength is reached and wood
starts to yield. This phenomenon does not only happen due to crack formation but also
due to crushed wood being dragged down between fibers and thereby causing
splitting72. Even though the initial failure mode of the wood is ductile, the cracking can
limit the amount of ductility.

4.4.2. Multiple Fastener Connections Loaded Parallel to Grain
If multiple fasteners are placed in a line with load direction and the connection is loaded
parallel to grain, the total load carrying capacity is not the sum of load carrying
capacities of individual fasteners. In the elastic area, this can be explained by unequal
load distribution in fasteners. However according to Johansen yield theory plastic
deformations can happen in the connection when load carrying capacity is reached. This
allows load redistribution and in an ideal elastic-plastic model, the connection can reach
a capacity of Fmulti  n * Fsin gle where n = number of fasteners. However, in most
applications this is not possible, due to splitting.
Splitting failure occurs due to tension perpendicular to grain and shear stresses. Jorissen
analyzed these stresses with means of fracture mechanics and came to the conclusion
that both of the stresses accumulate on multiple fastener connections if fasteners are
close enough to each other. In Figure 4.12, the connection configuration analyzed in the
example calculations is shown. The accumulation of the stresses can be seen in the
example calculations shown in Figures 4.13 and 4.14. In these figures, it can also be
seen that the tension perpendicular to grain stresses and shear stresses decrease quickly
when moving further away from the fastener, and thus the stress accumulation is
strongly dependent on distance between fasteners.

Figure 4.12. Connection configuration for the example calculations.73
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Figure 4.13. Accumulation of tension perpendicular to grain stresses in multiple
fastener connection loaded parallel to grain. Peak stresses near the fastener hole are
neglected.74

Figure 4.14. Accumulation of shear stresses in multiple fastener connection loaded
parallel to grain.75
Due to the accumulation of shear and tensile parallel of grain stresses, splitting failure
can even occur in slender connections. Usually the splitting occurs after ductile failure
due to one of the EYM failure modes.
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In his research, Jorissen proposed a simplified design equation for multiple fastener
connections loaded parallel to grain.

a 
Fmultiple  0.9  0.56n 0.9  1 
d

0.25

Fsin gle  nFsin gle

(31)

where:
Fmultiple is the load carrying capacity of the connection in N;
n
is the number of fasteners in a row parallel to load;
is the fastener spacing in mm;
a1
d
is the fastener diameter in mm;
This equation got adopted for bolts and dowels in slightly modified form to EC5

Fmultiple

 a 
n  1 
 13d 

0.25

0.9

Fsin gle  nFsin gle

(32)

The equation in Eurocode 5-1-1 gives 4.5 % larger values for connection capacity than
in Jorissen’s equation.
For nails, EC5 uses empirical values determined by E Gehri75:

nef  n

kef

(33)
where:
is the effective number of nails in the row;
nef
n
is the number of nails in the row;
is given in Table 4.1.
k ef
Table 4.1 values of kef76
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4.4.3. Splitting in Connections Loaded Perpendicular to Grain
When loaded perpendicular to grain, dowel type connections create large tension
perpendicular to grain stresses. This is due to continuation of the wood grains beyond
the hole in a direction perpendicular to force and the dowel tends to compress the grains
while it moves in the wood. This creates perpendicular to grain stresses shown as in
Figure 4.15.77 If an embedment stress is not reached before these stresses reach a critical
value, wood splits. On the other hand, if the embedment strength is reached, the wood
might still split but the tensile stress singularity moves with the dowel and the split will
not propagate. This can be seen in Figure 4.15.

Figure 4.15. Schematic stress condition in a transverse section in dowel proximity, with
attention to tension stresses.78

Figure 4.16. Embedment failure in dowel hole loaded perpendicular to grain.78
Splitting failure in a connection loaded in an angle to the grain has been taken into
account in Eurocode 5 with characteristic splitting capacity F90.Rk.
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F90. Rk  14b  w

he
h
1 e
h

(34)

with


 w pl  0.35



max  100 
for punched metal plate fasteners
w


 1


1
for other fasteners

where:

F90.Rk is the load carrying capacity of the connection in N;
w
is a modification factor;
he
is the loaded edge distance to the center of the most distant fastener of the edge or the

h
b
w pl

punched metal plate fastener in mm;
is the timber member height in mm;
is the member thickness in mm;
is the width of the punched metal plate fastener parallel to the grain in mm.

Formula 34 is based on the linear fracture mechanics approach and it was originally introduced
by Van der Put, and A Leijten in 2000. After that, the theory was developed by several
authors.79 The principle load carrying equation closest to the Eurocode 5 formula was
introduced by Jorissen and Leijten in 2001.

Vu  0,4b aGGc. I

1

(35)

a
1
h

where:

Vu
h
G
Gc . I
b

is the load carrying capacity of the connection in N;
is the timber member height in mm;
is the shear modulus of the wood member;
is the mode I fracture energy in tension;
is the timber member thickness in mm.

The fracture parameter √
varies significantly on different connection types.
Jorissen and Leijten determined the mean values to vary between
9.3 N/mm1.5  GGc.I  34 N/mm1.5 . In 2012 J L Jensen, U A Girhammar, P
Quenneville and B Källsner argued that apparent fracture parameter √
= 14
N/mm1.5 in formula (34) is too high for Douglas fir and similar wood species often used
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in Europe. They also proposed that the value varies significantly between different
wood species. This may lead to unsafe design when using Eurocode 5.
The method introduced above and used by Eurocode 5 does not consider a difference in
load carrying capacity in case of multiple fasteners in connection. This has interested
the international research community in 21st century and many research projects have
considered this topic. A study presented in 2010 by B Franke and P Quenneville used a
numerical finite element model validated with experimental research, to calculate a
large amount of connections with different layouts, loaded perpendicular to grain. In
Figure 4.17 and Table 4.2 the test set up and the parameters used in the numerical
reseach are presented. The numerical load carrying capacity is plotted into the same
figure with load carrying capacity calculated with EC5 method in Figure 4.18. No
indication was given in the research to indicate which results represented which test
group. The horizontal line patterned test results show how EC5 method gives the same
capacity value for connections with varying amount of connectors in line perpendicular
to grain, while the numerical splitting load capacity varies dramatically. This shows the
inability of the Eurocode 5 formula to reliably predict the load carrying capacity of
multiple joint connections loaded perpendicular to grain. In research released in 2012, B
Franke and P Quenneville obtained similar results.

Figure 4.17. Test set up and important parameters varied in the calculations.80
Table 4.2. Geometry parameters of the numerical test series.81
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Figure 4.18. Comparison between Eurocode 5 load capacity and numerical splitting
load capacity.81

4.5.

Failure of the Connection Area

When a member is loaded by group of mechanical fastener close to the end and each
other, failure of the timber at the connection area can become governing. The four
known failure mechanics called row shear, block shear, plug shear and tension failure
are shown in Figure 4.19. Of these four the most common are block and plug shear
failures. All four of the failure modes are brittle due to the failure mechanism where the
wood fails in shear and tension. In below the plug shear is chosen to be discussed in
more detail since it contains the characteristics of all the other failure modes and thus
the other failure modes can be understood through plug shear.
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Figure 4.19. Four different failure modes of connection area failure.82
Plug shear is a failure mode that involves both shear and tensile capacities of wood. In
Figure 4.20 the components of the plug and their stresses are identified.

Figure 4.20. Definition of plug faces and stresses in them.83
Two research groups studied the plug shear failure in the latter part of the 20th century.84
In an article released in 1975, Foschi and Longworth assumed that the resistance of the
plug is either the tensile resistance of the end face or the shear resistance of the side and
bottom faces.
In the late 1990s J Kangas and J Vesa proposed a formula, based on large experimental
studies aiming at defining these failure modes.84 In their method, the joint capacity was
determined by the sum of tensile capacity of the plug end face and shear capacities of
the side and bottom faces of the plug (Figure 4.21).
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In Eurocode 5-1-1:1998 the present formula (35) was proposed for block and plug shear
failure. This formula takes the maximum plug or block shear resistance as either the
shear resistance of the sides of the block or tensile resistance of the end of the block.
The tensile failure mode is multiplied by a correlation factor of 1.5 because the
probability of having defects is lower in the small area than in the full size timber
member due to quality assurance measures.85 The correlation factor 0.7 in shear failure
mode comes from uneven stress distribution in the shear zone.86

1.5 Anet.t f t .0.k
F ps.Rk  
0.7 Anet.v f v.k

(36)

where;
Fps.Rk is the characteristic block shear or plug shear capacity;

Anet.t is the net cross-sectional area perpendicular to the grain;
Anet.v is the net cross-sectional area parallel to the grain.
H Johnsson observed in her thesis (2004) that the failure in plug shear to propagate as
shown in Figure 4.21 and explained below.
a) “Loading in tension parallel to the grain
b) A crack develops internally along one side of the joint. The depth of the crack
depends on the deformations in the nail, where a rotation point exists at about
two thirds of the penetration depth. The failure is initiated at the nail farthest
from the free end.
c) The crack reaches the free end and is visible on the edge. The same development
goes for the other side of the joint. This occurs in two-thirds of the experiments
before the ultimate load is reached.
d) The end face fails in tension. The final failure occurs when a shear crack along
the bottom face joins the two side cracks. The crack along the bottom face
initiates farthest from the free end.” 87
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Figure 4.21. Propagation of plug shear failure.87

4.6.

Catenary Effect

After the first elastic deformations in the connection, a tensile force starts to affect the
dowel. This is due to inclination of the fastener axis. In a dowel the tensile force is
created solely by friction and will not increase into significant magnitudes. In bolts,
however, the dowel is anchored by nuts and a significant tensile force can be formed. In
screws the anchorage is obtained with the head and threads and in nails under static
loading with the head. This tensile force presses the members together and causes
friction between them. The friction is taken into account in the formulas of EC5 with
the term Fax.Rk/4. The friction coefficient μ=0,25 for wood, is taken into account with
the divider 4.
Figure 4.22 shows how part of the load is carried by tension in the dowel after the first
plastic hinge has formed.
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Figure 4.22. Tension stresses in a full thread screw shear connection after plastic
hinges have formed.88
Both of the effects described above are taken into account in EC5. The magnitude of
rope effect is limited to the percentage of EYM load carrying capacity shown below.
Table 4.3. Limitations of rope effect as a percentage of EYM load carrying capacity.
Round smooth nails
Square smooth nails
Other (threaded) nails
Screws
Bolts
Dowels

15 %
25 %
50 %
100 %
25 %
0%

The capability for a dowel type fastener to bear axial loads has also a positive effect on
ductility. As an example a double shear connection, which would fail according to
EYM, with failure mode II: (two yield hinges occur in the middle member while the
dowel remains straight in the side members) can fail with failure mode III, (four yield
hinges) if a sufficient axial load bearing capacity is provided. This is because when the
dowel starts to yield in the middle member it has to slide in the side members in order to
rotate around the yield hinges. If this sliding is prohibited the connection will fail with
failure mode III (Figure 4.23). This combined with the high slenderness ratio makes
modern full threaded screws loaded perpendicular to their longitudinal axis have high
ductility. A ductility ratio of Ds ,tu 0  60 was achieved by R Tomasi, et. al. 2006, in a
monotonic shear loading test with full threaded screws.

88
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Figure 4.23. Same loading configuration with bolt (on top) and a dowel (on bottom,
made the connection with bolt fail in more ductile failure mode.89

4.7.

