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 summary

Due to recent developments traditional timber structures have becoming increasingly 
more popular since the beginning of the 21th century. Traditional timber structures 
have long been used, and the present existence of some of these century old structures 
proves the durability of this building method. Unfortunately, traditional timber struc-
tures are referred to as a niche market by national codes and most of the building 
guide lines. This results into confusion for architects and engineers who want to design 
new traditional timber structures. The lack of knowledge regarding the mechanical 
behaviour of traditional timber structures has a negative effect on the its popularity. 
Consequently, more research is needed to increase the knowledge. Portal frames are 
commonly used within these structures to provide the lateral stability. Unfortunately, 
not much is known regarding the mechanical behaviour of these frames. 

Traditional timber frames are build using fresh cut wood, which is characterized by a 
high moisture content. The wood dries after the assemblage of the structure, which 
results into a change of the mechanical behaviour of the structure A decrease in mois-
ture content results into shrinkage of the wood. The magnitude of shrinkage largely 
depends on the direction in which the shrinkage is measured. Shrinkage in tangential 
direction is affected mostly by changes in moisture content, followed by shrinkage in 
radial direction, and finally shrinkage in longitudinal direction. Changes in moisture 
content also have a major influence on the stiffness and strength of wood. During the 
research the relation between the moisture content and several mechanical properties 
is investigated. These mechanical properties are: the compressive strength and stiff-
ness parallel to the grain, the compressive strength and stiffness perpendicular to the 
grain, and finally the shear strength parallel the grain. All the investigated mechanical 
wood properties show a remarkable increase in magnitude when the moisture content 
is decreased.
     
Individual pegs were tested to determine the cross grain shear strength and stiffness, 
and the bending stiffness of these pegs. The cross grain shear stiffness and strength 
decreased with an increased shear span. Where shear span refers to the distance at 
each shear plane over which the peg shows deformation. The bending stiffness when 
loaded in radial direction proved to be higher compared to the stiffness when loaded in 
tangential direction. The bearing stiffness of the wood is investigated at different grain 
angles to determine the behaviour of the wood surrounding the pegs inside the con-
nections. No significant changes are found between the bearing stiffnesses at 38 de-
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grees to the grain and 52 degrees to the grain. The bearing stiffness at 90 degrees, 
however, proves to be somewhat higher. The bearing stiffness at zero degrees proves to 
be somewhat lower. The bearing stiffnesses at 0, 38, 52, and 90 degrees are used to-
gether with the peg properties to model the behaviour of a mortise and tenon connec-
tion using a spring model. The stiffness of the connection is in this model considered 
equal to the sum of the component stiffnesses. Based on this model the peg stiffness 
is governing regarding the stiffness of the whole connection.    

Full-size mortise and tenon connections were tested to investigate the behaviour of 
these connections in relation to the moisture content. The stiffness of the full-size mor-
tise and tenon connections subjected to compression loading show no significant 
changes in stiffness when the moisture content is changed. The obtained results are 
used to validate the stiffnesses determined using the previously mentioned spring 
model. The spring model proves to be valid. Furthermore, several mortise and tenon 
connections were subjected to tensile loading, to investigate the behaviour of the 
brace-connections at the tension side of the frame. These specimens were only tested 
in dry state. Consequently, no relation could be described between the moisture con-
tent of the wood and the pull-out properties of these connections.  

Individual beam-column connections with diagonal brace were subjected to compres-
sive loading. During these tests deformations of the connections and the individual 
elements were measured. An energy-0deformation function is formulated for each of 
the connections and elements. Based on the obtained results and the proposed energy-
deformation functions the internal energy within the system is determined. The inter-
nal energy is compared to the external energy introduced by the subjected loading 
using an energy equilibrium. The internal energy approximates the external energy 
rather closely. This proves the validity of the proposed energy-deformation functions. 
The stiffnesses of the connections are described by the second derivation of the ener-
gy-deformation functions. The spring stiffnesses which store a relatively low amount 
of internal energy are considered negligible. Consequently, the proposed mechanical 
model of the beam-column connections comprises only one axial spring parallel to the 
column at the location of the wedge, and one axial spring parallel to the brace at the 
location of each of the brace-connections. Furthermore, only deformations caused by 
bending of the elements are considered relevant; shear deformations within the ele-
ments are neglected.
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A mechanical model is proposed to model the behaviour of a portal frame. Due to lat-
eral in-plane loading one of the braces is subjected to compression, while the other 
brace is subjected to tension. The side of the frame which comprises the compressed 
brace is referred to as the compression side; the side which comprises the tensed brace 
is referred to as the tension side of the frame. The proposed mechanical model for a 
beam-column connection is used to create the mechanical model for a whole frame. 
The stiffnesses at the compression side are considered the same as stiffnesses of a 
beam-column connection subjected to compressive loading. The stiffness of the brace-
connections at the tension side of the frame are determined using the results of indi-
vidually tested mortise and tenon connections subjected to tensile loading. The stiff-
ness of the wedge connection at the tension side is considered the same as at the 
compression side of the frame. Failure of the frame is accounted by using a maximal 
allowable elongation of the brace at the tension side. The maximal elongation is de-
rived from the pull-out deformation of individually tested mortise and tenon connec-
tions. Cracking of the mortise housing at the brace-connections is considered to be the 
governing failure mode for the frame investigated in this research.        

The proposed mechanical model is simulated using the computer program Scia 
Engineer. Two computer models are made. One with the properties of a frame tested in 
green state and one with the properties of a frame tested in dry state. The computer 
model which simulates the frame in green state shows greater deflections in compari-
son to the model which simulates the frame in dry state. Consequently, a frame in dry 
state is considered to be stiffer than a frame in green state. The computer model simu-
lating the frame in green state, however, shows a higher ultimate failure load than the 
model which simulates the frame in dry state. Consequently, a frame in green state is 
considered to be stronger than a frame in dry state. The properties of the frame in 
green state are combined with the maximal allowable elongation of the brace in dry 
state. As a result, the two governing situation are combined into one model. This con-
servative model can be used as guidance when designing a portal frame.   
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 samenvaTTing

Dankzij recente ontwikkelingen zijn traditionele houtconstructies sterk in populariteit 
gestegen sinds het begin van de 21e eeuw. Traditionele houtconstructies zijn eeuwen 
lang gebruikt en het bestaan van sommige van deze eeuwenoude constructies bewijst 
de duurzaamheid van deze bouwmethode. Desondanks wordt de traditionele hout-
bouw binnen de normen en richtlijnen aangeduid als niche markt. Zodoende heerst er 
een gebrek aan houvast wat leidt tot verwarring bij de architecten en constructief ont-
werpers. Het gebrek aan kennis met betrekking tot het mechanische gedrag van tradi-
tionele houtconstructies heeft een negatief effect op de populariteit van dit type con-
structies. Zodoende is meer onderzoek gewenst om hierin verandering te brengen. 
Voor veel traditionele houconstructies worden portalen gebruikt voor het waarborgen 
van de zijdelingse stabiliteit. Helaas is slechts weinig kennis aanwezig met betrekking 
tot het mechanische gedrag van deze portalen. Dit onderzoek is gestart om deze kennis 
te vergroten. 

Traditionele houtconstructies worden gebouw met vers gekapt hout. Dit hout wordt 
gekenmerkt door een hoog houtvochtgehalte. Na de montage van de constructie be-
gint het hout te drogen. Dit leidt tot een verandering in het mechanische gedrag van 
de constructie. Drogen leidt tot een daling van het houtvochtgehalte, wat leidt tot 
krimp. De mate van krimp is sterk afhankelijk van de richting in welke gemeten wordt. 
Tangentiële krimp wordt het meest beïnvloed door verandering in het houtvochtge-
halte, gevolgd door radiale krimp. Krimp in de lengte richting wordt slecht minimaal 
beïnvloed. Daarnaast leidt een daling van het houtvochtgehalte tot een verandering in 
stijfheid en sterkte van het hout. In dit onderzoek is onder meer de relatie tussen het 
houtvochtgehalte en de mechanische eigenschappen van het hout onderzocht. Het 
betreft hier de druksterkte en stijfheid parallel aan de vezelrichting, de druksterkte en 
stijfheid loodrecht aan de vezelrichting en daarnaast de schuifsterkte parallel aan de 
vezelrichting. Alle gemeten mechanische eigenschappen nemen sterk in grootte toe 
wanneer het houtvochtgehalte daalt.     

Houten pennen zijn afzonderlijk getoetst om de afschuifsterkte en de buigsterkte te 
bepalen. De afschuifsterkte en buigsterkte nemen af naarmate de afschuifafstand 
werd vergroot. De afschuifafstand verwijst in dit geval naar de afstand tussen de twee 
afschuifvlakken waarover vervorming plaatsvindt. De gemeten buigstijfheid is in alle 
gevallen hoger wanneer is belast in radiale richting in vergelijking tot wanneer is be-
last in tangentiele richting. De draagstijfheid van het hout is onderzocht bij verschil-
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lende hoeken met de vezelrichting om zodoende het gedrag te bepalen van het hout te 
bepalen wat de pen omringt. Geen significante verandering in draagstijfheid zijn waar-
genomen wanneer de hoek met de vezelrichting is vergroot van 38 graden naar 52 gra-
den. De draagstijfheid bij een hoek van 90 graden geeft een ietwat lagere waarde ter-
wijl de draagstijfheid bij een hoek van 0 graden iets hoger uitkomt. De draagstijfheid 
bij een hoek van 0, 38, 52 en 90 graden in combinatie met de stijfheid van de pen zijn 
gebruikt om de stijfheid van pen-en-gat verbinding te benaderen, gebruik makende 
van een veermodel. De stijfheid van de gehele verbinding is in dit model gelijk geacht 
aan de som van de afzonderlijke component stijfheden. De stijfheid van de pen blijkt 
maatgevend wanneer gebruik is gemaakt van dit model. 

Afzonderlijke pen-en-gat verbindingen zijn getest op druk om de relatie tussen het me-
chanische gedrag en het houtvochtgehalte te onderzoeken. De pen-en-gat verbindin-
gen vertonen geen significante veranderingen in stijfheid wanneer het houtvochtge-
halte veranderd. De stijfheden van de afzonderlijk getoetste pen-en-gat verbindingen 
zijn gebruikt om de stijfheden verkregen met behulp van het veermodel te valideren. 
Uit de verkregen resultaten blijkt dat het veermodel overeenkomt met de testwaarden, 
wat de validiteit van het veermodel waarborgt. Daarnaast zijn meerdere pen-en-gat 
verbindingen getest op trek om het uitscheurgedrag van de schoorverbindingen aan 
de trekzijde van een frame te benaderen. Deze proeven zijn alleen uitgevoerd bij een 
laag houtvochtgehalte. Zodoende is geen relatie beschreven tussen het uitscheurge-
drag en het houtvochtgehalte.    

Kolom-ligger verbindingen met schoor zijn afzonderlijk getoetst op druk. Gedurende 
deze tests zijn de vervormingen van de elementen en de verbindingen gemeten. Een 
energie-vervormingsfunctie is opgesteld voor elk van deze verbindingen en elementen. 
Met behulp van deze functie en de gemeten vervormingen is vervolgens de interne 
energie per element en verbinding bepaald. De interne energie is  vergeleken met de 
externe energie met behulp van een energiebalans. De externe energie is in dit geval 
geïntroduceerd door de opgelegde belasting. Uit de resultaten blijkt dat het totaal van 
de interne energie de externe energie relatief dicht benaderd. Hieruit blijkt de validiteit 
van de geformuleerde energie-vervormingsfuncties. De stijfheden volgen uit de twee-
de afgeleide van de energie-vervormingsfuncties. Verbindingsstijfheden welke een re-
latief lage interne energie bevatten zijn verwaarloosbaar geacht. Deze zijn dan ook niet 
meegenomen in het opgestelde mechanische model. Aan de hand van deze aanpak 
bevat het mechanisch model één axiale veer parallel aan de kolom ter plaatse van de 
wigverbinding en één axiale veer parallel aan de schoor ter plaatse van elke schoorver-
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binding. Daarnaast is alleen buiging van de elementen in rekening gebracht. 
Dwarskrachtvervormingen van de elementen zijn verwaarloosd geacht. 

Een mechanische model is ontwikkeld om het mechanische gedrag van een portaal te 
benaderen. Ten gevolge van een zijdelings opgelegde belasting in het vlak van een por-
taal wordt één schoor belast op druk en de ander op trek. De zijde van het portaal met 
de schoor belast op druk wordt aangeduid als de drukzijde. De zijde van het portaal 
met de schoor belast op trek wordt aangeduid als de trekzijde. Het eerder opgestelde 
mechanisch model voor een afzonderlijk kolom-ligger verbinding belast op druk is ge-
bruikt om een mechanisch model op te stellen voor een volledig frame. De stijfheden 
aan de drukzijde van het portaal zijn gelijk geacht aan de stijfheden van de afzonder-
lijke kolom-ligger verbinding belast op druk. De stijfheden van de schoorverbindingen 
aan de trekzijde van het portaal zijn bepaald aan de hand van de afzonderlijk geteste 
pen-en-gat verbindingen belast op trek. De stijfheid van de wigverbinding aan de trek-
zijde van het portaal is hetzelfde geacht als de stijfheid van de wigverbinding aan de 
drukzijde van het portaal. Daarnaast is gebruik gemaakt van een maximaal toelaatbare 
verlenging van de schoor aan de trekzijde van het portaal. Wanneer deze wordt over-
schreden scheurt de zwakste schoorverbinding uit. Het uitscheuren van het hout in de 
kolom is is in dit geval het meest waarschijnlijk geacht.   
 
Het ontwikkelde mechanisch model is gemodelleerd met behulp van het computerpro-
gramma Scia Engineer. Twee modellen zijn vervaardigd. Het eerste model bevat de ei-
genschappen van een portaal met een hoog houtvochtgehalte. Het tweede model be-
vat de eigenschappen van een portaal met een laag houtvochtgehalte. Het model met 
een hoog houtvochtgehalte beschrijft grotere zijdelingse uitwijkingen in vergelijking 
met het model met een laag houtvochtgehalte. Het model met een hoog houtvochtge-
halte vertoont echter een hogere bezwijklast in vergelijking tot het model met een 
laag houtvochtgehalte. Aan de hand van deze informatie is een portaal met een laag 
houtvochtgehalte stijver dan een portaal met een hoog houtvochtgehalte. Aan de hand 
van dezelfde informatie is een portaal met een hoog houtvochtgehalte echter sterker 
dan een portaal met een laag houtvochtgehalte. De eigenschappen van een portaal 
met een hoog houtvochtgehalte zijn gecombineerd met de maximaal toelaatbare ver-
lening van de schoor bij een laag houtvochtgehalte. Zodoende zijn de meest maatge-
vende factoren van beide situaties gecombineerd in één model. Dit conservatieve mo-
del kan vervolgens worden gebruikt voor het ontwerpen van een portaal in een 
traditionele houtconstructie.      
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 Zusammenfassung

Aufgrund der jüngsten Entwicklungen wurden die traditionellen Holzkonstruktionen 
seit Beginn des 21. Jahrhunderts immer beliebter. Traditionelle Holzkonstruktionen 
werden seit vielen Jahren benutzt und die anhaltende Existenz dieser jahrhundertal-
ten Strukturen bestätigt die Haltbarkeit dieser Bauweise. Nicht selten werden diese 
traditionellen Holzkonstruktionen von nationalen Codes und Gebäude -und 
Führungslinien als ein Nischenmarkt bezeichnet. Dies führt zu Verwirrung für 
Architekten und Ingenieure , die neue traditionelle Holzkonstruktionen entwerfen 
möchten . Der Mangel an Wissen über das mechanische Verhalten von traditionellen 
Holzkonstruktionen hat einen negativen Effekt auf seine Beliebtheit. Folglich ist weite-
re Forschung notwendig um dieses Fachwissen zu erweitern. Portalrahmen werden 
üblicherweise in diesen Strukturen verwendet werden, um die seitliche Stabilität zu 
garantieren. Bisher ist leider nicht viel über das mechanische Verhalten dieser Rahmen 
bekannt.

Traditionelle Holzrahmen werden aus frisch geschnittenem Holz hergestellt, welches 
durch einen hohen Feuchtigkeitsgehalt gekennzeichnet ist. Das Holz trocknet nach der 
Montage der Struktur, welches zu einer Änderung des mechanischen Verhaltens der 
Struktur führt. Eine Verringerung des Feuchtigkeitsgehalts führt zum Schrumpfen des 
Holzes. Das Ausmaß der Schrumpfung hängt weitgehend von der Richtung ab, in der 
die Schrumpfung gemessen wird. Eine Schrumpfung in tangentialer Richtung wird 
hauptsächlich durch eine Veränderungen der Feuchtigkeit verursacht, gefolgt von 
Schrumpfung in radialer Richtung  und schließlich in Längsrichtung. Veränderungen 
des Feuchtigkeitsgehalt haben zusätzlich einen großen Einfluss auf die Steifigkeit und 
Festigkeit des Holzes. Diese Studie untersucht die Beziehung zwischen dem 
Feuchtigkeitsgehalt und mehreren mechanischen Eigenschaften. Diese mechanischen 
Eigenschaften sind: die Druckfestigkeit und Steifigkeit parallel zur Faser , die 
Druckfestigkeit und Steifigkeit senkrecht zur Faser und schließlich die Scherfestigkeit 
parallel zur Faser. Alle untersuchten mechanischen Holzeigenschaften zeigen eine be-
merkenswerte Zunahme der Größe , wenn der Feuchtigkeitsgehalt verringert wird .

Einzelne Holzdübel wurden getestet um die Querfaser Scherfestigkeit und Steifheit 
sowie die Biegesteifigkeit dieser Dübel zu bestimmen. Der Querfaser Schersteifigkeit 
und Festigkeit verringert sich bei Zunahme der Scherspanne . Die Scher- Spanne be-
zieht sich auf den Abstand an jeder Scherebene bei der die Dübel eine Verformung 
vorzeigen . Die Biegesteifigkeit mit Belastung in radialer Richtung erwies sich als höher 
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im Vergleich zu der Steifigkeit in tangentialer Richtung. Die Lagersteifigkeit des Holzes 
wurde in unterschiedlichen Faserwinkeln untersucht, um das Verhalten des Holzes, 
welches die Dübel umgibt, zu bestimmen. Es wurden keine signifikanten Veränderungen 
zwischen den Lagersteifigkeit bei 38 Grad und 52 Grad zu der Holzfaser festgestellt 
werden. Die Lagersteifigkeit nahm bei 90 Grad etwas zu und verringerte sich bei null 
Grad. Die Lagersteifigkeiten bei 0 , 38 , 52 und 90 Grad werden zusammen mit den 
Dübel Eigenschaften verwendet, um das Verhalten einer Schlitz-und Zapfenverbindung 
mit Hilfe eines Federmodell zu modellieren. Die Steifigkeit der Verbindung in diesem 
Modell entspricht der Summe der Bauteilsteifigkeiten. Dieses Modell der Dübel 
Steifigkeit repräsentiert die Steifigkeit der gesamten Verbindung .
    
Full-Size- Schlitz- und Zapfenverbindungen wurden getestet, um das Verhalten dieser 
Verbindungen in Bezug auf den Feuchtigkeitsgehalt zu untersuchen . Die Steifigkeit der 
Full-Size Schlitz-und Zapfenverbindungen bei Druckbelastung  zeigen keine signifikan-
ten Veränderungen in der Steifigkeit , wenn der Feuchtigkeitsgehalt geändert wird. Die 
dadurch erhaltenen Ergebnisse werden verwendet, um die Steifigkeit mit Hilfe des 
Feder Modellzu bestätigen. Das Spring -Modell wird gültig erklärt. Zusätzlich wurden 
mehrere Schlitz- und Zapfenverbindungen Zugbelastungen ausgesetzt , um das 
Verhalten der Klammer - Verbindungen an der Zug Seite des Rahmens zu untersuchen 
. Diese Proben wurden nur im trockenem Zustand getestet. Folglich konnte keine 
Beziehung zwischen dem Feuchtigkeitsgehalt des Holzes und der Pull -out 
-Eigenschaften dieser Verbindungen hergestellt werden.

Einzelstrahl-Säulen- Verbindungen mit Diagonalstrebe wurden Druckbelastung unter-
zogen. Während dieser Tests konnten Verformungen der Verbindungen und der einzel-
nen Elemente gemessen werden. Eine Energie 0deformation Funktion wird für jede der 
Verbindungen und Elemente formuliert . Basierend auf den erhaltenen Ergebnissen 
und den vorgeschlagenen Energie Verformung Funktionen werden die inneren Energien 
innerhalb des Systems bestimmt. Die innere Energie wird mit der externe Energie ver-
glichen und durch ein Energiegleichgewicht belastet. Die innere Energie nähert sich 
der externen Energie weitgehend an. Dies beweist die Wirksamkeit der vorgeschlage-
nen Energie - Verformung -Funktionen. Die Steifigkeiten der Verbindungen werden 
durch die zweite Ableitung der Verformungsenergie- Funktionen beschrieben . Die 
Federsteifigkeiten , die eine relativ geringe Menge der inneren Energie speichert, wird 
als unwesentlich angesehen . Folglich umfasst das vorgeschlagene mechanische Modell 
der Strahlsäule Verbindungen nur eine axiale Feder parallel zu der Säule an der Stelle 
des Keiles und eine axiale Feder parallel zu der Klammer an der Stelle von jeder der 
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Streben- Verbindungen. Darüber hinaus werden nur Verformungen durch Biegen der 
Elemente als relevant angesehen; Schubverformungen innerhalb der Elemente werden 
nicht beachtet.