Joints with Inclined Screws

In past two decades new high strength full threaded screws have been taken in wide use
in engineered wood structures. The main benefit for usage of these screws is the
possibility that the continuous thread gives to transfer parallel to screw forces between
the screw and wood. This greatly increases the stiffness and load bearing capacity of the
screw compared to the screws installed with no inclination. The withdrawal capacity of
the screw is dependent on the length of the screw. Screws with diameters up 12 mm and
lengths up to 600 mm are commonly available in the market. If calculated according to
EC5 methods, even high strength strain hardened screws are guaranteed to fail in
tension in axial loading with this diameter to length ratio.
The force interaction of inclined screw in shear connection can be explained as
simplified strut-and-tie model (Figure 4.24). The connection force transfers on the
inclined screw as shear and tension. The tension component works as tie (blue), while
wood works as compression strut (red), which creates friction between the members
(yellow) increasing the stiffness and load carrying capacity of the connection.

89
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Figure 4.24. Force interaction in inclined screw connection.90
In shear connections inclined screws are used either as tension rods or especially in
cases where the force direction may change as compression-tension couple. The force
interaction of these two cases is shown in Figure 4.25.

Figure 4.25. Forces acting in X-crossed screw connection (left) and inclined tension
strength connection (right). Blue above the screw indicates tension and red
compression.91
The EC5 rules for inclined screws are based on quadratic combination of the screw
shear and axial strengths.

 Fax.Ed

 Fax.Rd

2

  Fv.Ed
  
  Fv.Rd

2


  1


(37)

where:
Fax.Rd and Fv.Rd are the design load-carrying capacities of the connection loaded with
axial load or lateral load respectively.
This formula has been proven to highly underestimate the load bearing capacity of
inclined screws in tension and overestimate the capacity in compression.91 For screws in

90
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tension the load carrying capacity decreases when the inclination angle increases. This
makes using inclined screws insufficient if designed with the EC5 formula.
Alternative methods for evaluating the strength have been proposed by many authors.92
93 94

H J Blaβ approach is based on modified EYM and is valid for all the inclination angles.

However the method is complicated and values obtained through tests, yet not available,
are needed to use the method. In Finland the A Kevarinmäki method is in use in the
following publications.95 96 The method is presented below.

Figure 4.26. Joints with inclined screws a) X-crossed screw joint, b) tension screw
joint.97
The characteristic strength of shear connection with inclined screws in both
compression and tension

R2 D.Rk  n 0p.9 RC.Rk  RT .Rk cos 

(37)

Screw in compression:

RC .Rk

 f ax. .1.k d  l g .1

 min  f ax. .2.k d  l g .2
0.8 f
tens.k


(38)
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Screw in tension:
0.8

2  k 
 f ax. .1.k d  l g .1  f head.k d h  

 a 

RT .Rk  min  f ax. .2.k d  l g .2
f
 tens.k

The withdrawal strengths are calculated with EC5 methods:

when the outer thread diameter of the screw is d= 6-12mm and the inner thread diameter
is 0.6≤ d1/d ≤ 0.75

f ax. .Rk 

f ax.k k d
1.2 cos 2   sin 2 

(39)

with:

d / 8
k d  min 
 1
f ax.k  0.52d 0.5 lef0.1  k0.8

(40)
(41)

in other cases:

f ax. .Rk

 k
f ax.k k d


2
2
1.2 cos   sin    a





0.8

(42)

with:

f ax.k is the characteristic withdrawal parameter perpendicular to the grain determined
in accordance with EN 14592 for the associated density ρa.
where:
is the threaded part of the screw in the member which is towards the screw head
l g ,1
mm;
is the threaded part of the screw in the member which is towards the screw tip
l g ,2
mm;
np

is the number of screw pairs in the joint;

is the screwing angle (30° ≤  ≤ 60°) see Figure 4.26;
Fax. .Rk is the characteristic withdrawal capacity of the connection at an angle α to the
grain, in N/mm2;
f ax.k is the characteristic withdrawal strength perpendicular to the rain, in N/mm2;



f head.k is the characteristic pull-though capacity of the screw determined in accordance
with EN 14592 for the associated density ρa;
63

f tens.k is the characteristic tensile capacity of the screw determined in accordance with
EN 14592;
dh
is the diameter of the screw head in mm;
k
is characteristic density, in kg/m3;
a
is the associated density for fax.k, in kg/m3;
The concept behind the A Kevarinmäki formulas is simple. The shear load in X-crossed
screw connection is divided into tension and compression components by means of
statics. Both the tension and compression screw capacity is determined from multiple
failure modes. In basic scenario, the capacity is the load needed to exceed the
withdrawal capacity of the screw, which is simply the stress times the area. In ultimate
load cases the stress is thought to be evenly divided along the length of the screw. The
correlation to this assumption is made in calculation of fax.k, where the withdrawal
strength decreases while the threaded length increases. The value π, which is needed to
calculate the shear area from the diameter of the screw, is also hidden in the fax.k
formula. When the results of this formula are divided by π the result is value close to the
shear strength of the wood, which is also the failure mechanism behind the withdrawal
failure.
Additionally the formulas take into account the pull-through capacity of the screw head
and the tensile and compressive capacity of the screw. Unlike in the H J Blaβ approach
the shear capacity of the screw is not taken into account. This gives a limitation to the
angle the method is valid for. A Kevarinmäki assumed that in angles 30° ≤  ≤ 60° the
effect of shear is negligible to the total strength of the connection. This also means that
ductile EYM failure modes cannot occur in the screws with the inclination angle 30° ≤
 ≤ 60°.
The screw pair number is reduced with the factor n 0p.9 . This factor has been taken from
the EC5 and is originally meant to be used with axially loaded screws.97 The original
research determining the factor could not be located. Most likely the factor is meant to
take into account the possible uneven load distribution in different fasteners due to the
inhomogeneous manner of wood and other factors. H Krenn and G Schickhofer (2009)
argued that the formula is overly conservative when the number of screws in a row
increases and suggested a reduction factor of 0.9n p to be used, which resulted a safe
design in all the tests conducted in their research (Figure 4.27.).
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Figure 4.27. Influence of the number of screws on the capacity of the join.98
The validity of the method J Kevarinmäki proposed has been tested by many
researchers. F Prat-Vincent, et. al. (2010) did a test series of 40 specimens for Xcrossed screw connections and came to the conclusion that the connection resistance
could be predicted using the A Kevarinmäki formulas.
In Figure 4.28 an example of characteristic load bearing capacity of an inclined screw in
tension has been evaluated with the EC5 and A Kevarinmäki formulas (Appendix 3). In
the EC5 formula, when the inclination angle increases, the underestimation of the
capacity also increases.
EC5

A Kevarinmäki
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Figure 4.28. Comparison of EC5 and A Kevarinmäki formulas for inclined screws.
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The manufacturing process of the high strength screws, where the screws are hardened
after rolling the thread, results that the failure of the screw in tension is brittle. This was
also confirmed in the test series of J Luntta 2011, where the inclined screws, failing in
tension, showed little if no ductility.

Table 4.4 gives an example of the penetration length limit when the characteristic
tensile strength of the screw will govern in inclined screw connection with tension
screws at a 45° angle. Above this limit the increase in the screw diameter will not
increase the load carrying capacity. Below the limit the load carrying capacity is linear
related to the penetration length of the screw. The initial values used in the calculations
can be found from Appendix 3. These limits are relatively high and tension failure has
been observed to govern in shorter screws than this99 100. To get more realistic values
the comparison should be done with mean values of the capacities. The problem behind
the comparison of characteristic values comes from the higher variation in the
withdrawal strength than tension strength.
Table 4.4. The penetration length limit of an inclined tension screw in 45°-angle for the
tension strength of the screw to govern.
Screw
Limit
diameter length
[mm]
[mm]
4.5
130
5
145
5.6
162
6
168
7
170
8
195
10
257
12
290
The withdrawal capacity of a screw in axial loading is determined in EC5 for screws
installed in ≥ 30° angle to grain. This limitation is most likely introduced to avoid
parallel to grain cracks (Figure 4.29).101 All the failure modes in axial loaded screws
installed parallel to grain are brittle.
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Figure 4.29. From left to right: Splitting failure, block shear failure and plug shear
failure of an axial loaded screw installed parallel to grain.102
In screws installed in in ≥30° angle to grain and loaded with both shear and tension,
which is the most common application of self-tapping screws, the failure can possess
some ductility.
In Figures 4.30 and 4.31, the test procedure and the load-displacement curves from the
tests of X-crossed screw connections are presented. The displacement was measured as
vertical displacement of the beam end. The initial failure mode for most of the screws
was withdrawal failure of the tension screw. However the load carrying capacity did not
decrease after the failure. The load carrying capacity was lost in most of the test when
the tension screw fractured.103

Figure 4.30. Test procedure of the x-crossed screw connection.104
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Figure 4.31. Load-displacement curves from tests conducted with X-crossed screw
connection.104
R Tomasi, et. al. (2005) researched the possibilities of increasing the ductility of
inclined screw connection by combining inclined screws with screws with no
inclination. They found out that with connection having both inclined and non-inclined
screws, both high stiffness and ductility could be achieved. They proposed that the total
behavior of the connection can be predicted as a combination of behaviors single screw.
With the right combination of brittle inclined screws and screws with no inclination,
which have a strain hardening post yield behavior, a near perfect plastic behavior of a
connection can be achieved (Figure 4.32) However more tests should be done before
this could be proposed as reliable design method for structures.

Figure 4.32. Load-displacement curves of inclined screw connection (top) and
connection with both inclined and non-inclined screws (bottom).105
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An inclined screw is an effective way to connect wood structures. However the
inclination of the screw reduces and in some cases removes the ductility of the
connection. Before more research is done on possibilities of increasing the connection
ductility, the inclined screw connections should be designed with an over strength
compared to the ductile connections of a structure.

4.8.

Enhancing the Ductility of Connections

In recent years many effective methods to enhance the ductility of connections have
been developed. In some of the methods, such as screw reinforcement, the aim is to
increase the ductility of the connection. In others, such as cross lamination, the original
design has been developed around other factors, however as a side effect also an
increase to the ductility has been achieved. In this chapter the most important methods
to enhance ductility are presented.

4.8.1. Connection Ductility in Cross Laminated Wood Products
With cross lamination, wood can be reinforced against weak and brittle tension
perpendicular to grain. This is especially beneficial in connections where the brittle
failure is mainly dominated by wood splitting due to exceeding of the tension
perpendicular to grain strength.
H A Blaß and P Schädle (2011) studied the ductility of double shear connections with
three different types of CLT assemblies (Figure 4.33). The dowels used in series A were
24 mm and in series B 20 mm thick, while the member thickness varied between 60 mm
and 120 mm. With these parameters the slenderness ratio varied between 2.5 and 5.3.
This is a low slenderness ratio which increases the risk for brittle failure. For series A,
the average ductility ratio was Dsδ,tu0 = 9.3 for B: 7.8 and for C: 9.7. EC8 defines the
dissipative zone ductility to be high if Dstu0 ≥ 6. The typical load displacement curves
from these tests can be seen in Figure 4.33. The red lines in the figures represent the
determination of yield point according to the CEN method for one of the test pieces.106
The figures show that the perpendicular to grain loaded lamella change the behavior of
the structure to more favorable, since the softening behavior of parallel to grain
compressed wood seems to be changed to strain hardening or nearly perfect plastic.
Preliminary tests done in Aalto-University (Chapter 6) for double shear CLT test pieces
show a softening phase. This indicates that the post-elastic behavior of CLT is
dependent on many variables and cannot be categorized simply as solid timber.
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Figure 4.33. Test configurations for tests of dowel type connections in CLT.107
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Figure 4.34. Load-displacement curves from the tests of dowel type connections in
CLT.108
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A research project carried out in university of Karlsruhe in 2007109 derived formulas for
designing dowel type connections in CLT from EYM through an extensive series of
tests. While the design manual for European markets has not yet been released, results
from this research have already been incorporated into the manuals released in the USA
and Canada.110
No special interest to the ductility of connections in LVL with cross laminated veneers
(product name Kerto-Q) could be found. However some notations of the capability of
cross lamination to prevent the splitting was found in the Kerto handbook.111 With
perpendicular to grain loaded dowel type connections, the handbook allows designers
not to lower the resistance of the connection with the formula (34). The handbook
reasons this choice with an argument that Kerto-Q is not sensitive to splitting due to the
tension perpendicular to grain. This is in line with the results presented from CLT.
Plywood is most commonly used as sheathing to carry lateral loads. In these cases,
plywood is usually connected with nails, screws or staples. In the connections the
reinforcing effect of cross lamination is combined with relative slender connectors
which do not easily split the wood that the plywood is connected to. However in
dynamic loading it is also important to prevent the pull out of the fasteners in reversed
loading cycles. This can be done by using threaded nails or screws.112

4.8.2. Enhancing Ductility with Local Reinforcement
Reinforcing wood locally has two main purposes: Increasing the load carrying capacity
of the element and preventing brittle failures. This section focuses on the solutions that
increase the ductility of the structure, although in many cases a higher load carrying
capacity is also achieved.