Ein mechanisches Modell wird vorgeschlagen , das Verhalten der Portalrahmen zu mo-
dellieren. Durch seitliche Belastung in der Ebene wird einer der Streben einer 
Kompression ausgesetzt, während die andere Strebe auf Zug gebracht wird. Die Seite 
des Rahmens , die die Druckstrebe aufweist , wird als Druckseite bezeichnet wobei die 
Seite die eine gespannten Strebe aufweist , als der Spannungsseite des Rahmens be-
zeichnet wird. Das vorgeschlagene mechanische Modell für einen Strahl - Säule 
-Verbindung wird verwendet , um das mechanische Modell für einen gesamten Rahmen 
zu erstellen. Die Steifigkeiten der Kompressionsseite werden gleichwertig angesehen 
wie die Steifigkeiten einer Strahlsäule Verbindung unter Druckbelastung. Die Steifigkeit 
der Streben- Verbindungen an der Spannseite des Rahmens wurden mit Hilfe der 
Ergebnisse der einzeln getestet Zapfenverbindungen unter Zugbelastung bestimmt. 
Die Steifigkeit der Keilverbindung an der Zugseite ist gleichwertig zu der Druckseite 
des Rahmens. Ein Versagen des Rahmens unter Verwendung einer maximal zulässigen 
Dehnung der Strebe an der Spannseite  wurde berücksichtigt. Die maximale Dehnung 
wird von der Auszugs Verformung der einzeln getestet Zapfenverbindungen abgeleitet 
. Ein Brechen des Einsteckschloss Gehäuses an den Streben Verbindungen wird als lei-
tender Fehlermodus des Rahmens  in dieser Forschung untersucht werden.
 
Die vorgeschlagene mechanische Modell wird mit dem Computerprogramm Scia 
Engineer simuliert. Zwei Computer- Modelle wurden angefertigt. Ein Modell mit den 
Eigenschaften von einem Rahmen in Grünzustand und ein Modell mit den Eigenschaften 
eines Rahmens in trockenem Zustand. Das Computermodell , das den Rahmen in 
Grünzustand simuliert, zeigt größere Auslenkungen im Vergleich zum Modell , die den 
Rahmen im trockenen Zustand simuliert . Folglich wird ein Rahmen im trockenen 
Zustand als steifer als ein Rahmen in grünen Zustand sein . Das Computermodell simu-
liert den Rahmen in Grün-Zustand jedoch zeigt es eine höhere Last als endgültiges 
Scheitern des Modells , die den Rahmen im trockenen Zustand simuliert . Demzufolge, 
wird ein Rahmen im grünen Zustand stärker sein als ein Rahmen im trockenen Zustand. 
Die Eigenschaften des Rahmens in grünen Zustand werden mit der maximal zulässigen 
Dehnung der Strebe in trockenem Zustand. Infolgedessen werden beiden Situation zu 
einem Modell kombiniert. Dieses konservative Modell kann als Orientierung bei der 
Gestaltung einer Portalrahmen verwendet werden. 
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 preface

This thesis describes the method and the results of an experimental research conduct-
ed to investigate the mechanical behaviour of traditional portal frames. This paper is 
the second in line of three, which together form my graduation work. The first paper 
describes the results of a literature review regarding the mechanical behaviour of tra-
ditional timber structures. This paper describes the method to create a mechanical 
model which approximates the behaviour of a traditional portal frame. The third and 
last paper presents all the experimental tests data obtained during the research. These 
papers are presented to increase the knowledge of traditional timber structures, with a 
special focus on the mechanical behaviour of portal frames.  

The farm I grew up contains a 19th century barn, built in the old timber frame style. The 
structure of this barn has always fascinated me and has contributed to my personal 
interest in traditional timber structures. I want to thank my supervisors for giving me 
the opportunity of combining my graduation project with my interest for traditional 
timber structures. I also want to thank Assink B.V. for the production of necessary spec-
imens. Furthermore, I want to thank the employees of the Pieter van Musschenbroek 
laboratory for their assistance during the experimental research.
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AbstrAct /
this chapter gives an introduction into the research 
described in this thesis. Firstly, the background of 
traditional timber framing is described, discussing 
its history and the view on traditional timber fram-
ing as a building method in the present. secondly, 
the motivation of the research is presented fol-
lowed by the objective of the research. Finally, the 
scope and the structure of the thesis are given. 
Also, several terms are defined which are used 
throughout this paper. 

 –
 1 . inTroducTion

1
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 1.1 background
Traditional timber framing is one of the oldest known building methods, which has 
been used since long before Christ. Some of the buildings build by this method are still 
in service today, such as the Golden Hall (679 AD) and the Pagoda (693 AD) at the Joryuji 
Temple near Nara (Benson and Gruber, 1980). During the middle ages traditional tim-
ber structures were common all over Europe. Traditional timber framing as building 
method was abandoned in some urban areas, due to big fires in some of Europe’s capi-
tal cities. This led to a small decrease in the popularity of traditional timber structures 
(Hurst, n.d.). During the second half of the 19th century new timber building methods 
arose which further decreased the popularity of traditional timber structures. 
Nonetheless, traditional timber framing remained a common building method until 
the middle of the 20th. At that time traditional timber framing was replaced by other 
building methods, due to the necessity of high skilled labour and increased labour 
costs. During the 1970s traditional timber framing experienced its revival. First tradi-
tional timber framing was mainly used for restorations and renovations. After several 
years, however, also new traditional timber structures were built. Nonetheless, tradi-
tional timber structures are still considered as a niche market at the beginning to the 
21th century. Traditional timber framing increases in popularity, due to recent develop-
ments, such as the usage of well-maintained forests, three-dimensional design soft-
ware, and the use of CNC controlled production machines. Consequently, traditional 
timber structures are produced cheaper, quicker, and more precise in comparison to 
those fabricated in the past. Furthermore, the aesthetics of these structures is widely 
appreciated, due to its rich history.     

The existence of many of century old traditional timber structures proofs the durability 
and safety of these structures. Some of these structures are even still in service. The 
previously described  developments might generate a considerable increase in demand 
for these type of structures. Unfortunately, an increase in demand is unlikely as long as 
building codes are incomplete regarding the mechanical behaviour of those structures. 
Structural engineers and architects cannot simply refer back to old connection diame-
ters of comparable buildings, because live loads and timber quality might differ from 
those centuries ago. Therefore, more research is needed to propose new design rules in 
order to safely construct new designed traditional timber structures.  

1
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 1.2 moTivaTion
Environmental issues play an increasingly more important role within the building in-
dustry. Timber structures are at this moment less common than structures made out of 
steel or concrete. However, the infinite resources of timber and the relatively low pro-
duction costs might increases the competitiveness of timber structures. Especially 
since steel structures are becoming more expensive due increased energy prices. Also, 
concrete structures are becoming less popular due to low degree of adaptability. The 
percentage of timber within the building industry is therefore expected to increase at 
the expense of concrete and steel. 

The most common timber frame methods are glue-laminated timber building, light 
weight timber framing, and traditional timber framing. Until now traditional timber 
framing is the most uncommon of those three. However, the production costs of tradi-
tional timber structures have decreased considerably, as previously described in para-
graph 1.1.  These lower costs in combination with the widespread appreciation for its 
aesthetics might result into a considerable increase in popularity of traditional timber 
structures. 

 1.3 objecTives
The objective of this research is to gain more insight in the mechanical behaviour of 
portal frames. Portal frames are commonly used in traditional timber structures to pro-
vide lateral stability. Mechanical models have been proposed by Bulleit et al. (1996),  
Bulleit et al. (1999), Schmidt and Daniels (1999), and (Erikson and Schmidt, 2003) to 
approximate the behaviour of elements within a frame or to approximate the behav-
iour of the frame as a whole. This information is combined with information presented 
by Hamer (2013). This results into a proposed mechanical model which approximates 
the behaviour of a portal frame. The stiffnesses of the springs in the model are, how-
ever, still unknown. Consequently, experimental research is needed to determine those 
stiffnesses and to validate the proposed model. Several specimens have been investi-
gated during the experimental research. All specimens are made out of European Oak, 
since this is the most common wood specie used for traditional timber structures build 
in Europe.
 
Traditional timber framing is characterized by the usage of green timber. Green timber 
in this case refers to fresh cut wood, characterized by a moisture content above the fi-
bre saturation point. Drying of the wood occurs when the structure is already assem-
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bled. This results into shrinkage, internal stresses, changes in mechanical properties, 
and loosening of connections, as described by Dinwoodie and Desch (1996) and Hamer 
(2013). These effects affect the mechanical behaviour of the portal frame. It is, however, 
uncertain which situation is governing. Therefore, two main series of specimens have 
been investigated referred to as ‘green’ and ‘dry’. ‘Green’ in this case refers to a moisture 
content close to 65 per cent, which is well above the fibre saturation point of European 
Oak. ‘Dry’ refers to a moisture content of approximately 20 per cent, which is lower 
than the fibre saturation point of European Oak presented in the literature. Stiffnesses 
are determined using the test data and an performed energy analysis. Eventually the 
governing situation is determined using the proposed model and the obtained stiff-
nesses.   

Thus, a mechanical model is derived which approximates the mechanical behaviour of 
a frame in the governing situation. Caution should be taken in the direct use of the 
obtained results, due to the small number of test specimens and the relatively large 
scatter characteristic for most wood properties. Larger numbers of specimens can be 
investigated in the future using the same approach. This might result into a reliable 
mechanical model to approximate the mechanical behaviour of a portal frame. Such a 
model can eventually be used to determine the mechanical behaviour of traditional 
timber structures when subjected to lateral loading.  

 1.4 organizaTion of Thesis
This thesis gives an overview of the experimental research conducted in the Pieter van 
Musschenbroek laboratory. The thesis is divided into four main parts. Each of these 
parts is divided into several chapters. The structure of this thesis is schematized by the 
model shown in figure 1-1 (next page). 
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 Figure 1-1: structure of the thesis

As can be seen in the figure, the first main part discusses literature, preceded by the 
introduction. Furthermore, the research questions are formulated in this part. The sec-
ond part of the thesis describes the experimental research. Each of the chapter within 
this section describes one type of test. All chapters in this part are constructed in simi-
lar way. In the first paragraph an introduction is given, describing the reason to conduct 
this test. The second paragraph reviews the test setup, describing the tested specimens 
and the apparatus used during testing. The third paragraph describes the objective of 
the test. In this paragraph definitions of the desired data are given and also the way in 
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which these data are obtained from the observed data. In the fourth paragraph direct 
results are presented. For tests with many specimens the obtained results are present-
ed by vertical box-plots. For tests with a smaller number of specimens the obtained 
results are individually presented by diagrams with cross-hairs. In the following para-
graph the obtained results are compared to data presented in literature to check their 
validity. The last paragraph describes the main results and the conclusions drawn on 
the data presented in the particular chapter.   

The third part of this thesis describes the analysis. This analysis is used to determine an 
energy-deformation function for each of the connections. These functions are subse-
quently used to determine the spring stiffness per connection. Eventually the mechan-
ical behaviour of a portal frame is approximates by the proposed mechanical model 
and the derived stiffnesses. The fourth part describes the main results and the conclu-
sions of the research. In this part the research questions are answered. Furthermore, 
recommendations for further research are given. A list of terms can be found in the 
glossary. The variables used in this report are listed in the nomenclature.  The glossary 
and the nomenclature can be found at page 225 and 229 at the end of this thesis. 

To avoid confusion several terms are defined. Traditional timber structures refer to 
structures made of timber elements with relatively large cross-sections. This type of 
structures is characterized by the use of carpenter connections. Carpenter connections 
locally weaken the elements at the connection points. The connections are therefore 
weaker than the relatively stiff elements. Portal frames are commonly used in these 
structures to provide lateral stability. In this research a portal frame is defined as the 
combination of two columns, one beam, and two diagonal braces; with one brace in 
each corner. When the portal frame is subjected to lateral in-plane loading one brace is 
subjected to compression, while the other is subjected to tension. The side of the portal 
frame which comprises the brace subjected to compression is referred to as the com-
pression side of the frame. The side which includes the brace subjected to tension is 
referred to as the tension side of the frame. The tension side and compression side are 
both shown in figure 1-2. Each side consists of three mortise and tenon connections. 
One of the mortise and tenon connections is fastened by a wedge, the other two by 
pegs. To avoid confusion the mortise and tenon connection fastened by a wedge is fur-
ther referred to as a wedge connection. The mortise and tenon connections connected 
by pegs, connecting the brace to the beam and column, are referred to as brace-connec-
tions. Individually tested specimens which comprise two side members and one middle 
member fastened by a peg are, however, still referred to as a mortise and tenon connec-
tion. 

introduction / 2 – 8
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 Figure 1-2: compression side and tension side 

The wedge connection connects the beam and the column. The beam is notched at its 
end and runs through a hole made in the column. This hole is referred to as the mortise 
hole. A wedge runs through the tenon at the beam’s end at the back side of the column, 
thereby fastening the connection. The brace is connected to the column and beam by a 
brace-connection connection at each end. The notched end of the brace is referred to as 
a tenon, which sticks into a mortise hole made in the column and beam. In contrary to 
the mortise hole of the wedge connection, this mortise hole does not run through the 
full depth of the element (beam or column). Both brace-connections are fastened by a 
wooden peg. This peg is tapered and orthogonally shaped. The individual elements and 
connections are illustrated in figure 1-3.

 (a)    (b)

 Figure 1-3: Beam-column connection: (a) assembled, (b) exploded view
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Several surfaces within the wedge connection and brace-connections play a major role 
in the behaviour of these connections. The contact surfaces within a wedge connection 
referred to as the top of the beam and the upper-side of the mortise hole are defined 
by figure 1-4 (a). The contact surfaces within the brace-connections are shown in figure 
1-4 (b).   

     
 (a)  

 (b)

 Figure 1-4: contact surfaces within the connections: (a) wedge connection,
  (b) column-brace connection

   

introduction / 2 – 8
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AbstrAct /
this chapter reviews information presented in liter-
ature which is used during the research. Firstly, the 
mechanical behaviour of a portal frame and the me-
chanical behaviour of parts within a frame is dis-
cussed. secondly, the relation between the moisture 
content and the mechanical behaviour of a portal 
frame is discussed. Finally, the energy method for 
structures as presented by El Naschie (1990) is de-
scribed.

TradiTional Timber sTrucTures  –  experimental research
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 2.1 mechanical model
A mechanical model is proposed by Hamer (2013) based on models presented by Bulleit 
et al. (1996),  Bulleit et al. (1999), Schmidt and Daniels (1999), and Erikson and Schmidt 
(2003) to approximate the mechanical behaviour of portal frames or parts of these 
frames. Several failure modes are described which show a direct relation with the ulti-
mate failure load of a portal frame. The ultimate failure load is also referred to as the 
strength of a frame. Failure is only assumed to appear at the tension side of the frame, 
referred by Hamer (2013) as the most plausible failure mode of a frame. Failure of the 
frame is described by a maximal allowable elongation of the brace at the tension side 
of the frame. This elongation is directly influenced by deformations in both brace-con-
nections prior to failure. Failure in this case refers to plug shear failure of the tenon or 
failure due to cracking of the mortise housing. The mechanical model for the compres-
sion side of the portal frame and the maximum allowable elongation of the brace are 
combined into the mechanical model illustrated in figure 2-1. According to Hamer 
(2013), the compression side of the frame is governing regarding the total stiffness of 
the frame. In this case the stiffness refers to the horizontal in-plane deflection of the 
frame. Unfortunately, no stiffnesses are presented by Hamer (2013). Therefore, the 
model does not yet serve any practical use. The stiffnesses are therefore determined in 
this research by conducting experimental research and the usage of an energy analy-
sis. 

 Figure 2-1: proposed mechanical model
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According to Schmidt and Daniels (1999), the stiffness of a mortise and tenon connec-
tion is the same as the sum of the component stiffnesses, as shown in figure 2-2. The 
stiffness of the brace-column connection and the brace-beam connection is deter-
mined using this model. The spring model, however, only applies for the brace-connec-
tions subjected to compression during clearance removal. The stiffness of the brace-
connections at which direct contact exists between the brace and the other main 
member (column or beam) is therefore determined using another approach. The same 
accounts for the brace-connections subjected to tensile loading. 

 Figure 2-2: mechanical model for a mortise and tenon connection

Each of the chapters in the second part of this thesis describe one type of test con-
ducted during the experimental research. These tests are used to describe following 
properties: the physical behaviour of wood, the mechanical behaviour of wood, the me-
chanical behaviour of the peg, the mechanical behaviour of the wood surrounding the 
peg, the mechanical behaviour of a full-size mortise and tenon connection, and finally 
the mechanical behaviour of a full-size beam-column connection subjected to com-
pression. The obtained results are used to setup an energy equilibrium model. The en-
ergy equilibrium is subsequently used to determine the individual spring stiffnesses 
within the mechanical models illustrated in figure 2-1 and figure 2-2. Figure 2-3 shows 
in which chapter each of the tests on the corresponding connection is described.  



14

 Figure 2-3: mechanical model with references to the corresponding chapters

 2.2 moisTure conTenT
As previously mentioned in paragraph 1.3, the moisture content has a major influence 
on the mechanical of a portal frame. Fresh-cut wood is used for the assembly of a 
frame. The situation just after assembling is referred to as the ‘green state’. The wood 
in this state is characterized by a high moisture content which is well above the fibre 
saturation point. The wood then starts drying. Eventually an equilibrium state is 
reached in which the wood shows no further decrease in moisture content and the 
moisture content of the wood is in equilibrium with the relative humidity of the sur-
rounding environment. The time to reach equilibrium strongly depends on the dimen-
sions of the elements within the structure and the conditions of the surrounding envi-
ronment. The equilibrium state is referred to as the ‘dry state’. During drying two 
contrary effects take place. The first effect describes an increase in strength and stiff-
ness of the wood. The second effect describes a decrease in connection stiffness due to 

literature review / 11 – 18



15

TradiTional Timber sTrucTures  –  experimental research

loosening caused by shrinkage of the wood (Hamer, 2013). The governing situation 
must be determined. This stiffnesses in this situation can subsequently be used to cre-
ate the most prevalent mechanical model. The effects during drying are schematized in 
the model shown in figure 2-4. 

 Figure 2-4: drying model

During the experimental research two main series were investigated. One series in 
green state, the other in dry state. Unfortunately, no specimens at other moisture con-
tents than green or dry are investigated, due to the small number of specimens. 
Therefore, the governing situation  complies with either the green state or the dry 
state. Further research is needed to ensure that the governing situation does not lie 
somewhere in between those two states. Within this thesis specimens with a low 
moisture content are referred to as dry. Based on the previously given definition, dry 
refers to a state in which the moisture content of the wood is in equilibrium with the 
relative humidity of the environment. This, however, does not comply with the speci-
mens investigated during the experimental research. Those specimens were tested at 
a moisture content close to 20 per cent. Based on the relative humidity of the surround-
ing environment, equilibrium is reached at a moisture content of approximately 12 per 
cent. The time to reach a moisture content of 12 per cent was considered too long. 
Therefore, specimens were tested at a moisture content of 20 per cent. The condition of 
the specimens is still referred to as dry, since this moisture content is still much lower 
than the moisture content of the specimens tested in green state (with a moisture 
content close to 65 per cent).      

2.3 energy analysis
As previously mentioned in paragraph 2.1, an energy analysis is used to determine the 
component stiffnesses in the mechanical model, using the data obtained during the 
experimental research. Another more common approach to determine the spring stiff-
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nesses within a system is the usage of the equilibrium method. Using this method all 
forces within the system are considered to be in equilibrium, since it is considered to be 
a static structure. The equilibrium-method, however, only provides a snapshot of the 
force distribution within the system. Consequently, multiple equilibrium states must 
be taken into account to analyse the behaviour of the structure from the start of the 
test up to failure. When using an energy analysis the distribution of energy is taken 
into account over the full length of the test. Therefore, only one analysis is needed. An 
energy analysis is therefore considered to be the most sufficient approach to deter-
mine the spring stiffnesses in the system.

The method used to describe an energy analysis is described by El Naschie (1990). The 
internal energy within a system must at all times be equal to the external energy 
within a system, as expressed by equation ( 2-1 ). In this research the internal energy 
within the system is considered equal to the external energy introduced by the lateral 
in-plane loading. The internal energy per connection or element is determined using 
the following approaches. The internal energy ‘Win’ stored within an element is deter-
mined using: the bending moment ‘M’, the shear force ‘Q’, and the axial force ‘N’ as a 
function of variable ‘x’ over the length of the element. The corresponding formula  as 
expressed by equation ( 2-2 ). The internal energy within the connections is determined 
using the estimated load transferred by the connection ‘P’ and the observed deforma-
tion ‘δ’, as expressed by equation ( 2-3 ). The external energy ‘Wex’ is determined by the 
subjected load ‘F’ and the observed displacement ‘Δ’.   

        ( 2-1 )

        ( 2-2 )

        ( 2-3 )

        ( 2-4 )

As previously described, an energy analysis is used to determine the internal and exter-
nal energy.  Conform equation ( 2-1 ) these energy values are combined into an energy 
equilibrium. The external energy is determined using directly measured values during 

literature review / 11 – 18
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the test, which results into a reliable data expressing the external energy. Therefore, 
the external energy is used as reference to validate the internal energy in the system. If 
equilibrium is indeed reached, energy-deformation functions used to determine the 
energy per connection are considered to be valid. The spring stiffnesses are described 
by the second derivative of the energy-deformation function.   
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AbstrAct /
this chapter describes the research questions of the 
research. Firstly, the main research questions are 
presented. these questions are based on the objec-
tive of the research, presented in paragraph 1.3. 
secondly, the research structure is presented. this 
structure shows the assumed relations between the 
variables which are investigated during the re-
search.

TradiTional Timber sTrucTures  –  experimental research
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 3.1 main research quesTion
The behaviour of a portal frame is modelled by a mechanical model as shown in figure 
2-1 and figure 2-2. Two sides are distinguished when the frame is subjected to lateral 
loading, referred to as the compression side and the tension side of the frame. As de-
scribed in paragraph 2.1 the compression side of the frame is considered governing re-
garding the stiffness of a frame. The tension side is considered governing regarding the 
strength of a frame. The main objective of this research is to determine the governing 
state, being green or dry, regarding the mechanical behaviour of a portal frame. In this 
case mechanical behaviour includes strength as well stiffness. As previously mentioned, 
the stiffness of a frame refers to the horizontal in-plane deflection. The strength of a 
frame refers to the ultimate failure load.   