4.8.2.1. Screw Reinforcement
Using full threaded self-tapping screws as reinforcing elements has been an area of
interest in 21st century. Especially in Germany large research projects have been
conducted for traditional wood products and the research for CLT is ongoing.113
The main idea for screw reinforcement against splitting is shown in Figure 4.37. The
Screw bears the tension perpendicular to grain stresses and possible shear stresses
coming from the dowel with wood-to-thread interaction preventing wood from splitting.
If the screw is installed so that it touches the dowel, when the dowel connection
deforms it bends the screw and part of the load is carried by the axial load in the screw.
This can also change the failure mode of the dowel into the higher mode of EYM.
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Figure 4.37. Screw reinforcement against splitting in dowel-type connection.114
H J Blaß and P Schädle (2011) performed double shear tests on reinforced and
unreinforced specimens shown in Figure 4.38. The test results are shown in Figure 4.39.
A significant rise in ductility was seen in the reinforced connections. For unreinforced
connections (M1 to M4) static ductility (Dsδ,tu0, Eq.5) was between 1 and 2 and for
reinforced connections (M5 to M10) the average ductility was Dsδ,tu0=5.3.

Figure 4.38. Tension connection test specimens.115
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Figure 4.39. Force-displacement curves for tension loaded dowel type connection.115
Figure 4.39 shows how the reinforced connections (M5-M10) reach their maximum
load level relatively soon and after that a long stable softening phase follows. If it can
be shown that in structural level force redistribution will occur, the softening branch of
the load displacement curve could be used in ductility design. The softening behavior is
not property of screw reinforced connection, but a property of dowel-type connections
loaded perpendicular to grain. In parallel to grain loading and in moment resisting
connections where the loading direction differs in different dowels the past yield
behavior is usually strain hardening.116
Screw reinforcement can also be used in other instances than reinforcing dowel type
connections. Especially in CLT plates the rolling shear strength near supports and point
loads can become governing. The basic principles behind screw reinforcement are
shown below.117
The principal stresses and their directions in plane stress state can be calculated with
following;118
1
 x   y   1  x   y 2  4 xy2
2
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   x 
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(43)
(44)

If there are no normal stresses the principal stresses become  1, 2   xy and the angles.

1, 2  45. This is also shown Figure 4.40.
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Figure 4.40. Principal stresses and their angle in plane stress state when only shear
stresses are present.
Due to the negligible tension perpendicular to grain strength of timber, in rolling shear,
the cracking tends to occur at a 45° angle as shown in Figure 4.41. To prevent the
failure, screw reinforcement is usually installed at a 45° angle to main direction and at a
90º angle to the cracking direction. When coming closer to the support in plates and
beams also compression perpendicular to grain stresses are introduced to the structure.
These stresses change the magnitude of principle stresses and their angles; however
they also have a positive effect on rolling shear strength.119

Figure 4.41. Part of CLT four point bending tests specimen failed in rolling shear
failure.
P Mestek et. al (2011) introduced the model shown in Figure 4.42 to calculate the
reinforcing effect of the screws. In the comparison between the model and loading tests
results, the model was conservative. In appendix 5 example calculations have been
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made. These calculations show that the rolling shear capacity of 150 mm thick CLT
plate’s middle layer can be increased by over 70 % with reinforcing screws spaced 200
mm from each other.

Figure 4.42. Simplified calculation model for rolling shear strength of reinforced CLT
plate.120

4.8.2.2. Other Reinforcing Methods
As local reinforcements, glued reinforcing materials have been used for decades. The
main principles of reinforcing are the same as with wood composites. Some of the
solutions also improve the embedment strength of the connection. The most common
materials used as glued-on reinforcement are metal plates, fiberglass, and different
plywood products.
Fiberglass has been shown to prevent splitting of wood but if used as thin layers has no
effect on embedment strength.121 Plywood reinforcement moderately increases the
strength depending on the thickness of the plywood. A significant strength increase can
be achieved with densified veneer wood. This is due to the embedment strength on the
order of 100 N/mm2 compared to the embedment strength of solid timber which is on
the order of 30 N/mm2.122 Figure 4.43 shows how connection with glued densified
veneer wood in area of maximum embedment stresses combined with tube connector
can undergo heavy deformations without splitting. The largest drawback for wide usage
of these methods has been the strict regulations and heavy quality verification process
of the gluing.123
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Figure 4.43. Heavy deformed 35mm diameter tube after monotonic loading.124
The third method commonly used for local reinforcement is punched metal plates and
nail plates. Large research projects were conducted in Finland in 1990’s concerning the
behavior of punched metal plate reinforcement. With punched metal plate reinforcement
it is common to get in static loading a 2-3 times the capacity of non-reinforced
connection. If the pullout failure of the plate is prevented with proper design, the nail
plate reinforced connection has high ductility. Connections were found to still retain
their load carrying capacity with 15 mm joint displacement.125 The idea behind ductility
is based on reinforcement the plate gives against splitting and on ductile behavior of the
plate as seen in Figure 4.44.

Figure 4.44. Nail plate reinforced connection.126

124

A J M Leijten, 1998
A Kevarinmäki, 1994
126
H J Blaß, P Schädle, 2011
125

77

5. Design Rules on EN 1998-1 and their Effect on
Ductility
EN-1998-1 “Design of structures for earthquake resistance – General rules, seismic
actions and rules for building” (EC8) is in use in the high seismic areas of European
Union.
EC8 has two major requirements. First, the damage limitation requirement uses a design
earthquake load, which has the probability to be exceeded once every 10 years.
Structures are expected to withstand this load without damage incurring costs of
disproportionate high in comparison to the costs of the structure. In general, this means
structures must work in elastic range during an earthquake.
The second requirement is more interesting in respect to the scope of this research. It is
a no-collapse requirement where structural damage is accepted if the structural integrity
is retained. This means that part of the earthquake energy can be dissipated to
deformations of ductile structures thus reducing design loads. To achieve the energy
dissipation capability, EC8 focuses on rules from conceptual to detail level to assure the
ductile behavior of structures. This chapter’s goal is to review a part of the code
associated with wood structures and give an opinion on the applicability of these rules
in Finnish design practice.

5.1.

Ductility Classes and Behavior Factors

EC8 divides structures into low, medium and high ductility classes (DCL, DCM and
DCH) (Table 5.1). The classes are for structures designed to fulfill the detailing rules of
EC8 and if a structure does not fulfill these rules it automatically falls into DCL.
Behavior factor q is used in earthquake design. It cannot be directly used in ductility
analysis but it gives a picture of the amount of potential of ductility different structural
types have in them. The higher the behavior factor is the greater potential for ductility.
EC8 gives a predetermined ductility class to all structural types except hyperstatic portal
frames with doweled and bolted joints. With hyperstatic portal frames, the designer is
responsible for determining the ductility class from the rotational ductility capacity of
connections.
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Table 5.1. Design concept, structural types and upper limit values of the behavior
factors for the three ductility classes127

In order to use these ductility classes for the structures, the dissipative zones have to be
able to undergo at least three fully reversed loading cycles at a static ductility ratio of 4
for DCM and 6 for DCH, without more than 20% reduction in the load carrying
capacity. For portal frames the ductility should be measured as rotational ductility of the
joint as with shear walls the ductility should be measured in terms of shear displacement
of the wall.128

5.2.

Materials and Properties of Dissipative Zones

In general the requirements for wood based products are set in EC5. For steel elements
used in connections and other parts of the structure the requirements stipulated in EN
1993-1-1 (Eurocode 3 for steel structures) apply. In addition to these, EC8 gives rules
associated with materials and dimensions of dissipative zones to ensure desired
behavior.

5.2.1. Testing and Exceptions
In general EC8 states that the properties of the dissipative zones should be determined
by tests, in accordance with prEN 12512. However for the most common connection
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types EC8 provides a set of rules deemed to satisfy the requirements in order to reduce
the burden of testing connections in ordinary design situations.129 These rules and their
explanations are listed below:
Framed systems: the maximum connector diameter between sheathing and framing is
d≤3,1mm and the minimum sheathing thickness is 4d. If the minimum thickness of 4d
cannot be achieved, EC8 allows a ratio of 3d to be used with reduced behavior factors.
In addition to this, the following rules apply to sheathing dimensions and materials:




Particle-panels have a density of at least 650 kg/m3
Plywood-sheathing is at least 9 mm thick;
Particleboard – and fiberboard-sheathing are at least 13 mm think;

These rules are set to ensure the excellent ductile behavior of framed systems. The rules
aim to plastic hinge formation in nails. The minimum density of particle-panels rule is
likely set to prevent brittle rupture type failure of the board and assure failure with one
of the EYM modes.
Dowel-type connections: In general, a higher slenderness ratio denotes a higher
ductility. EC8 has striven to secure this with two rules:
In doweled, bolted and nailed timber-to-timber and steel-to-timber joints:
 the fastener diameter d does not exceed 12 mm
 The minimum thickness of the connected members is 10d (slenderness ratio 10)
If the minimum thickness of 10d cannot be achieved, EC8 allows a ratio of 8d to be
used with reduced behavior factors.
Figure 6.1 shows an example of how these rules make a double shear wood-to-wood
dowel-type connection fail in most ductile mode (mode III) with a dowel diameter
ranging from 6 mm to 12 mm. A detailed list of values used in calculating this example
can be seen in Appendix 4. There has been discussion that a slenderness ratio 10 is
relatively severe80 and Figure 5.1 shows that the connection fails in the most ductile
mode III even with a slenderness ratio of 8.
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Figure 5.1. Example of failure mode in slenderness ratios 8 and 10 with different dowel
diameters

5.2.2. Detailing
With DCM and DCH additional detailing rules are provided. These additional rules are
intended to enhance the behavior of connections and horizontal diphragms.131

5.2.2.1.

Connections

If testing is used to determine the properties of dissipative zones, an absolute limit of 16
mm is to be used for bolt diameter unless toothed ring connectors are also used. These
provide some confinement in the wood in front of the bolt and allow for larger bearing
forces associated with larger bolts. It is also required that tight fitted holes are used with
bolts and dowels to eliminate the change of non-uniform force distribution between
connectors which can trigger premature splitting.130
EC8 requires at least one bolt or other additional provision against withdrawal to be
used with dowels, smooth nails and staples. This is related to the cyclic nature of
earthquake loads which can add some withdrawal forces to connection. In static
ductility design this is not the case.
Carpentry joints are required to remain in their original position in case of load
reversals, which in general means that mechanical fasteners should be used to bear the
possible tensile forces.
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The final rule considers tension perpendicular to grain. EC8 requires a use of
reinforcing elements such as nailed metal or plywood plates in case of tension
perpendicular to grain. This rule is most likely to consider curved glulam beams etc.
where tension perpendicular to grain is introduced by the geometry of the structure.

5.2.2.2.

Detailing Rules for Horizontal Diaphragms

For horizontal diaphragms additional detailing rules are provided to increase the
effectiveness of sheathing material and stability of its edge connections to the framing
timber elements. Additionally the continuity and stability of framing elements is
considered.
The increase factor 1.2 for resistance of fasteners along sheet edges, which is related to
‘non-seismic/non-ductile’ cases, cannot be used. Also the use of 1.5 increase in nail
spacing along the discontinuous panel edges, which could have been used if the sheets
were staggered, is forbidden.
If the building is in relatively high seismic area (agS ≥ 0.2 g) fastener spacing in areas
of discontinuity must be reduced by 25%. This is to compensate for the decreased
stiffness and to avoid the premature initiation of rupture in these areas. In any case the
minimum spacing established by EC5 has to be followed to prevent splitting of the
wood.131
To guarantee the stability of beams, limitations in height-to-width ratio are used.
Continuity of beams must be ensured for the beams to work as compression-tension
chords along the panel field edges. Other detailing rules of less significance are also
provided in this section.

5.3.

Structural Analysis

With structural analysis EC8 requires the slip in the joints to be taken into account. This
means that mechanical connections have to be analyzed as semi-rigid. Due to the
instantaneous nature of earthquakes, EC8 allows the E0 value to be 10% higher than
with a short term loading.
For diaphragms, a rigid structural model can be used if the detailing rules discussed in
5.2.2.2 are applied and their openings do not significantly affect the overall in-plane
rigidity of the floors. No value for “significant” is given and it is left up to the
designer’s discretion.
In distribution of the shear forces the diaphragms shall be evaluated by taking into
account the in-plane position of the lateral load resisting vertical elements. If
diaphragms are analyzed as rigid, possible torsion forces must be taken into
consideration. This rule might be self-evident for designers of concrete and steels
131
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structures. In timber structures many times not as detailed analysis has been needed due
to the insignificance of the loads in small buildings. However with multi-story buildings
detailed analysis should always be performed. Also the use of rigid diaphragms in
timber structures has been questioned.132

5.4.

Summary

Compared to other building materials, wood plays a less significant role in the EC8. The
respective chapter lengths allocated to different materials indicates the overall
importance given to wood:






Concrete structures
Steel structures
Composite structures
Timber structures
Masonry structures

59
24
27
6
9

pages
pages
pages
pages
pages

With wood the rules specified are general and many decisions have been left up to the
discretion of the designer. CLT and its applications have not been taken into
consideration in the code which is a clear defect considering the raising importance of
the product in Central and South Europe. The absence of rules about inclined selftapping screws is also a defect. EC8 gives no limitations to their use even though the
brittle nature of these connections. On the other hand the possibilities to increase the
ductility with screw reinforcement are not anyhow noted. These defects in EC8 can be
explained by the age of these products. Their widespread use has begun in the 21st
century and their inclusion in the Eurocodes is in progress.
The rules of EC8 have been made to be used in seismic areas as an addition to the rules
of EC5. They limit some of the designing choices given in EC5. In Finland EC8 is not
in use due to the non-seismic environment. Due to this some products and design
methods prohibited by EC8 are in wide use in Finland (Such as particle boards with
density < 650 kg/m3). A limited implication of the EC8 rules could be considered in
Finland to increase the ductility of the timber structures. It is not feasible to use the rules
meant for small-building applications where the risks are low and no ductility related
problems has been reported. However the rules applicable for multi-story buildings,
such as restriction of dowel size could be taken into use. EC5 allows dowel diameter up
to 30 mm to be used, which in terms of ductility is insufficient design.
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6. Case Study
The aim of this case study is to demonstrate the brittle and ductile connection solutions
introduced in the literature study. Also some emphasis is given to research the benefits
and drawbacks of some measurements of ductility introduced in Chapter 2.2.
The ductility of six different dowel type double shear connections is researched. A basic
dowel type connection with steel dowels is used as a case to which the other variants
can be compared. The second two variants are reinforced with the methods introduced
in chapter 8. The last three test variations are done with inclined modern self-tapping
screws, glued connection and a connection with wood dowels.

6.1.

Test Specimens

All the tests were done with double shear wood-to-wood connections and two tests were
conducted with each variant.
Variant 1
The base case had three 12mm diameter cold formed steel dowels in a row (Figure 6.1).
70mm thick wood members were chosen, to keep the uniformity with the CLT
thickness used in variation 3. Dowel spacing, and end distances were chosen to fulfill
the minimum requirements of EC5. The reason for this was to get information about the
ductility of the minimum requirements of EC5. The calculated failure mode of the
connection was mode II, where two yield hinges occur in the middle member while the
dowel remains straight in the side members. The slenderness ratio for the side and
middle member of the connection was 5.8.
The yield strength of the dowel was determined with SFS-EN ISO 6892. A limit of 0.2
% plastic strain is used as yield limit for cold formed steel, since in yielding no clear
yield point exists. Two tests were conducted and the average yield strength was found to
be Rp =608 MPa (Appendix 6.)
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Figure 6.1. Test Variant 1, wood-to-wood double shear connection with three steel
dowels.
Variant 2
In double shear connections the force acting in the middle member is twice as large as
in the side member. Considering that the members have the same thickness (70 mm), it
can be assumed that splitting, which leads to loss of load bearing capacity, will occur in
the middle member. In the second variation (Figure 6.2), the middle member was
reinforced with 7.5x150 mm full threaded screws. The plan was to install the screws so
that they would be touching the dowels and thus increase the load carrying capacity.
Due to inaccuracy in the drilling this was not achieved.

Figure 6.2. Test variation 2, connection reinforced with full threaded screws.
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Variant 3
In the third variation the sawn timber members were changed to three layer CLT
members (Figure 6.3). The grain of the outer layers was parallel and the grain of the
middle layer was perpendicular to the applied load.

Figure 6.3. Test Variant 3, wood-to-wood double shear connection with CLT members.
Variant 4
In the fourth variation the wood members were glued together and afterwards three steel
dowels were installed into the members. The aim for this variation was to demonstrate
the ductility of glued connections and the functionality of dowel type connections
combined with glued connections.
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Figure 6.4. Test Variant 4, wood-to-wood double shear connection with dowels and
glue.
Variant 5
The fifth variation was connected with X-crossed screws at a 45º angle (Figure 6.5).
Two full threaded Wurth AMO III, d7.5L150 screws were used in both the shear planes.
The side member thickness was reduced to 50 mm to make the penetration depth of the
screw to both the middle and side members closer to each other (70.7 mm and 79.3
mm).

Figure 6.5. Test Variant 5, double shear connection connected with two cross screw
pairs.
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Variant 6
The sixth and final variation was done with 12mm diameter wood dowels (Figure 6.6).
Wood dowels of this small diameter are not commonly used in wood structures. The
dowel size was chosen to enable a direct comparison of the strength and ductility
between wood and steel dowels. To get more information about the behavior of wood
dowels, more tests should be done with larger diameter dowels.

Figure 6.6. Test Variant 6, double shear connection with three wood dowels.

6.2.

Test Arrangement

The tests were done with a Zwick RK 250/50 loading machine. The test arrangement is
illustrated in Figure 6.7. A steel plate was used to evenly spread the pressure coming
from the loading cylinder to the middle member. Two steel plates were anchored to the
testing table on each side of the side members to prevent them from spreading during
the testing. The displacement and force censors attached to the loading cylinder were
used in the tests to determine the load-displacement curves.
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Figure 6.7. Illustration of the test arrangement.
The loading was done with fixed displacement speed. The speeds are shown in Table
6.1 where the test specimens are identified with code x.y, where x = test variant number
and y = test number within that particular variant’s series. The loading tests were part of
laboratory exercise and the loading speeds were opted between the loadings to serve the
purposes of the exercise.
Table 6.1. Loading speeds of the test specimens.
Test
Loading speed
specimen
(mm/min)
1.1
4.0
1.2
2.0
2.1
4.0
2.2
4.0
3.1
4.0
3.2
7.0
4.1
0.5
4.2
0.5
5.1
2.0
5.2
5.0
6.1
4.0
6.2
5.0

6.3.

Test Results

In Figure 6.8 the load-displacement curves for all of the test specimens are presented.
The plotting of the test data has been stopped when the force dropped below 80% of the
ultimate load, which can be understood as a clear indication of failure. The CLT tests
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were an exception, though, and were stopped at about a displacement of 48 mm when
the middle member touched the testing table and no clear failure could be identified.

Figure 6.8. Load-displacement curves for all the test specimens.

6.3.1. Failure Loads and Modes
Table 6.2. Test results and their comparison to calculated values.
Ultimate
Test specimen capacity
(kN)
1.1
1.2
2.1
2.2
3.1
3.2
4.1
4.2
5.1
5.2
6.1
6.2

53.5
53.4
59.3
58.4
72.7
66.1
129.6
122.6
29.6
23.3
15.2
13.3

Series
average
(kN)
53.5
58.9
69.4
126.1
26.5
14.3

Yield
capacity
(kN)
39.3
40.4
42.8
42.3
55.3
53.3
126.8
117.2
25.3
21.7
8.62
9.13

Series
average
(kN)

Calculated
Yield
capacity
(kN)

39.9

42.4

42.6

43.7

54.3

46.0

122.0

120.0

23.5

18.9

8.9

2.0

Ultimate, yield and calculated capacities are presented in the Table 6.2. The capacity
calculations are presented in Appendix 8. In the calculations methods of EC5 were used
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for variants 1 and 2. For variant 3 the method introduced in paper133 was used. For
glued joint the load carrying capacity was first calculated with an assumption that the
shear stress is distributed evenly in the glue bond. Characteristic shear capacity of C30
was used. After that the shear distribution was calculated with numerical methods. The
average shear stress calculated with hand calculations was 0.71 of the peak shear stress
received from the numerical calculations. This supports the reduction factor of 0.7
introduced in the chapter 4.5 dealing with connection area failure. In table above the
capacity received from the numerical analysis is given. The capacity of cross screw
connection is calculated with the A Kevarinmäki method. For the wood dowels a
method introduced in publication134. The method compares the shear capacity of the
dowel to the shear acting in the shear plane.
The calculated capacities for the variants 1 and 2 were in line with the yield capacities
achieved from the tests although the calculations overestimated the capacity which is
questionable. In CLT connection a ≈ 15 % underestimation of the capacity was done.
The glued variant 4 the calculated and measured capacities were almost equal, although
questions can be raised is the characteristic shear strength of C30 a proper value to be
used as a mean strength of specimen. Parallel to grain shear strength values given for
clear pine range between 6 and 8 N/mm2.135 If these values would have been used, large
overestimation in the capacity would have been made. With the cross screwing the
calculated values underestimated the yield capacity ≈ 20 %. This can be seen beneficial
due to the brittle nature of the failure. The Variant 6 with wood dowels was the only
variant where the calculated values were not even in the same range as the measured.
The shear strength of the dowel could be underestimated to some amount but even this
cannot explain the large difference.
In below analysis of the failure modes is provided
Variant 1
As predicted the initial failure mode of the variant 1 was failure mode II from EYM. As
the loading continued the dowels started to rotate around the yield hinges in the middle
member while the member moved downwards. In Figure 6.9 a schematic drawing of the
stress distribution in the wood around the steel dowel is shown, after the formation of
yield hinges in the middle member. When the dowel rotates, the end of the dowel starts
to press against the other side of the hole (the upper side in Figure 6.9) and creates
stresses to the so-called unloaded end. In this case the required unloaded end distance in
EC5 is 3 times the diameter of the dowel and in the loaded end this requirement is for 7
times the diameter of the dowel. Contrary to predictions, this resulted in a splitting
failure leading to the loss of load carrying capacity occurring in the side member. The
average failure load of the series was 53.4 kN.
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Figure 6.9. Schematic drawing of the stress distribution in wood at EYM mode II.
Figure 6.10, shows test specimen 1.2 opened after the failure. The two yield hinges in
the middle member are easily mistaken as one because the hinges of thin middle
members form close together. Circled on the right are the yields in the side members
which lead to the splitting failure.