 Research question
 Which state, being green or dry, is governing regarding the mechanical behaviour of  
 a traditional portal frame?

 Research sub-questions
 Which state is governing regarding the strength?
 Which stat is governing regarding the stiffness? 

 3.2 research sTrucTure
The relation between the mechanical behaviour of a portal frame and the moisture 
content of the wood is schematized in figure 3-1 (next page). The moisture content in-
fluences multiple variables which are all linked to the mechanical behaviour of a portal 
frame. The relation between the moisture content and the mechanical behaviour of 
the frame is investigated during the experimental research. Each of the main sections 
of the schematized model are discussed in a different chapter in the second part of this 
thesis. The results presented in these chapters are combined in chapter 12. The formu-
lated research questions are answered in this chapter using the presented results.    
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 Figure 3-1: mechanical behaviour of a portal frame in relation to the moisture content 
 of the wood
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AbstrAct /
this chapter gives an overview of the physical prop-
erties of European oak based on the obtained test 
results. Firstly, a short introduction is given which 
clarifies the necessity of the tests and the role of the 
obtained during the remainder of the research. 
secondly, the test setup and the necessary devices 
are described used during testing. thirdly, the re-
sults are presented followed by a discussion. Finally, 
the conclusions are given.  

TradiTional Timber sTrucTures  –  experimental research
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 4.1 inTroducTion
The intent of the tests is to obtain basic information regarding the physical properties 
of oak. The test data are compared with the data presented in literature. In the experi-
mental research the envelope density, the skeleton density and the amount of shrink-
age during seasoning  were determined. The envelope density refers to the density of 
the wood including the pores within the material. The skeleton density refers to the 
density of the wood by which only the vast material is taken into account. According to 
Dinwoodie and Desch (1996), the skeleton and envelope density can be related to most 
strength properties. Consequently, certain mechanical behaviour of the wood can be 
elucidated when both the skeleton and the envelope density of the wood are known. 
The test results related to shrinkage are used to predict the amount of shrinkage which 
occurs within the connections of a portal frame. The shrinkage data are used to deter-
mine the fibre saturation point. The fibre saturation point is defined by the moisture 
content at which the tested specimens first show dimensional changes, according to 
the theory presented in literature (Wiselius, 1997), (Dinwoodie and Desch, 1996), (Green, 
2001). Shrinkage occurs and the strength and stiffness of the wood increases when the 
moisture content reaches a moisture content lower than the fibre saturation point. As 
a result, this point plays a major role in the mechanical behaviour of portal frames. In 
this chapter the word ‘specimen’ refers to the pieces of wood which were used to deter-
mine the physical properties of the material. All other test pieces are described by their 
full names. 

 4.2 TesT meThod
This paragraph describes the test setups, apparatus, and building codes which were 
used to assess the amount of shrinkage, the envelope density, and the skeleton densi-
ty. 

 4.2.1 shrinkage
Six clear wood specimens were used to determine the amount of shrinkage in all di-
mensions. These specimens of 50 x 50 x 50 mm3 were cut of clear sections of the tested 
beam-column connections. The specimens were conditioned at 65 per cent relative hu-
midity and 21 degrees Celsius. The dimensions were measured weekly by using a digital 
calliper with an accuracy of 0,01 mm. After several weeks the moisture content in the 
specimens reached equilibrium at which the specimens were placed in the oven. The 
oven-dry weight was determined after two days. Together with the previously meas-
ured weights the moisture content was determined. The percentage of shrinkage over 
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time is determined by using the measured dimensions and the dimensions at green 
state. Finally, the moisture content is set out against the amount of shrinkage by which 
the total amount of shrinkage and the fibre saturation point is determined.

 4.2.2 envelope densiTy
One of the most important physical properties of oak which affects the mechanical 
properties is density. Envelope density 'ρenvelope' is the ratio of mass ‘m’ and volume ‘v’ 
expressed by equation ( 4-1 ). Volume refers to the volume of the wood including the 
cavities in the wood structure. 

        ( 4-1 )

The density represents not only the amount of wood substance but also the presence 
of both extractives and moisture. Moisture has a significant influence on the density of 
the wood. Consequently, specific gravity is more often used instead of density. In order 
to avoid confusion, the density is determined at a zero per cent moisture content. This 
density value equals the corresponding value of the specific gravity multiplied by the 
density of water (times 1000). The same specimens used to determine the amount of 
shrinkage were used to determine the envelope density. Shrinkage distorted the rec-
tangle shape. Therefore, the volume was determined by submerging the specimens in 
water and determining the mass of the replaced water. The weight of the specimens 
was determined by using a digital balance with an accuracy of 0,01 gr. 

 4.2.3 skeleTon densiTy
A piece of perfectly dried wood contains solid material and cell cavities. The solid mate-
rial exists of cell walls. The cell cavities contain gum and other substances. When using 
the envelope density the volume of both the cavities and the solid material is taken 
into account, which makes it impossible to determine the amount of cell cavities. When 
determining the skeleton density the volume of the cavities is not taken into account.
Therefore, the ratio between the cell cavities and the solid material can be calculated. 
This, however, also includes the mass of gum and other substances within the cell 
cavities. When the skeleton volume of the specimen and the average density of the 
substances is known, the ratio between the solid mass and the mass of the substances 
can also be determined by using the density of the cell wood material (1500kg/m3) as 
presented by Dinwoodie and Desch (1996).     
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The skeleton density ' ρskeleton' is the ration between mass ‘m’ and volume ‘v’ expressed 
by equation ( 4-2 ). Volume ‘v’ in this case refers to the volume of specimen’s vast mate-
rial, excluding the volume of the cavities inside the wood structure.  

        ( 4-2 )

The skeleton volume is determined using a pycnometer. This device determines the 
skeleton volume by penetrating the cell cavities with high pressured helium. After a 
certain time an equilibrium state is reached at which nearly all cavities are filled with 
helium. The skeleton volume is determined using the amount of helium in the volume. 
The exact process is not described in this paper, since it is rather complex and not of 
main importance. The same specimens were used as with the determination of the 
envelope density. However, the specimens were cut in smaller to smaller dimensions of 
30x30x50 mm3 to fit in the measuring volume of the pycnometer. The mass is again 
determined by using a digital balance with an accuracy of 0,01 gr.    

 4.3  resulTs

 4.3.1 shrinkage
The shrinkage in longitudinal, radial, and tangential direction is illustrated in figure 4-1. 
The figure shows that the shrinkage value is lowest for longitudinal shrinkage, higher 
for radial shrinkage, and highest for tangential shrinkage. The variation coefficient cor-
responding with longitudinal shrinkage, however, has a rather high value of 0,38. 
Consequently, the presented data related to longitudinal shrinkage are conisdered 
questionable. The variation coefficient corresponding with radial- and tangential 
shrinkage show lower values of 0,07 and 0,15. As a consequence, the data regarding 
radial and tangential shrinkage appear to be more reliable. Figure 4-2 illustrates the 
amount of shrinkage of the tested specimens during drying. According to the figure, 
shrinkage occurs from the very first moment of drying and increases even more at a 
moisture content of approximately 50 per cent. The detailed results regarding shrink-
age are listed in the data booklet. 

physical properties / 25 – 34
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 Figure 4-1: amount of shrinkage from green to oven-dry in longitudinal (l), radial (r), 
 and tangential (t) direction in percentage of the green dimension.

 

 Figure 4-2: amount of shrinkage in per cent of the green dimension
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 4.3.2 densiTy
Figure 4-3 shows an envelope density varying between 552 kg/m3 and 756 kg/m3. An 
average value of 642 kg/m3 is found, with a variation coefficient of 0,11. The skeleton 
density of the tested specimens varies between 1258 kg/m3 and 1380 kg/m3, with an 
average skeleton density of 1320 kg/m3 and a variation coefficient of 0,04. The pore ra-
tio is determined by using the ratio between the envelope volume (30 x 30 x 50 mm3) 
and the  skeleton volume. An average pore ratio of 53 per cent is measured, with a vari-
ation coefficient of 0,10. Detailed results regarding the envelope and skeleton density 
are presented in the data booklet. 

   Figure 4-3: density

 4.4 discussion

 4.4.1 shrinkage
The amount of shrinkage which can be expected when drying European oak from green 
state to 12 per cent moisture content varies conform literature (Dinwoodie and Desch, 
1996), (Wiselius, 1997) between 6,0 and 7,5 per cent for tangential shrinkage, and ap-
proximates 4,0 per cent for radial shrinkage. The tested specimens show 5,8 per cent  
tangential shrinkage and 1,8 per cent for radial shrinkage when drying from green state 
to 12 per cent moisture content. The same specimens showed 9,8 per cent tangential 
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shrinkage and 3,7 per cent radial shrinkage when dried from green state to oven-dry 
weight. According to the presented data, results are in agreement with data presented 
in the literature; although, in some cases showed somewhat lower shrinkage values are 
obtained. This, however, can be explained by the experimental scatter not unusual  for 
most wood properties. This scatter can be explained by the inhomogeneous structure 
of wood.       

Only Dinwoodie and Desch (1996) address the shrinkage in longitudinal direction. They 
mention a longitudinal shrinkage of less than 0,1 per cent for all wood species. Higher 
values can, however, be expected in juvenile wood. Figure 4-2 presents an average lon-
gitudinal shrinkage level of 0,2 per cent for the tested specimens. The corresponding 
variation coefficient is relatively high which questions the data related to longitudinal 
shrinkage. During the research dimensional changes were measured by using a digital 
calliper, with an accuracy of 0,01 mm. Nevertheless, flaws due to inaccuracy were al-
most impossible to prevent, since the total amount of dimensional change was no 
more than 0,1 mm in most cases. Hence, the presented data related to longitudinal 
shrinkage must be used with caution. 

The fibre saturation point is defined by the moisture content at which the tested spec-
imens first show dimensional changes. The graphs illustrated in figure 4-2 show shrink-
age right from the start. However, at a moisture content of approximately 50 per cent, 
the levels of shrinkage increase even more. This might be characterized as the fibre 
saturation point; although, it does show some remarkable differences in comparison to 
the fibre saturation point as described in the literature. Another option would be the 
non-existence of a fibre saturation point. Water bound to the cell wall and free water 
stored in the cell cavities are in this case released at the same time.      