Figure 6.10. Test specimen 1.2 opened after the failure.
Variant 2
The second variant had full threaded screw reinforcement in the middle member. The
purpose of the reinforcement was to prevent the splitting of the middle member, which
was assumed to fail first. The effectiveness of the reinforcement could not be
determined since the failure mode leading to loss of load carrying capacity in both of
the specimens was the same as in variant 2: Splitting failure of the side member. The
average failure load for this variant was 58.9 kN, which is 5.3 kN higher than variant 1.
It is assumed that the higher failure load is caused by a combination of the moderate
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strengthening effect of the screws, variation in wood density (Appendix 7) and different
stress distribution in the wider members of the Variant 2.

Figure 8.11. Test specimen 2.2 opened after the failure.
Variant 3
The initial failure mode of the Variant 3 was the same as in the previous variants: EYM
II. The test specimen 3.2 achieved its maximum load (66.1 kN) soon after yielding (≈ 13
mm) and as the loading continued the behavior could be described as ideal plastic. In
specimen 3.1 some strain hardening could be seen after the yielding and the maximum
(72.7 kN) load was achieved later (≈22 mm), after that moderate softening could be
detected but no damage could be seen on the test specimen. In both of the specimens in
this series, cracking sounds could be heard during the loading but no visible cracks
could be detected. This indicates that while tension perpendicular to grain strength was
exceeded and cracking occurred, the cracks could not propagate because of the
reinforcing effect of cross lamination. In both of the specimens the loading was stopped
around a displacement of 48 mm when the middle member touched the testing table.
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Figure 6.12. Test specimen 3.2 opened after the failure.
Variant 4
Variant 4 was designed to demonstrate how steel dowels and glue bonds work within
the same connection. The connection failed in both of the specimens at around 2,7mm
and with an average load of 126.1 kN. When compared to Variant 1, with the same
displacement of the failure load of Variant 4, specimen 1.1 reached a load of 25 kN and
specimen 1.2 reached a load of 13 kN. Both of the specimens were on elastic region.
After the tests the test samples were opened and no visual deformations on the dowels
could be identified. These observations support the knowledge that dowel type
connections and glued connections work on different displacement regions and should
not be combined. Both of the test specimens failed with an abrupt brittle shear failure of
wood around the glue bond (Figure 6.13, left). If the loading had continued, the load
level would have dropped to the level of load in specimens 1.1 and 1.2 and the
connection would have started to work as a dowel type connection. It could be possible
to use dowels as an initial safety in glued connections. If designed correctly, the dowels
would provide ductility to the connection after the glue bond has failed. However this is
an uneconomic method and it is preferred to design a glued joint with higher load
carrying capacity compared to the connections joined with mechanical fasteners. If
correctly designed, the overall behavior of the structure would be ductile where the
ductile mechanical fastened connections would fail first.
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Figure 6.13. Test specimen 4.1 opened after the failure. A picture from the bottom of
the middle member, where the shear failure occurred near the glue bond, can be seen
on right.
Variant 5
The average maximum load for Variant 5 was 26.5 kN. The variation in the maximum
load between specimens 1 and 2 was rather large (6.3 kN). The most probable reason
for the variation was screw assembly quality, since no screwing aids were used. In both
specimens loss of stiffness, many times related to yielding, could be observed before the
maximum load. The loss in stiffness most likely occurred because the withdrawal
capacity in one of the screws was exceeded. The reason for the rather subtle failure can
be the combined effect of shear and tension in the screws. When the wood failed around
the threads due to tension the shear pressed the screw towards the wood making it sink
though the failed wood into still undamaged wood. This phenomenon is illustrated in
Figure 6.14. After the maximum load had been reached no sudden failure could be
identified and the load decreased gradually. The 80 % of maximum load was reached on
sample 5.1, 6 mm after the maximum load and on sample 5.2, 4 mm after the maximum
load. When the sample was opened (Figure 6.15) the areas where withdrawal strength
was lost could be easily identified.
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Figure 6.14. Assumed behavior of screws loaded with shear and tension, when tension
triggers the initial failure mode.

Figure 6.15. Test specimen 3.2 opened after the failure.
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Variant 6
The average maximum load for Variant 6 was 14.3 kN, which is 3.7 times less than in
the Variant 1 which had steel dowels. The wood dowel strength is an order of 10-50
times less than the steel dowel depending on the failure mode of the dowel. The initial
failure was shear failure of the wood dowel between the members. Unlike in most wood
structures, the shear failure of wood dowel can be described as ductile. Figure 6.16
illustrates this phenomenon and in Figure 6.17 these areas are identified from the loaddisplacement curve of one of the test specimens.
1. An Uncracked dowel works in the same way as a steel dowel transferring the
load from one member to another though the dowel.
2. When the dowel cracks due to shear, the shear strength of the dowel will not
decrease but it cannot take any higher load without deformations.
3. When the loading is continued the dowel continues to crack. This decreases the
bending strength at the cracked cross section and the dowel bends. The bent part
of the dowel also starts to carry loads with tension because of the catenary
effect. This increases the load carrying capacity of the connection.
4. The maximum load is achieved when the wood starts to rip at the end areas of
the cracked area due to combined stresses from tension and bending.

Figure 6.16. Suggested behavior of shear connection with wood dowel when the shear
strength of the dowel is governing.
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Figure 6.17. Identification of the behavior phases described in Figure 6.16 from the
load-displacement curve of test specimen 6.2.

Figure 6.18. Test specimen 6.2 opened after the failure.

6.3.2. Ductility
In Figure 6.8 the load-displacement curves were presented. The ductility of different
variations can also be compared using these curves. However such comparison is
difficult due to the different stiffness, displacement and load range the six variations
work in. A useful way (Figure 6.19) to compare the ductility of different variations is to
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normalize the load and displacement of each variation with the maximum loads and
displacement of the variation, making all the curves cross at point. (1,1). From this
figure by examining the elastic range of the load-displacement curves a good picture of
the order of ductilities can be achieved. Also the differences in post yield behavior can
now be examined. It can be seen that the glued test Variant 4 possessed little if no
ductility. In Variants 1, 2, 3 and 5 where mechanical fasteners were used no clear yield
point could be identified, and the shape of the curve was similar while the ductility
varied. In Variant 6 the yield occurred in relative low load compared to the maximum
load and a clear yield point could be identified.

Figure 6.19. Relative load - relative displacement curves of the test specimens.
The relative load range 0.2-0.4, which in this case can be assumed to present the elastic
range, is presented in Figure 6.20. The slopes of the curves represent a measurement of
ductility yet not introduced:

Dsue0 

u
u

 eu  u / E

(45)

where εu = elastic deformation at maximum load and εeu = total deformation at
maximum load.
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Figure 6.20. Figure 6.19 zoomed to the elastic range of the specimens.
Although the figures presented above are useful for comparing the behavior of different
joints, it is easy to make incorrect conclusions on ductility, by examining the differences
between the curves. When presented with data of ductility less than 2, the data with
ductility close to and above 2 get easily packed to the left side of the figure and even
drastic changes in the ductility are hard to see.
In Table 6.3 two different measurements of ductility are calculated for each variant. The
measurements chosen for this comparison are: (1), the total deformation is divided by
the deformation at proportionate yield limit (defined with the method introduced in136)
and (6) the permanent deformation at maximum load is divided by the elastic
deformation at the same load. The measurement (1) is chosen so that the variants can be
divided into ductility classes given by EC8.

136

EN 12512: 2001

100

Table 6.3. Ductilities of different test specimens defined with Eq. 5 and Eq. 10.
Average
Average
Ds δ,tu0
Ds δ,ue
Test specimen
Ds δ,tu0
Ds δ,ue
1.1 = 3x steel dowel d12
1.2
2.1 = 3x steel dowel d12 + screw
reinforcement
2.2
3.1 = CLT, 3x steel dowel d12
3.2
4.1 = glue + 3x steel dowel d12
4.2
5.1 = 2x cross screw pair d7,5L150
5.2
6.1 = 3x wood dowel d12
6.2

3.15
2.66
2.97
2.76
4.93
3.55
1.03
0.98
1.79
1.36
5.73
4.44

2.91
2.87
4.24
1.01
1.58
5.09

2.03
1.58
1.85
1.67
3.66
2.42
0.03
-0.02
0.77
0.35
2.03
2.06

1.81
1.76
3.04
0.01
0.56
2.05

In Figures 6.21 and 6.22 the same results are presented. The numbers above the
columns present the average value. Both of the measurements of ductility seem to give
the same order of results when comparing different test variants. An exception is
Variant 6 where with measurement Dstu0 the ductility is highest amongst the variants
and with measurement Dsue the ductility is the same order as Variant 1 and 2 and only
2/3 of Variant 3. The difference comes from the way of measuring the proportionate
yield point. In Dstu0 the method introduced in EN 12512 was used assuming that the
curves possess a local stress maximum after yield point. With this assumption the
deformation at the yield point for specimen 6.1 becomes 2.35 mm. If the yield point is
taken as the elastic deformation at maximum load the yield deformation becomes
4,13mm. It can be argued that the measurement Dsue gives too low values of ductility
for specimens with low yield load compared to the maximum load and thus should not
be used in these cases. A suggested replacement in these cases would be formula (2),
where the permanent deformation is divided by the deformation at the proportionate
yield deformation.
The problems with the ductility measurement Dstu0 can be seen in Figure 6.21. As
mentioned in Chapter 2.2 the measurement gives a value of 1 for total brittle material,
which is confusing. This also creates confusion in the comparison between the results.
For example by looking at Figure 6.21 one could draw a conclusion that Variant 5 is 57
% more ductile than Variant 4, which is wrong since Variant 4 possess no ductility.
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Dsδ,tu0
Specimen 1

Specimen 2

Average

5.09

6.0
4.24

5.0

Ductility

4.0

2.91

2.87

3.0
1.58
2.0

1.01

1.0
0.0
1

2

3

Variant

4

5

6

Figure 6.21. Ductility of different variants defined with Dstu0 (Eq. 5) method.

Dsδ,ue
Specimen 1
4.0

Specimen 2

Average

3.04

3.5
3.0
Ductility

2.5

2.05
1.81

1.76

2.0
1.5
0.56

1.0
0.01

0.5
0.0
1

2

3

Variant

4

5
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Figure 6.22. Ductility of different variants defined with Dsue (Eq. 10) method.
Variant 6 (with wood dowels) possessed the highest ductility, if the deformation at the
yield load was compared to the deformation at the maximum load. Variant 3 with CLT
and steel dowels had a stable softening zone after the maximum load was reached. In
Chapter 2 it was argued that this zone could be used if the structures are designed in
such a way that load redistribution is possible after the maximum load is reached. If the
ductility is measured with Eq. (7):
where the deformation at fracture is divided
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by deformation at proportionate limit, the ductility values for the test specimens in
Variant 3 series are:

 Ds , pf 0.6.1  10.3



Ds , pf 0.6.2  8.89
No actual fracture occurred with the specimens and the fracture deformation for the
calculations is taken as deformation when the test had to be aborted due to the reason
discussed before.
For dissipative zones to be assigned a ductility class, EC8 requires a test to be
conducted with at least three fully reversed loading cycles. The tests introduced in this
chapter did not fulfill this criterion and thus the connections cannot be assigned to the
different ductility classes. However, the connections can be evaluated with the EC8
static ductility criteria. The minimum ductility limit for ductility class DCM is 4 and for
ductility class DCH the limit 6. With these limits a preliminary division into different
ductility classes has been done in Table 8.4. More tests are necessary to do the final
division.
Table 6.4. Preliminary division of the variants into different ductility classes.