 4.4.2 envelope densiTy
Densities presented in available literature vary between 590 kg/m3 and 700 kg/m3 at 12 
per cent moisture content (Kühne, 1955), (Wiselius, 1997), which correspond to 520 kg/
m3 and 600 kg/m3 at oven-dry weight. Figure 4-3 shows a an average oven-dry envelope 
density of 642 kg/m3 for the tested specimens. Consequently, the obtained envelope 
densities are somewhat higher than the densities presented in the literature. A certain 
variation can be expected, due to the inhomogeneous structure of wood. This might 
explain the deviation between the test data and the data presented in the literature.
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 4.4.3 skeleTon densiTy
Dinwoodie and Desch (1996) present a skeleton density of 1500 kg/m3. This value, how-
ever, solely represents the density of the cell walls. The obtained data, however, includes 
the mass of all solid materials, which also includes substances such as gum and other 
extractives. The density of these substances is considered to be lower than the density 
of solid wood. This explains the difference between the skeleton density presented by 
Dinwoodie and Desch (1996) and the density obtained during the research. It is, how-
ever, impossible to determine the amount of substances in the tested wood, without 
knowing the average density of the substances. Consequently, no further conclusions 
can be drawn by using these data. An average pore ratio of 53,0 per cent was measured. 
No pore ratios are presented in the literature. It is therefore impossible to verify the 
obtained pore ratios. 

physical properties / 25 – 34
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  4.5 conclusions

Longitudinal shrinkage is 0,2 per cent when drying from green state to 12  
per cent moisture content and 0,6 per cent when drying from green state to  
oven-dry weight. These values must be used with caution, since the variation 
coefficient, being 0,38, is rather high. The first value, however, shows close re-
semblance to the value presented by Dinwoodie and Desch (1996).

Radial shrinkage is 1,8 per cent when drying from green state to 12 per cent 
moisture content and 3,7 per cent when drying from green state to oven-dry 
weight. These values are somewhat lower than the values presented by 
Dinwoodie and Desch (1996). The test data, however, seem reliable, since the 
coefficient of variety is relatively low. 

Tangential shrinkage is 5,8 per cent when drying from green state to 12 per cent 
moisture content and 9,8 per cent when drying from green state to oven-dry 
weight. These values are similar to those presented by Dinwoodie and Desch 
(1996).  

According to Dinwoodie and Desch (1996) the fibre saturation point of European 
Oak lies between a 25 and 30 per cent moisture content. Dimensional changes, 
however, are observed for moisture contents close to 70 per cent. An increase in 
dimensional changes is observed at a moisture content close to 50 per cent. 
Both values are much higher than the values presented by Dinwoodie and 
Desch (1996). The non-existence of an exact fibre saturation point can explain 
this situation.     

The specimens show an average envelope density of 642 kg/m3. This value is 
relatively close to densties presented by Dinwoodie and Desch (1996) and 
Kuhne (1955). 

A skeleton density of 1320 kg/m3 is measured. This value includes both the den-
sity of the wood material as well as the density of the solid substances in the 
cavities of the wood structure. The density of the solid wood material cannot 
be determined, since the density of the substances is unknown. 

A pore ratio of 53 per cent is found. No pore ratios were found in the available 
literature, it is therefore impossible to verify this value.
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 –
 5 . mechanical 
properTies of 
european oak

AbstrAct /
this chapter discusses the mechanical properties of 
European oak. three types of experiments are con-
ducted, being: a compression test parallel to the 
grain, a compression test perpendicular to the grain, 
and a shear test parallel to the grain. Firstly, an in-
troduction about the objective of the tests is given. 
secondly, the test method is discussed. thirdly, the 
results are presented followed by a discussion. 
Finally, the conclusions are presented.  

TradiTional Timber sTrucTures  –  a literature review

35



36

 5.1 inTroducTion
The tests are conducted in order to obtain detailed information regarding the mechan-
ical properties of the investigated wood. Several tests are conducted concerning the 
compressive and shear strength. Tests to obtain the tensile strength of the wood are 
not conducted, due to the complexity of these tests. Hamer (2013) describes an as-
sumed correlation between the tensile properties and compressive properties of wood. 
By this assumption the compression test results can also be used to gain insight into 
the tensile properties of the wood. The obtained mechanical properties are used in the 
following chapters to determine the mechanical behaviour of a portal frame. The word 
‘specimen’ in this chapter refers to the pieces of wood used to determine the mechani-
cal properties of the wood. All other test pieces are described by their full names. 

 5.2 TesT meThod
The mechanical properties of the wood are determined using standard test procedures 
described in European standards and previous research (Kühne, 1955). The tested speci-
mens were sawn from non-cracked sections of previously tested beam-column connec-
tions. Two main series were tested, one at a moisture content close to 65 per cent and 
one at a moisture content close to 20 per cent. These two series are referred to as green 
state and dry state. The moisture content of the specimens was determined after test-
ing using the oven-dry method. Firstly, the specimen’s weight ‘mtest’ was determined 
after which the specimens were put in the oven. After several days the specimens were 
removed and weighted to determine the oven-dry weight ‘moven-dry‘. The moisture con-
tent ‘ω' was determined using the formula expressed by equation ( 5-1 ). For large 
specimens the moisture content was determined for only a part of the specimen, cut 
over the full cross-section. 

        ( 5-1 )

 5.2.1 compression TesTs 
The compressive strength and stiffness of the specimens was determined using EN 
408. Structural wood specimens of 70 x 70 x 210 mm3 were tested to determine the 
compressive strength and stiffness parallel to the grain, loaded at a constant speed of 
0,01 mm/s. The strength and stiffness perpendicular to the grain was also determined 
by using EN 408. Structural wood specimens of 45 x 70 x 90 mm3 were tested, loaded at 
a constant speed of 0,01 mm/s. 
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 5.2.2 shear TesT
At first an attempt was made to determine the shear strength using the method pre-
scribed by EN 408. A piece of wood of 30 x 55 x 300 mm3 glued between two metal 
plates is in this case used to determine the shear properties. Shear occurs in one plane. 
The point of loading and the support point are placed in one vertical line, bending mo-
ments and internal tensile stresses are therefore minimized. Unfortunately, the glue 
bond between the steel plates and the wood proved to be too weak, because of the 
wood’s high moisture content. Therefore, another approach was chosen. Kühne (1955) 
indicates the usage of cross shaped specimens in order to determine the shear strength 
of the wood. The dimensions and the test setup are shown in figure 5-1 (a) and figure 
5-1 (b). In this case  failure occurs at two planes at each side of the specimen. The cross 
shaped specimens were tested at a constant load speed of 0,005 mm/s. It was impos-
sible to determine the shear stiffness using this shear test setup, because the meas-
ured deformation was also influenced by parameters other than the shear stiffness.  
The specimen was supported by one block at each side, as illustrated in figure 5-3 (a). 

 (a)     (b)
 Figure 5-1: alternative test used to determine the shear properties: (a) dimensions of the  
 specimen, (b) test setup (Kuhne, 1955)
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 5.3 measured variables 

 5.3.1 compressive sTrengTh and sTiffness
The compressive strength and stiffness of the specimens is determined conform EN 
408. The compressive strength parallel to the grain is indicated by the highest meas-
ured load. Specimens which failed due to splitting,  brooming, or end rolling are not 
taken into account, as prescribed by Dinwoodie and Desch (1996). The compressive 
strength perpendicular to the grain is determined by using an one per cent offset line. 
One per cent refers to one per cent of the height of the specimen. The modulus of 
elasticity in both directions is determined by measuring the slope of the stress-strain 
diagram in its linear section.   

 5.3.2 shear sTrengTh
The shear strength is determined using a test method described by Kühne (1955). The 
specimen is supported at two points. These supports can either be schematized as fixed 
or as a roll, depending on the amount of friction between the contact surfaces. Only 
internal shear stresses occur when the support points are fixed. However, when the 
specimen is supported by two rolls, also tensile stresses occur. Both cases are shown in 
figure 5-3 (a) and figure 5-3 (b). The supports in the real situation most probably behave 
not purely as a fixed supports but also not as a rolling support. Consequently, the shear 
strength ‘fv,//,u’ is determined for both situations. The shear strength based upon fixed 
supports is expressed by equation ( 5-2 ). The shear strength based upon rolling sup-
ports are expressed by equation ( 5-3 ) and equation ( 5-4 ). The derivation of these for-
mulae can be found in appendix A.1. The variables ‘v’, ‘d’, ‘c’ and ‘t’ are shown in figure 5-2. 
The equations result into a minimal and a maximum value. The real shear strength lies 
somewhere in between those two values.

         ( 5-2 )

 

  
         ( 5-3 )
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         ( 5-4 )

 Figure 5-2: dimension parameters

 (a)    (b)

 Figure 5-3: Force distribution shear test setup: (a) force distribution with fixed supports, 
 (b) force distribution with rolling supports
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 5.4 resulTs

 5.4.1 compression parallel To The grain

 Figure 5-4: compressive strength parallel to the grain

Figure 5-4 shows the strength in parallel direction in relation to the moisture content. 
The specimens in green state show a strength varying between 15,7 N/mm2  and 23,0 N/
mm2, with an average value of 20,5 N/mm2  and a variation coefficient of 0,11. The aver-
age moisture content of the specimens is 53,6 per cent. The specimens in dry state 
show a strength varying between 24,5 N/mm2  and 41,3 N/mm2, with an average value 
of 29,0 N/mm2  and a variation coefficient of 0,25. The average moisture content of the 
specimens is 17,5 per cent.

The modulus of elasticity in parallel direction in relation to the moisture contents is il-
lustrated in figure 5-5 (next page). The modulus of elasticity for the green wood speci-
mens varies between 4393 N/mm2 and 8379 N/mm2 with an average value of 6522 N/
mm2 and a variation coefficient of 0,23. The modulus of elasticity for the dry wood 
specimens varies between 5375 N/mm2 and 18556 N/mm2 with an average value of 8623 
N/mm2 and a corresponding coefficient of variety of 0,52. The moisture contents of the 
specimens remain unchanged and are therefore similar to those presented previously. 
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 Figure 5-5: compressive stiffness parallel to the grain

 5.4.2 compression perpendicular To The grain

 Figure 5-6: compressive strength parallel to the grain
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Figure 5-6 shows the strength of the specimens loaded perpendicular to the grain in 
relation to the moisture contents. The specimens in dry state show a strength varying 
between 3,6 N/mm2  and 6,3 N/mm2, with an average value of 5,0 N/mm2  and a varia-
tion coefficient of variety of 0,15. The average moisture content of the specimens is 20,2 
per cent. The specimens in green state show a strength varying between 3,2 N/mm2  
and 4,4 N/mm2, with an average value of 4,0 N/mm2  and a variation coefficient of 0,14. 
The average moisture content of the specimens is 71,4 per cent. 

 Figure 5-7: compressive stiffness perpendicular to the grain

The modulus of elasticity in parallel direction of the tested specimens at various mois-
ture contents is illustrated in figure 5-7. The modulus of elasticity for the dry wood 
specimens varies between 289 N/mm2 and 544 N/mm2 with an average value of 402 N/
mm2 and a variation coefficient of 0,21. The modulus of elasticity for the green wood 
specimens varies between 247 N/mm2 and 468 N/mm2 with an average value of 344 N/
mm2 and a variation coefficient of 0,20. The moisture contents are equivalent to the 
data presented previously when discussing the compressive strength perpendicular to 
the grain. 
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 5.4.3 shear

 Figure 5-8: shear strength parallel to the grain based on fixed supports

The shear strength of the specimens, with fixed supports, is illustrated in figure 5-8. The 
specimens in dry state show a strength varying between 5,1 N/mm2  and 12,8 N/mm2, 
with an average value of 8,0 N/mm2 and a variation coefficient of 0,24. The average 
moisture content of the is 17,4 per cent. The specimens in green state show a strength 
varying between 3,5 N/mm2  and 5,7 N/mm2, with an average value of 5,0 N/mm2  and a 
variation coefficient of 0,12. The average moisture content of the specimens is 61,0 per 
cent.