Variant
1
2
3
4
5
6

Average
ductility
2.91
2.87
4.24
1.01
1.58
5.09

Ductility
class
DCL
DCL
DCM
DCL
DCL
DCM

Only Variants 3 (CLT with steel dowels) and 6 (sawn timber with wood dowels)
fulfilled the ductility requirement of DCM and none of the variants fulfilled the
requirement of DCH.
The results show that even a dowel type connection with a relatively high slenderness
ratio (5.8) does not possess high ductility. However it can be argued that Variant 1
would have been more ductile with a longer unloaded end distance. This raises a
question, should the criteria for minimum unloaded end distance be revised in double
shear dowel type connections that fail with failure mode II? Longer test series and more
variants would be needed for a greater understanding of the problem.
In Variant 2 the failure mode was unexpected and the reinforcing effect of the screws
installed could not be researched. In previous chapters it was shown that full threaded
screw reinforcement is effective in increasing the ductility and thus the results shown in
this chapter should be viewed critically. However these results do show how important
it is to detect the right failure mode when detailing connections.

103

Variant 3 did not fulfill the requirements of DCH, however the maximum load was
achieved relatively early on in the load displacement curve. Both of the specimens had a
long and shallow softening zone. If it can be used both of the connections can be
categorized to the DCH class.
The results from Variant 4 show that glued connections possess no ductility. This is due
to the brittle nature of wood in shear. The actual glue bond in both of the specimens
stayed undamaged while the wood failed around the glue bond.
Variant 5, with X-crossed screws, showed some ductility even though the withdrawal
failure of the screws is often categorized as brittle. The combined effect of shear and
tension was proposed as a reason for this. The load carrying capacity of the connection
under reversed loading cycles after the withdrawal failure is questionable, because the
wood around the screw is damaged after the failure. The results obtained strengthen the
image that inclined screws with a high inclination angle should not be used as a
dissipative zone.
Variant 6, with wood dowels, possessed the highest ductility of all the test specimens.
The failure mode, not present with steel dowels, enables large deformations without
fracture. After the yielding the variant had a long strengthening phase where the load
carrying capacity increased 85 % in the first specimen and 47 % in the second
specimen, which is beneficial for the connection ductility.
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7. Conclusions
Wood is ductile in compression and brittle in tension and shear. The ductility of
compressed wood comes from inelastic buckling deformations of the cell walls. In
compression parallel to grain, the post elastic behavior is strain hardening. The
deformation capability is limited and the ultimate load is reached around strain of 1 %.
In compression perpendicular to grain, the post yield behavior is mildly strain hardening
in radial compression and close to perfectly plastic in tangential compression. The
deformation capacity is large and it is mainly limited by splitting due to tension
perpendicular to grain when wood deforms. If the section is low or the tension
perpendicular to grain cracking is constrained by cross-lamination or by other means,
the strain capacity of 10 % and higher can be reached.
Brittle phenomena in wood are mainly governed by tension perpendicular to grain.
Tension perpendicular to grain failure strain is around 0.5 % and the strength is an order
of 1/30 of tension parallel to grain. Due to wood imperfections, such as knots and slope
of grain, the tension perpendicular to grain failure triggers the initial failure even in
structures where the direction of tension load is parallel to grain.
With dowel-type fasteners in shear, the failure modes described by EYM are ductile.
Splitting and failure of the connection area are brittle. In EC5 the design for these brittle
failures is based on fracture mechanics. According to fracture mechanics, splitting
occurs in wood due to tension perpendicular to grain and shear parallel to grain. In EC5
the splitting capacity of fasteners loaded perpendicular to grain is calculated separately.
The splitting can occur even after the initial failure happens by one of the failure
mechanisms of EYM. This reduces the ductility of connections. A brittle failure by
splitting is less likely to happen in connections connected with slender fasteners.
However with unreinforced dowel-type connections there is always an uncertainty of
the ductility due to randomness of wood material.
In connections with continuously threaded long self-tapping screws loaded
perpendicular to their axis ductility ratios as high as Ds ,tu 0  60 have been achieved.
This makes self-tapping screws potential way of connecting structures when high
ductility is needed. When the screw is inclined, the stiffness and load carrying capacity
increases, while the ductility decreases, with the inclination angle. After a 30°
inclination angle, the EYM failure modes do not occur and in full threaded screws, the
failure is dominated by either the withdrawal strength or tensile strength of the screw.
The tensile failure of screws is brittle and the withdrawal failure has little if no ductility.
In multiple fastener connections, the tension perpendicular to grain and shear stresses
accumulate. This increases the risk of splitting. EC5 takes this into account with
minimum fastener edge, spacing and end distances. Additionally, the strength of the
connection is reduced in cases where multiple fasteners in a row are parallel to grain.
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The method of EC5 determining the splitting capacity of fasteners loaded perpendicular
to grain was found to provide unsafe strength values in some cases. The method does
not reduce the capacity in case of multiple fasteners in a row perpendicular to grain. In
light of new research, this leads to unsafe design.
EC5 does not favor ductile design in wood structures. All the known brittle failure
mechanisms are taken into account in EC5 by separate design rules, however, the brittle
and ductile methods are not identified and the use of brittle modes is not penalized.
Structures designed in this way have an unknown quantity of ductility. The overall
ductility cannot be assured by using EC5 and thus no ductility should be expected of
such structures.
EC8 rules aim to force a designer to use ductile solutions in wood structures. A lot of
these rules are compatible with Finnish building regulations and can be implemented
without a significant impact on price. Especially the slenderness rule of the dowel-type
connections λ ≥ 8 would have a significant effect on overall ductility of the Finnish
building stock. However as a guide to guarantee the overall ductility of wood structures,
the EC8 rules are too general and the absence of the recent solutions such as CLT and
inclined self-tapping screws is a clear defect.
Cheap and effective ways to improve the ductility of wood structures are readily
available. In CLT the cross lamination prevents the immature splitting of the wood and
mechanical fastened CLT products are proven to have a significantly larger potential of
ductility in them than the traditional wood solutions. For traditional solutions, selftapping screws provide a fast and cheap way to prevent splitting in connection areas and
thus increase the ductility of structures. Other reinforcing methods are also available,
the most important of which are glued on plywood and nail plates. The main factors
limiting the use of these solutions are the strict regulations of gluing and the price of the
solutions.
In the case study the splitting of wood and the ways to prevent it were the areas of main
interest. Methods to measure the ductility in wood structures was also an area of
interest. The results proved the effectiveness of CLT in increasing ductility. With the
connection reinforced with self-tapping screws, the connection failed through an
unexpected splitting of the side member. This illustrates the importance of identifying
the right failure mechanism when deciding the placement of the reinforcement. The
wood dowels proved to possess high ductility. The average ductility of the connection
was 5.09 when measured with the EC8 method. This was the highest among the test
variants.
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The recommendations given below are made to help designers to choose the ductile
solutions when using dowel-type connections.
1) Tension perpendicular to grain stresses should be avoided in all structures. If these
stresses cannot be avoided wood must be reinforced against them.
2) The different dowel-type connections in shear have been arranged into a list from
least to most ductile:
I. Dowel
II. Bolt
III. Nail
IV.
Screw
3) Connections with inclined screws with an inclination angle 30° ≤  ≤ 60° should
not be used as dissipative zones.
4) Dowel-type connections should be designed to fail with the EYM failure mode III.
5) Local reinforcement should be used in critical connections and cross laminated
products should be preferred when the overall ductility of the structure is crucial.
There is a significant lack of sources that address the post yield behavior of wood
structures. This thesis mainly relied on information from conference and other
publications. At present, the information needed by a designer for choosing the best
connection solutions for a structure where ductility is needed is remarkably hard to find.
The field is in need of publications that will address these topics. This thesis
concentrated on mechanical fasteners. Of the other two commonly known connection
methods glued and carpenter connections, it is well known that glued connections
possess no ductility. Due to the ductile nature of wood in compression, carpenter joints
could be a potential way to create ductile connections and more research should be done
in this area.
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Failure strains in tension perpendicular to grain
Species:

Tension perpendicular to
grain strength:

Pine:
Pondera:

ft.90.pondera ≔ 2.900 ――
2

Red:

ft.90.red ≔ 3.200 ――
2

Sugar:

ft.90.sugar ≔ 3.200 ――
2

Western white:

ft.90.western.white ≔ 3.200 ――
2

Species:

Modulus of elasticity
parallel to grain

Pine:
Pondera:

E0.pondera ≔ 8.9

Red:

E0.red ≔ 11.2

Sugar:

E0.sugar ≔ 8.2

Western white:

E0.western.white ≔ 10.1

Species:

Modulus of elasticity in
tangential direction:

Modulus of elasticity in
tangential direction:

Pine:
Pondera:

Et.pondera ≔ E0.pondera ⋅ 0.083

Er.pondera ≔ E0.pondera ⋅ 0.122

average:

Et.pondera + Er.pondera
E90.pondera ≔ ―――――――
2
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Red:

average:

Sugar:

average:

Western white:

Et.red ≔ E0.red ⋅ 0.044

Er.red ≔ E0.red ⋅ 0.088

Et.red + Er.red
= 739.2
E90.red ≔ ―――――
2

Et.sugar ≔ E0.sugar ⋅ 0.087

Er.sugar ≔ E0.sugar ⋅ 0.131

Et.sugar + Er.sugar
E90.sugar ≔ ――――― = 893.8
2
Et.western.white ≔ E0.western.white ⋅ 0.038
Er.western.white ≔ E0.western.white ⋅ 0.078

average:

Species:
Pine:
Pondera:

Et.western.white + Er.western.white
E90.western.white ≔ ―――――――――= 585.8
2
Failure strain in perpendicular to grain
tension:
ft.90.pondera
= 0.0032
εt90.pondera ≔ ――――
E90.pondera

Red:

ft.90.red
= 0.0043
εt90.red ≔ ―――
E90.red

Sugar:

ft.90.sugar
εt90.sugar ≔ ―――= 0.0036
E90.sugar

Western white:

ft.90.western.white
= 0.0055
εt90.western.white ≔ ―――――
E90.western.white

Average

εt90.pondera + εt90.red + εt90.sugar + εt90.western.white
= 0.0041
εt90.average ≔ ――――――――――――――
4
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Failure strains in shear
Species:
Pine:
Pondera:

Average:

Red:

Average:

Sugar:

Average:

Western white:

Shear modulus
parallel-tangential
planes

Shear modulus
parallel-radial planes

G0t.pondera ≔ E0.pondera ⋅ 0.115

G0r.pondera ≔ E0.pondera ⋅ 0.138

G0t.pondera + G0r.pondera
3
G090.pondera ≔ ―――――――= ⎛⎝1.126 ⋅ 10 ⎞⎠
2
G0t.red ≔ E0.red ⋅ 0.081

G0r.red ≔ E0.red ⋅ 0.096

G0t.red + G0r.red
G090.red ≔ ―――――
= 991.2
2
G0t.sugar ≔ E0.sugar ⋅ 0.113

G0r.sugar ≔ E0.sugar ⋅ 0.124

G0t.sugar + G0r.sugar
G090.sugar ≔ ――――――= 971.7
2
G0t.western.white ≔ E0.western.white ⋅ 0.048
G0r.western.white ≔ E0.western.white ⋅ 0.052

Average:

Species:
Pine:
Pondera:

G0t.western.white + G0r.western.white
= 505
G090.western.white ≔ ――――――――――
2
Shear modulus radialtangential planes
Gtr.pondera ≔ E0.pondera ⋅ 0.017 = 151.3

Red:

Gtr.red ≔ E0.red ⋅ 0.011 = 123.2

Sugar:

Gtr.sugar ≔ E0.sugar ⋅ 0.019 = 155.8
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Western white:

Gtr.western.white ≔ E0.western.white ⋅ 0.005 = 50.5

Shear strength
parallel to grain

Species:

Shear strength
perpendicular to grain

The perpendicular to grain shear strength is taken to be an average of 18% and 28%
of the parallel to grain strength. This is the variation range given by: Forest product
laboratorio 2010.
Pine:
Pondera:

fv.0t.pondera ≔ 7.8

fv.90.pondera ≔ fv.0t.pondera ⋅ 0.23

Red:

fv.0t.red ≔ 8.4

fv.90.red ≔ fv.0t.red ⋅ 0.23

Sugar:

fv.0t.sugar ≔ 7.8

fv.90.sugar ≔ fv.0t.sugar ⋅ 0.23

Western white:

fv.0t.western.white ≔ 7.2

fv.90.western.white ≔ fv.0t.western.white ⋅ 0.23

Failure shear strain in
parallel-tangential
planes:

Species:

Pine:
Pondera:

fv.0t.pondera
= 0.0069
γv.090.pondera ≔ ――――
G090.pondera

Red:

fv.0t.red
γv.090.red ≔ ―――
= 0.0085
G090.red

Sugar:

fv.0t.sugar
γv.090.sugar ≔ ―――= 0.008
G090.sugar

Western white:

fv.0t.western.white
γv.090.western.white ≔ ―――――= 0.0143
G090.western.white

Average

γv.090.pondera + γv.090.red + γv.090.sugar + γv.090.western.white
εt.r.average ≔ ――――――――――――――――= 0.00942
4
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Species:

Failure shear strain
rolling shear:

Pine:
Pondera:

fv.90.pondera
= 0.0119
γv.90.pondera ≔ ――――
Gtr.pondera

Red:

fv.90.red
γv.90.red ≔ ―――
= 0.0157
Gtr.red

Sugar:

fv.90.sugar
γv.90.sugar ≔ ―――
= 0.0115
Gtr.sugar

Western white:

fv.90.western.white
γv.90.western.white ≔ ―――――= 0.0328
Gtr.western.white

Average

γv.90.pondera + γv.90.red + γv.90.sugar + γv.90.western.white
εt.r.average ≔ ―――――――――――――――
= 0.01796
4
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INITIAL VALUES FOR WOOD TO WOOD DOUBLE SHEAR
CALCULATIONS. (FIGURE 5.5)
Symbol

Dowel diameter
Charasteristic embedment strenght
Charasteristic timber density

d

Charasteristic tensile strenght of the bolt
Charasteristic yield moment
Middle member thickness
Side member thickness

ρk

f h.0.k
ρk
M y.Rk
t2
t1

Value
12

27,4
380
600
115118
70
10-100

Unit
mm
mm
3

kg/m

N/mm2
Nmm
mm
mm

APPENDIX 3

(1/1)

INITIAL VALUES FOR THE INCLINED SCREW CALCULATIONS ( FIGURE
5.10 AND TABLE 5.2)
Wood strength class
Screw model

C24
Spax Self tapping screw
Symbol

Value

Unit

Penetration length in the first member

l1

60

mm

Penetration length in the second member

l2
d

60
8

mm
mm

600
350

MPa
kg/m3

17

kN

Nominal diameter of the screw

Charasteristic tensile strength of the screw fu.k
Charasteristic density of the wood

ρk

Charasteristic tensile capasity of the screw ftens,k
Charasteristic yield moment
Friction coefficient of the wood
angle of the screw

My,k
μ
α

20057 Nmm
0,25
45
°

70
10-130

t2

Middle member thickness
Side member thickness
t1

18987

600
70
10-130

28348

600
70
10-130

40115

600
70
10-130

54488

600
70
10-130

71659

600

70
10-130

91811

600

kg/m

3

N/mm

Unit
mm
mm

mm
70
10-130 mm

115118 Nmm

600

380
380

380

380

380

380

380

12

27,4

11

27,7

10

28,0

9

28,4

8

28,7

7

29,0

6

Values

29,3

M y.Rk

ρk

f h.0.k
ρk

d

Charasteristic yield moment

Charasteristic tensile strenght of the bolt

Charasteristic timber density

Charasteristic embedment strenght

Dowel diameter

Symbol

INITIAL VALUES FOR WOOD TO WOOD DOUBLE SHEAR CALCULATIONS (FIGURE 6.1)

2

APPENDIX 4
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Appendix 5

Screw reinforcement agains rolling shear in CLT
Heigth of the plate:

h ≔ 149

CLT middle layer thickness:

am ≔ 20

Width of the plate:

b ≔ 2000

a1 ≔ 200

Diameter of the screw

d≔8

Distance of the screws
parallel to the load bearing
direction

effective embedment length
of the screw

h
lef ≔ ――
= 105.359
‾‾
2

Load carrying capasity of
one screw

Rax.k ≔ 24.8 ⋅ d

Screw lines in the element

n90 ≔ 9

Distance from edge of the
plate to first screw line

a2 ≔ 150

Strength coming from screw
reinforcement

0.8

⋅ lef

0.9

6
1
⋅ ――⋅ 10
17
―
10

= 68.759

⎛
b ⎞
a2.ef ≔ max ⎜a2 , ――
= 0.222
n90 ⎟⎠
⎝

Rax.k
――
‾‾
2
= 1.094
fs.k ≔ ―――
a1 ⋅ a2.ef

Compression perpendicular
to grain strength C24

σc.90 ≔ 2.5

Factor that takes into
account the stress
interaction

⎛
⎞
2
1
, 1.2⎟ = 1.2
kR.90 ≔ min ⎜1 + 0.35 ⋅ σc.90 ⋅ ―――
2
⎝
⎠

Rolling shear strength of
CLT

fR.k ≔ 1.25

Strength of the material

fR.k ≔ kR.90 ⋅ fR.k = 1.5

Strength ratio

fs.k
ratio ≔ ――
= 0.729
fR.k

APPENDIX 6
TEST REPORT OF WORK HARDENED STEEL ROD TENSION TEST

(1/1)

APPENDIX 7

(1/1)

WOOD DENSITY CALCULATIONS

Code*

b [mm]

h [mm]

l [mm]

Weight [g]

1.1.1
250,0
70,0
97,5
662,0
1.1.2
250,0
70,0
97,5
700,2
1.1.3
250,0
70,0
97,5
658,2
1.2.1
250,0
70,0
97,5
657,2
1.2.2
250,0
70,0
97,5
674,0
1.2.3
250,0
70,0
97,5
673,0
2.1.1
250,0
70,0
150,0
1092,4
2.1.2
250,0
70,0
150,0
1062,0
2.1.3
250,0
70,0
150,0
1058,4
2.2.1
250,0
70,0
150,0
1040,2
2.2.2
250,0
70,0
150,0
1112,4
2.2.3
250,0
70,0
150,0
1061,2
3.1.1
239,0
100,0
70,0
738,6
3.1.2
239,0
100,0
70,0
735,6
3.1.3
239,0
100,0
70,0
721,6
3.2.1
239,0
100,0
70,0
685,2
3.2.2
239,0
100,0
70,0
650,0
3.2.3
239,0
100,0
70,0
711,0
4.1.1
250,0
70,0
150,0
1033,2
4.1.2
250,0
70,0
97,5
652,2
4.1.3
250,0
70,0
150,0
1074,8
4.2.1
250,0
70,0
150,0
1099,2
4.2.2
250,0
70,0
97,5
646,6
4.2.3
250,0
70,0
150,0
5.1.1
743,2
5.1.2
250,0
70,0
97,5
665,0
5.1.3
757,4
5.2.1
784,2
5.2.2
250,0
70,0
97,5
651,6
5.2.3
775,2
6.1.1
250,0
70,0
97,5
650,0
6.1.2
250,0
70,0
97,5
673,2
6.1.3
250,0
70,0
97,5
666,0
6.2.1
250,0
70,0
97,5
645,0
6.2.2
250,0
70,0
97,5
650,0
6.2.3
250,0
70,0
97,5
668,4
* x.x.x = Variant, shear test specimen, Test specimen

Density
[kg/m3]
388,0
410,4
385,8
385,2
395,0
394,4
416,2
404,6
403,2
396,3
423,8
404,3
441,5
439,7
431,3
409,6
388,5
425,0
393,6
382,2
409,4
418,7
379,0
389,7
381,9
381,0
394,5
390,3
378,0
381,0
391,7

Average
density
[kg/m3]
395

392

408

408

437

408

395

399

390

382

389

384
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Strength calculations for double shear test specimens
Variant 1
Geometric properties:
Side member thickness:

t1 ≔ 70 mm

Middle member thickness:

t2 ≔ 70 mm

Dowel diameter:

d ≔ 12 mm

Dowel spacing:

a1 ≔ 60 mm

Number of dowels

n≔3

Angle between load direction
and grain direction

α≔0 °

Material properties:
Mean wood density of side members:

kg
ρmean1 ≔ 393 ――
3
m

Mean wood density of middle member:

kg
ρmean2 ≔ 393 ――
3
m

Mean dowel tensile strength:

N
fu.mean ≔ 608 ――
2
mm

Mean embedment strength parallel to grain of side members:
3

⎛
1 ⎞
m
N
N
fh.0.mean.1 ≔ 0.082 ⋅ ⎜1 − 0.01 ⋅ d ⋅ ――
⋅ ρmean1 ⋅ ――
⋅ ――= 28.359 ――
⎟
2
2
⎝
mm ⎠
kg mm
mm
Mean embedment strength parallel to grain of the middle member:
3

⎛
1 ⎞
m
N
N
fh.0.mean.2 ≔ 0.082 ⋅ ⎜1 − 0.01 ⋅ d ⋅ ――
⋅ ρmean1 ⋅ ――
⋅ ――= 28.359 ――
⎟
2
2
⎝
mm ⎠
kg mm
mm
Adjustment factor for
softwood:

⎛ 3
1⎞
k90 ≔ 1.35 + 0.015 ⎜10 d ⋅ ―⎟ = 1.53
⎝
m⎠

Mean embedment strength
of the side member:

fh.0.mean.1
N
fh.1.mean ≔ ―――――――――
= 28.359 ――
2
2
2
mm
k90 ⋅ (sin (α)) + (cos (α))
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fh.0.mean.2
N
fh.2.mean ≔ ―――――――――
= 28.359 ――
2
2
2
mm
k90 ⋅ (sin (α)) + (cos (α))

Mean embedment strength
of the middle member:

fh.2.mean
β ≔ ―――
=1
fh.1.mean

Ratio of the middle and side
members' embedment strength:
Mean dowel yield moment:
−6
3
My.Rmean ≔ .3 ⋅ ⎛⎝fu.mean ⋅ 10 ⎞⎠ ⋅ ⎛⎝d ⋅ 10 ⎞⎠

2.6

2

5
s
⋅ N ⋅ mm = ⎛⎝1.167 ⋅ 10 ⎞⎠ N ⋅ mm
―――
8

kg ⋅ m

―
5

Strength of one dowel:
Fax.Rmean ≔ 0

For dowels no rope effect can be taken
into account hence:
tx ≔ 1 mm , 2 mm ‥ 100 mm
Fv.Rmean ⎛⎝tx⎞⎠ ≔ ‖ Fv.Rmean1a ← fh.1.mean ⋅ tx ⋅ d
‖
‖ Fv.Rmean1b ← 0.5 ⋅ fh.2.mean ⋅ t2 ⋅ d

⎞
‖
fh.1.mean ⋅ tx ⋅ d ⎛2 ‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
4 ⋅ β ⋅ (2 + β) ⋅ My.Rmean
(
)
β
F
←
1.05
⋅
⋅
2
β
⋅
1
+
β
+
−
―――――
―――――――
⎜
⎟
‖ v.Rmean2
2
2+β
f
⋅
d
⋅
t
⎝
⎠
h.1.mean
x
‖
2 ‾‾‾‾‾
2
‖
2⋅β
⋅ ‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
2 ⋅ My.Rmean ⋅ fh.1.mean ⋅ d
‖ Fv.Rmean3 ← 1.15 ⋅ ――
1+β
‖
‖ Fv.Rmean ← 2 min ⎛⎝Fv.Rmean1a , Fv.Rmean1b , Fv.Rmean2 , Fv.Rmean3⎞⎠
70