Figure 5-9 shows the strength parallel to the grain when assuming rolling supports. 
The specimens in dry state show a strength varying between 10,5 N/mm2  and 26,6 N/
mm2, with an average value of 16,4 N/mm2  and a variation coefficient of 0,24. The 
specimens in green state show a strength varying between 5,3 N/mm2  and 10,7 N/mm2, 
with an average value of 9,4 N/mm2 and a variation coefficient of 0,14. The moisture 
content data are similar as for fixed supports, since in both cases the same specimens 
are used.   
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 Figure 5-9: shear strength parallel to the grain based on rolling supports

 5.5 discussion
The test data obtained during the experimental research are reviewed in this para-
graph. The experimental test data are compared to the data of clear wood (Kühne, 1955) 
and the data of structural wood presented by EN 1995. The strength data of the struc-
tural wood values are based on strength class C24, to which European Oak is assigned 
according to NPR 5493. This class prescribes the characteristic value of the compressive 
strength ‘fc,k’. Furthermore, the effect of the moisture content on the compressive 
strength ‘fc’ is accounted by modification factor ‘kmod’ as expressed by equation ( 5-5 ). 
This formula is derived from EN 14081-1. The modification factors are based on short 
term loading, since the specimens are subjected to short term loading. 

        ( 5-5 )
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The stiffness data of structural wood are also based on strength class C24, which de-
scribes the mean modulus of elasticity ‘Emean’. The moisture content is taken into ac-
count by deformation factor ‘kdef’, as expressed by equation ( 5-6 ) taken from 
EN 14081-1.

        ( 5-6 )

 5.5.1 characTerizaTions of wood
Several natural characterizations which might influence the mechanical behaviour of 
wood are presented by Dinwoodie and Desch (1996), being: density, knots, slope of 
grain, reaction wood, and juvenile wood. Reaction wood and juvenile wood are not 
taken into account, since the tested specimens are taken from sections which do not 
include these distortions. Besides the natural characterizations, also moisture content, 
load duration, and degrade of wood can influence the mechanical behaviour. The mois-
ture content has been measured during the research. Its influence is therefore known. 
The influence of load during effects are not accounted, since all tests include short time 
loading. Also the influence of degradation due to decay is not included, because condi-
tions for decay were not met during the experimental research. Hence, only three vari-
ables might influence the stiffness and strength of the tested specimens, being density, 
distortions in the wood structure, and the moisture content.
        
During the experimental research the envelope density of the wood was determined, 
illustrated in figure 4-3. The wood examined in the experimental research shows an 
average envelope density of 642 kg/m3 with a standard deviation of 69 kg/m3. An aver-
age envelope density of 650 kg/m3 is presented in the literature. Consequently, a pos-
sible difference in strength and stiffness between the test data and the data presented 
in literature cannot be explained by a difference in envelope density. 

Data presented in the literature either applies to clear wood or structural wood. The 
amount of  distortions in clear wood is assumed to be limited. Consequently, a higher 
strength and stiffness can be expected. Structural wood in this case refers to wood 
which does include distortions. Especially the strength of structural wood can be seen 
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as rather conservative, representing a value lower than the five per cent limit value of a 
normal distribution. The modulus of elasticity, however, represents the average value. 
The tested specimens are selected randomly. Consequently, a certain amount of distor-
tions can be present. The amount of distortions, however, is likely to be less in com-
parison to the worst case scenario presented by EN 1995.   

Apart from the properties mentioned previously, a certain deviation can be expected 
due to the natural character of wood. Consequently, a certain variety in strength and 
stiffness can be expected although all variables are kept constant. 

 5.5.2 compression parallel To The grain

 Figure 5-10: compressive strength parallel to the grain compared to data 
 presented in literature

Figure 5-10 illustrates the test data obtained during compression tests in relation to the 
data presented in the literature. As can be seen in the figure, the tested specimens 
show strength values higher than those of clear wood but also higher than those of 
structural wood. This difference can be caused by a larger amount of distortions in the 
wood structure, or due to the natural variety which is characteristic for wood. The 
growth area can have a major influence on both these parameters. Furthermore, the 
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figure shows a remarkable situation between 14,5 and 18 per cent moisture content. In 
this case the clear wood data show a lower value in comparison to the structural wood 
data. Thus, either the corresponding strength class is chosen too high, or the modifica-
tion factor ‘kmod’ is not valid for all moisture contents. 

 Figure 5-11: moduli of elasticity of compression parallel to the grain compared to data   
 presented in literature

Figure 5-11 shows the relation between the moduli of elasticity obtained during the 
research and the moduli of elasticity for clear wood and structural wood as presented 
in literature. The moduli of elasticity of the tested specimens are lower than those of 
clear wood but higher than the values representing structural wood. Due to the distor-
tions in the wood, the tested specimens show a stiffness which is lower in comparison 
to the clear wood specimens tested in literature. This is in accordance with previous 
expectations. A similar trend can be observed for the test data as for the clear wood 
data. This can clearly be seen when translating the clear wood graph downwards.  
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 5.5.3 compression perpendicular To The grain

 Figure 5-12: compressive strength perpendicular to the grain compared to data 
 presented in literature

Figure 5-12 shows the strength values perpendicular to the grain obtained during the 
experimental research in relation to the strength values presented in the literature. The 
experimental test data are higher than those of structural wood but again lower than 
those of clear wood. The difference in strength between the experimental test speci-
mens and the clear wood specimens is most probably caused by a certain amount of 
distortions which can be found in the structure of the tested specimens. Furthermore, 
a certain deviation might be caused by different definition of strength perpendicular to 
the grain. The clear wood test data are based on data presented by Kühne (1955). In this 
work the strength perpendicular to the grain is defined as the intersection point be-
tween the linear approximation of the load-deformation diagram in the elastic and 
plastic area. This approach does not correspond to the method prescribed by the 
European standards, as illustrated in figure 5-13 (next page). Nonetheless, the same 
trend between the moisture content and strength which can be seen for the clear wood 
data is also valid for the experimental test data. This can clearly be seen when translat-
ing the clear wood trend line downwards.   
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 Figure 5-13: difference in difinition between the en 408 and Kühne (1955)

Figure 5-14 shows the moduli of elasticity perpendicular to the grain of the tested 
specimens. The moduli of elasticity of the tested specimens  are all between those of 
structural wood and clear wood. Again the difference in stiffness most probably is 
caused by the presence of distortions within the structure of the tested specimens. The 
same trend which is characteristic for the clear wood specimens can be witnessed 
when reviewing the test data. The specimens were sawn irrespectively the tangential 
and radial direction. Conform the literature, the stiffness in radial direction is expected 
to be higher compared to the one in tangential direction, which is influenced by the 
relatively low shear strength at the annual ring. This  might explain the scatter of the 
obtained data, which can be seen in the figure 5-14. 
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 Figure 5-14: moduli of elasticity for compression perpendicular to the grain compared to data  

 presented in literature

 5.5.4 shear parallel To The grain 

Figure 5-15: shear strength compared to data presented in literature
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Figure 5-15 illustrates the data obtained during the experimental research in relation to 
the data presented in literature. The supports in the test setup can either be schema-
tized as fixed or as rolling, depending on the amount of friction between the contact 
surfaces. Both data series are shown in the figure. The fixed support test data show a 
higher correlation to the data presented in the literature than the rolling support test 
data. The compressive strength perpendicular to the grain shows a certain correlation 
with shear strength. In accordance with paragraph 5.5.3, the clear wood data are higher 
than the experimental test data. Thus, most probably a similar situation is valid for the 
shear strength. The shear strength based on fixed supports shows data which are both 
higher and lower than those of clear wood. The shear strength based on rolling sup-
port, however, shows data which are higher in comparison to those of clear wood. 
Based on the correlation between the compressive strength perpendicular to the grain 
and the shear strength, fixed support seem more plausible. The friction between the 
contact surface of the specimen and the support blocks, therefore, appears to be rela-
tively high. Based upon the fixed supports test data the same trend between the mois-
ture content and the shear strength can be observed as for clear wood data. 
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 5.6 conclusions

An average compressive strength parallel to the grain of 29,0 5 N/mm2 is meas-
ured when tested in dry state and an average strength of 20,5 N/mm2 when 
tested in green state. These values agree with the values presented by Kühne 
(1955).

An average compressive strength perpendicular to the grain of 5,0 5 N/mm2 is 
measured when tested in dry state and an average strength of 4,0 N/mm2 
when tested in green state. These values agree with the values presented by 
Kühne (1955)

An average modulus of elasticity for compression parallel to the grain of 8623 5 
N/mm2 is measured when tested in dry state. An average modulus of elasticity 
for compression parallel to the grain of 6522 N/mm2 is found when tested in 
green state. These values agree with the values presented by Kühne (1955).  

An average modulus of elasticity for compression perpendicular to the grain of 
402 N/mm2 is measured when tested in dry state. An average modulus of elas-
ticity for compression perpendicular to the grain of 344 N/mm2 is measured 
when tested in green state. These values agree with the values presented by 
Kühne (1955).      

An average shear strength parallel to the grain of 8,0 N/mm2 is measured when 
tested in dry state and an average shear strength of 5,0 N/mm2 is measured 
when tested in green state. These values agree with the values presented by 
Kühne (1955)

All test data show a strength or stiffness higher than the value corresponding 
with strength class C24. Consequently, European Oak is considered justly as-
signed in strength class C24. The compressive strength parallel to the grain 
which can be found in literature for clear wood is lower than that of C24 be-
tween a moisture content of 14,5 and 18 per cent. Based on this information, 
European Oak is unjustifiably assigned in strength class C24. Strength class C24 
is originally meant for coniferous wood species. Probably the presumed rela-
tion between strength properties and the moisture content does not apply for 
European Oak and other ‘low strength’ deciduous wood species.   
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 6 . mechanical 
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AbstrAct /
the mechanical behaviour of oak pegs is described 
in this chapter. Firstly, an introduction is given to 
clarify the link between the mechanical behaviour 
of oak pegs and the mechanical behaviour of a por-
tal frame. secondly, the used test setups are de-
scribed. thirdly, the results of the experimental re-
search are presented followed by a discussion in 
which the obtained data are compared to data pre-
sented in literature. Finally, the conclusions are 
given. 
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 6.1 inTroducTion
Full-size mortise and tenon connections are commonly tested to clarify the mechanical 
behaviour of traditional beam-column connections. Two parameters influence the me-
chanical behaviour of a mortise and tenon connection, being the peg fastening the 
mortise and tenon and the wood surrounding the peg. This wood is also referred to as 
the base material (Schmidt and Daniels, 1999). The data obtained during the experi-
mental research regarding to the mechanical behaviour of the peg is presented in this 
chapter. The mechanical behaviour of the base material, full-size mortise and tenon 
connections, and traditional beam-column connections is described in the following 
chapters. According to Schmidt and Daniels (1999), peg-deformation within a mortise 
and tenon connection is influenced by the bending stiffness and the cross grain shear 
stiffness. Cross grain shear stiffness in this case refers to the resistance against defor-
mation in which the wood fibres are subjected to shear perpendicular to the grain. 
Both parameters are investigated in this chapter. In this chapter the word ‘specimen’ 
refers to the tested pegs. All other test-pieces are described by their full names.
  