20.5

20.008

18.5
16.5
14.5
12.5
10.5

Fv.Rmean ⎛⎝tx⎞⎠ (kN)

8.5
6.5
4.5
2.5
0.5

1

11

21

31

41

51

tx (mm)

61

71

81

91

101
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Mean strength of one dowel:

Fv.Rmean ⎛⎝t1⎞⎠ = 20.008 kN

Effective number of dowels:

⎛
4 ‾‾‾‾‾
a1 ⎞
0.9
nef ≔ min ⎜n , n ⋅ ――
⎟ = 2.117
13 d ⎠
⎝
Fv.Rmean.tot ≔ nef ⋅ Fv.Rmean ⎛⎝t1⎞⎠ = 42.352 kN

Mean strength of the
connection:

Variant 2
Material parameters:
Mean wood density of side members:

kg
ρmean1 ≔ 408 ――
3
m

Mean wood density of middle member:

kg
ρmean2 ≔ 408 ――
3
m

Mean dowel tensile strength:

N
fu.mean ≔ 608 ――
2
mm

Mean embedment strength parallel to grain of side members:
3

⎛
1 ⎞
m
N
N
fh.0.mean.1 ≔ 0.082 ⋅ ⎜1 − 0.01 ⋅ d ⋅ ――
⋅ ρmean1 ⋅ ――
⋅ ――= 29.441 ――
⎟
2
2
⎝
mm ⎠
kg mm
mm
Mean embedment strength parallel to grain of the middle member:
3

⎛
1 ⎞
m
N
N
fh.0.mean.2 ≔ 0.082 ⋅ ⎜1 − 0.01 ⋅ d ⋅ ――
⋅ ρmean1 ⋅ ――
⋅ ――= 29.441 ――
⎟
2
2
⎝
mm ⎠
kg mm
mm
Adjustment factor for
softwood:

⎛ 3
1⎞
k90 ≔ 1.35 + 0.015 ⎜10 d ⋅ ―⎟ = 1.53
⎝
m⎠

Mean embedment strength
of the side member:

fh.0.mean.1
N
fh.1.mean ≔ ―――――――――
= 29.441 ――
2
2
2
mm
k90 ⋅ (sin (α)) + (cos (α))

Mean embedment strength
of the middle member:

fh.0.mean.2
N
fh.2.mean ≔ ―――――――――
= 29.441 ――
2
2
2
mm
k90 ⋅ (sin (α)) + (cos (α))
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fh.2.mean
β ≔ ―――
=1
fh.1.mean

Ratio of the middle and side
members' embedment strength:
Strength of one dowel:

Fax.Rmean ≔ 0

For dowels no rope effect can be taken
into account hence:
tx ≔ 1 mm , 2 mm ‥ 100 mm
Fv.Rmean ⎛⎝tx⎞⎠ ≔ ‖ Fv.Rmean1a ← fh.1.mean ⋅ tx ⋅ d
‖
‖ Fv.Rmean1b ← 0.5 ⋅ fh.2.mean ⋅ t2 ⋅ d

⎞
‖
fh.1.mean ⋅ tx ⋅ d ⎛2 ‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
4 ⋅ β ⋅ (2 + β) ⋅ My.Rmean
(
)
F
←
1.05
⋅
⋅
2
β
⋅
1
+
β
+
−
β
―――――
―――――――
⎜
⎟
v.Rmean2
‖
2
2+β
f
⋅
d
⋅
t
⎝
⎠
h.1.mean
x
‖
2
‾‾‾‾‾
‖
2 ⋅ β 2 ‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
⋅ 2 ⋅ My.Rmean ⋅ fh.1.mean ⋅ d
‖ Fv.Rmean3 ← 1.15 ⋅ ――
1+β
‖
‖ Fv.Rmean ← 2 min ⎛⎝Fv.Rmean1a , Fv.Rmean1b , Fv.Rmean2 , Fv.Rmean3⎞⎠
70

22.5

20.65

20.5
18.5
16.5
14.5
12.5

Fv.Rmean ⎛⎝tx⎞⎠ (kN)

10.5
8.5
6.5
4.5
2.5
0.5

1

11

21

31

41

51

tx (mm)

61

71

81

91

101

Mean strength of one dowel:

Fv.Rmean ⎛⎝t1⎞⎠ = 20.65 kN

Effective number of dowels:

⎛
4 ‾‾‾‾‾
a1 ⎞
0.9
nef ≔ min ⎜n , n ⋅ ――
⎟ = 2.117
13 d ⎠
⎝

Mean strength of the
connection:

Fv.Rmean.tot ≔ nef ⋅ Fv.Rmean ⎛⎝t1⎞⎠ = 43.711 kN
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Variant 3
Mean wood density of side members:
Mean wood density of middle member:

Mean dowel tensile strength:

kg
ρmean1 ≔ 423 ――
3
m
kg
ρmean2 ≔ 423 ――
3
m
N
fu.mean ≔ 608 ――
2
mm

Mean embedment strength of side members:
1.16

⎛
⎛ 3
1 ⎞⎞ ⎛
m ⎞
0.035 ⋅ ⎜1 − 0.015 ⋅ ⎜10 d ⋅ ―⎟⎟ ⋅ ⎜ρmean1 ⋅ ――
⎟
⎝
⎝
m ⎠⎠ ⎝
kg ⎠
N
N
fh.1.mean ≔ ―――――――――――――――⋅ ――= 31.947 ――
2
2
2
2
mm
mm
1.1 ⋅ (sin (α)) + (cos (α))
3

Mean embedment strength of the middle member:
1.16

3
⎛
⎛ 3
1 ⎞⎞ ⎛
m ⎞
0.035 ⋅ ⎜1 − 0.015 ⋅ ⎜10 d ⋅ ―⎟⎟ ⋅ ⎜ρmean1 ⋅ ――
⎟
⎝
⎝
m ⎠⎠ ⎝
kg ⎠
N
N
fh.2.mean ≔ ―――――――――――――――⋅ ――= 31.947 ――
2
2
2
2
mm
mm
1.1 ⋅ (sin (α)) + (cos (α))

Ratio of the middle and side
members' embedment strength:

fh.2.mean
β ≔ ―――
=1
fh.1.mean

Strength of one dowel:
Fax.Rmean ≔ 0

For dowels no rope effect can be taken
into account hence:
tx ≔ 1 mm , 2 mm ‥ 100 mm
Fv.Rmean ⎛⎝tx⎞⎠ ≔ ‖ Fv.Rmean1a ← fh.1.mean ⋅ tx ⋅ d
‖
‖ Fv.Rmean1b ← 0.5 ⋅ fh.2.mean ⋅ t2 ⋅ d

⎞
‖
fh.1.mean ⋅ tx ⋅ d ⎛2 ‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
4 ⋅ β ⋅ (2 + β) ⋅ My.Rmean
(
)
F
←
1.05
⋅
⋅
2
β
⋅
1
+
β
+
−
β
―――――
―――――――
⎜
⎟
v.Rmean2
‖
2
2+β
f
⋅
d
⋅
t
⎝
⎠
h.1.mean
x
‖
2
‾‾‾‾‾
‖
2 ⋅ β 2 ‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
⋅ 2 ⋅ My.Rmean ⋅ fh.1.mean ⋅ d
‖ Fv.Rmean3 ← 1.15 ⋅ ――
1+β
‖
‖ Fv.Rmean ← 2 min ⎛⎝Fv.Rmean1a , Fv.Rmean1b , Fv.Rmean2 , Fv.Rmean3⎞⎠
70
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70
22.5

21.752

20.5
18.5
16.5
14.5
12.5

Fv.Rmean ⎛⎝tx⎞⎠ (kN)

10.5
8.5
6.5
4.5
2.5
0.5

1

11

21

31

41

51

tx (mm)

61

71

81

91

101

Mean strength of one dowel:

Fv.Rmean ⎛⎝t1⎞⎠ = 21.752 kN

Effective number of dowels:

⎛
4 ‾‾‾‾‾
a1 ⎞
0.9
nef ≔ min ⎜n , n ⋅ ――
⎟ = 2.117
13 d ⎠
⎝

Mean strength of the
connection:

Fv.Rmean.tot ≔ nef ⋅ Fv.Rmean ⎛⎝t1⎞⎠ = 46.043 kN

Variant 5
Geometric properties:
Side member thickness

t1 ≔ 50 mm

Screwing angle:

α ≔ 45 °

Screw diameter:

d ≔ 7.5 mm

Penetration length to the
side member:

t1
lef1 ≔ ―――
= 70.711 mm
cos (α)

Penetration length to the
middle member:

lef2 ≔ 150 mm − lef1 = 79.289 mm
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Material properties:
Only the characteristic tensile capacity of the screws was available, this is compared to the
mean withdrawal capacity. If the tensile capacity is larger we know that it surtainly does not
govern
Characteristic tensile capacity
of a screw:

ftens.k ≔ 9 kN
kg
ρmean ≔ 394 ――
3
m

Mean density of wood

Mean withdrawal strength perpendicular to grain:
⎛ 3
1⎞
fax.mean ≔ 0.52 ⋅ ⎜10 d ⋅ ―⎟
⎝
m⎠

Adjustment factor:

−0.5

⎛
3
1⎞
⋅ ⎜lef1 ⋅ 10 ⋅ ―⎟
⎝
m⎠

−0.1

0.8

3
⎛
m ⎞
N
N
⋅ ⎜ρmean ⋅ ――
= 14.788 ――
⎟ ⋅ ――
2
2
⎝
kg ⎠
mm
mm

⎛ d
⎞
kd ≔ min ⎜―――
, 1⎟ = 0.938
⎝ 8 mm ⎠

Mean withdrawal capacity of the screw at an angle to the grain:
fax.mean ⋅ kd
N
fax.α.Rmean ≔ ―――――――――
= 12.604 ――
2
2
2
mm
1.2 ⋅ (cos (α)) + (sin (α))

Screw withdrawal capacity:

Fax.α.mean ≔ fax.α.Rmean ⋅ d ⋅ lef1 = 6.684 kN

The mean withdrawal capacity of the screw is smaller than characteristic tensile capacity
thus it governs
Mean capacity of the
connection:

R2D.Rmean ≔ 4 ⋅ Fax.α.mean ⋅ cos (α) = 18.906 kN
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Variant 4
Strength values of C30 are used to somehow take into account the mean wood shear
strenght
Wood mean shear strength:

N
fv.mean ≔ 4.5 ――
2
mm

Glue area:

A ≔ 100 mm ⋅ 188 mm = 0.019 m

Strength of the glue bond:

Rτ.mean ≔ 2 ⋅ fv.mean ⋅ A = 169.2 kN

2

Comparison of hand and
numerical values:
120 kN
= 0.709
―――
Rτ.mean

Figure 1. Uneven stress distribution in the glue bond with a load of 120kN.

Page 9 of 9

APPENDIX 8

Variant 6
In publication: R J Schmidt, C E Daniels, Design considerations for mortise and tenon
connections, Departiment of Civil and Achitectural Engineering University of Wyoming
Laramie, Technical report, 1999
The following formula was proposed to calculate the strength of a wood dowel connection
failing with shear failure of the dowel.

Diameter of fastener:

d ≔ 12 mm

Shear capacity of a dowel

N
τc ≔ 6 ――
2
mm

Number of dowels:

n≔3

The load bearing capacity of
the connection:

n ⋅ π ⋅ d τc
Fmean ≔ ――――
= 2.036 kN
4

2