 6.2 TesT meThod
Two characteristics of the oak pegs were determined during the research. One being 
the bending stiffness in radial and tangential direction. The other being the cross-grain 
shear strength of the pegs. During this research 11 pegs were tested. Prior to testing the 
pegs were stored in the laboratory at an average relative humidity of 41,9 per cent and 
an average temperature of 22,8 degrees Celsius. These conditions are similar to the in-
door conditions of storing rooms where pegs are stored for longer periods of time. The 
moisture content reached an equilibrium state at approximately eight per cent mois-
ture content.   

 6.2.1 bending TesT, deTerminaTion of sTiffness
The bending stiffness was determined by using a three point bending test setup. Two 
pegs were loaded up to the point of failure in order to determine the ultimate failure 
load, one in tangential direction, the other in radial direction. The other nine pegs were 
loaded up to 40 per cent of the measured failure load. Consequently, the pegs were 
tested within the elastic domain. The pegs could therefore again be used to determine 
the cross grain shear strength. 
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Figure 6-1: Bending test setup

 6.2.2 cross grain shear TesT
The test setup illustrated in figure 6-2 was used to simulate the behaviour of a peg 
within a mortise and tenon connection. During this test the peg was subjected to shear 
perpendicular to the grain, to determine the cross grain shear properties. A similar test 
set-up was used by Schmidt and Daniels (1999) and  Schmidt and MacKay (1997). Twelve 
pegs were tested. Four at every shear span, being 12, 15, and 18 mm. This range of shear 
spans corresponds with the minimum and maximum shear span measured in the 
tested full-size mortise and tenon connections. The shear span is defined as the dis-
tance between two points between at which the peg shows a certain amount of cross-
grain shear deformation. The first point is assumed to be fully fixed, the other point  is 
assumed to solely shows free movement in vertical direction.    
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 Figure 6-2: shear test setup
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 6.3 measured variables

 6.3.1 bending modulus of elasTiciTy
The moduli of elasticity for bending of the pegs are determined by using the load-de-
formation data obtained during the bending test. An interval in the linear section of 
the load-deformation diagram is taken to determine the stiffness, as shown in figure 
6-3. The corresponding bending modulus of elasticity is determined by using the for-
mula expressed by equation ( 6-1 ), with bending modulus of elasticity  ‘Em’, increase in 
load within the interval ‘∆F’,  increase in the measured displacement during the inter-
val ‘∆w’,  distance between the support points ‘l’, and the peg’s moment of inertia ‘I’. 
Data presented by Schmidt and Daniels (1999) and Schmidt and MacKay (1997) are 
compared to the obtained moduli of elasticity. The data in the literature are presented 
as spring stiffnesses. By using the second part of equation ( 6-1 ) the spring stiffness ‘k’ 
can be used to determine the modulus of elasticity for bending.  

        ( 6-1 )

 Figure 6-3: typical load-deformation diagram
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 6.3.2 cross grain shear properTies
The cross grain shear strength is determined by using the data obtained during the 
cross grain shear test. During this test the subjected load is increased until failure oc-
curs. The highest measured load is defined as the ultimate cross grain shear load ‘Fv,_|_,u’, 
shown in figure 6-4. The cross grain shear strength ‘fv,_|_,u’ is determined using the for-
mula expressed by equation ( 6-2 ). The yield load ‘Fv,_|_,y'  is determined by using the five 
per cent offset load, as shown in figure 6-4. Five per cent refers to five per cent of the 
peg’s diameter ‘D’. The cross grain yield stress ‘fv,_|_,y’ is determined using the formula 
expressed by equation ( 6-2 ). The cross grain peg stiffness is considered similar to the 
slope of the diagram in its linear section, as illustrated in figure 6-4.

        ( 6-2 )

        ( 6-3 )

 Figure 6-4: typical load deformation diagram
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 6.4 resulTs

 6.4.1 bending TesT

 Figure 6-5: Bending stiffness in radial and tangential direction

Figure 6-5 shows the results regarding the bending stiffness of the pegs. The modulus 
of elasticity for the pegs loaded in radial direction varies between 9739 N/mm2 and 
14249 N/mm2, with an average value of 12807 N/mm2 and a variation coefficient 0,13. 
The modulus of elasticity for the pegs loaded in tangential direction varies between 
8558 N/mm2 and 13879 N/mm2 with an average value of 11478 N/mm2 and a variation 
coefficient of 0,14. The average radial stiffness is higher than the tangential stiffness 
for all the tested pegs. The ratio between the stiffness in radial direction and the stiff-
ness in tangential direction varies between 83 and 93 per cent with an average value of 
90 per cent and a variation coefficient of 0,06.
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 6.4.2 cross grain shear TesT

 Figure 6-6: cross grain yield stress in relation to shear span

The yield stresses of the pegs are illustrated in figure 6-6. The yield stress at a shear 
span of 12 mm varies between 13,6 N/mm2 and 17,1 N/mm2, with an average value of 14,5 
N/mm2 and a variation coefficient of 0,13. At a shear span of 15 mm the cross grain shear 
strength varies between 11,7 N/mm2 and 13,5 N/mm2, with an average value of 12,5 N/
mm2 and a variation coefficient of 0,07. At a shear span of 18 mm the cross grain yield 
stress varies between 12,2 N/mm2 and 14,3 N/mm2, with an average value of 13,2 N/mm2 

and a variation coefficient of 0,08. 

The cross grain shear strength test data are illustrated in  figure 6-7 (next page). The 
cross grain shear strength at a shear span of 12 mm varies between 18,2 N/mm2 and 21,9 
N/mm2, with an average value of 20,5 N/mm2 and a variation coefficient of 0,10. At a 
shear span of 15 mm the cross grain shear strength varies between 13,5 N/mm2 and 16,1 
N/mm2, with an average value of 15,1 N/mm2 and a variation coefficient of 0,09. At a 
shear span of 18 mm the cross grain shear strength varies between 12,3 N/mm2 and 14,9 
N/mm2, with an average value of 13,4 N/mm2 and a variation coefficient of 0,10. As can 
be seen in the figure, the overall cross grain shear strength decreases when the span is 
increased. 

Behaviour oF oaK pegs / 53 – 70



61

TradiTional Timber sTrucTures  –  experimental research

 Figure 6-7: cross grain shear strength in relation to shear span

 Figure 6-8: cross grain spring stiffness
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The cross grain spring stiffness of the pegs is shown in figure 6-8. At a shear span of 12 
mm the springs stiffness varies between 5536 N/mm and 9919 N/mm, with an average 
value of 7433 N/mm and a variation coefficient of 0,30. At a shear span of 15 mm the 
cross grain spring stiffness  varies between 4705 N/mm and 5773 N/mm, with an aver-
age value of 5153 N/mm and a variation coefficient of 0,11. At a shear span of 18 mm the 
cross grain spring stiffness varies between 3723 N/mm and 4977 N/mm, with an aver-
age value of 4430 N/mm and a variation coefficient of 0,15.  

 6.5 discussion

 6.5.1 bending sTiffness

 Figure 6-9: Bending stiffness in relation to the data presented in literature
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The stiffness of the pegs and the stiffness data presented in the literature are illus-
trated in figure 6-9. Schmidt and Daniels (1999) investigated the peg’s stiffness when 
loaded in tangential direction for White Oak pegs. Schmidt and MacKay (1997) investi-
gated the stiffness in both directions for both White Oak pegs and Red Oak pegs. The 
stiffnesses are presented in both publications as spring stiffnesses. The derivation of 
the spring stiffness into the corresponding bending modulus of elasticity is given in 
appendix B.1. The bending stiffness of White Oak determined by Schmidt and Daniels 
(1999) is higher compared to the stiffness determined by Schmidt and MacKay (1997). 
This difference in stiffness is most probably caused by a difference in growth area. 
White Oak and Red Oak are American Oak species. Nonetheless, these data are used as 
reference, because no similar data could be found regarding the stiffness of European 
Oak pegs. The tested European Oak pegs show a higher bending stiffness when loaded 
in radial direction. However, when loaded in tangential direction the White Oak pegs 
stiffness is relatively close to the test data. The stiffness of the Red Oak pegs is some-
what lower in comparison to the stiffness of the tested European Oak pegs. 

As previously mentioned, European Oak is assigned in strength class C24, which is char-
acterized by a mean modulus of elasticity for bending of 11000 N/mm2. The bending 
stiffnesses, are relatively close to 11000 N/mm2.. Consequently, European Oak seems 
justly assigned to strength class C24 regarding its bending stiffness. This is in line with 
the previous conclusions drawn in chapter five. 

 6.5.2 cross grain shear sTrengTh
The cross grain shear data are shown in figure 6-10. The equation of the trend-line is 
expressed by equation ( 6-4 ), which described the cross grain shear strength ‘fv,_|_,u'  as 
a function of shear span ‘a’. The cross grain shear strength is considered to be 2,5 to 
three times as high as the shear strength in parallel direction (Green, 2001). The shear 
strength parallel to the grain for European Oak varies between 8,4 N/mm2 and 11,5 N/
mm2 (Wiselius, 1997). Based on these data the cross grain shear strength for European 
Oak should vary between 21,0 N/mm2 and 34,5 N/mm2. The lowest of these two values 
is shown in the figure. The trend-line reaches a shear strength of 21,0 N/mm2 at a shear 
span of approximately 12 mm. A strength of 34,5 N/mm2 is reached at zero shear span 
length. Hence, the correlation between the cross grain shear strength and shear 
strength parallel to the grain seems to apply for European Oak up to a shear span of 12 
mm. 
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 Figure 6-10: cross grain shear strength in relation to the shear span

        ( 6-4 )

 6.5.3 cross grain yield sTress
Schmidt and Daniels (1999) and Schmidt and MacKay (1997) both describe a correlation 
between the cross-grain yield stress and the shear span. The corresponding graphs are 
illustrated in figure 6-11. The obtained data show yield stresses which are somewhat 
higher in comparison to the yield stresses predicted by Schmidt and Daniels (1999) and 
Schmidt and MacKay (1997). The difference in wood-specie might explain this differ-
ence in yield stress. Another reason might be the difference in moisture content. The 
peg were tested at a moisture content of approximately eight per cent, while pegs 
tested in previous research were tested at a moisture content of approximately 13 per 
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cent. This difference in moisture content might explain  the deviation between the ob-
tained cross-grain yield stress and the cross-grain yield stresses presented by Schmidt 
and Daniels (1999) and Schmidt and MacKay (1997).

 Figure 6-11: cross grain yield stress in relation to the shear span
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 6.5.4 cross grain peg sTiffness

 Figure 6-12: cross grain spring stiffness in relation to the shear span

The stiffness of the pegs per shear plane is shown in figure 6-12. The peg stiffnesses 
shown in figure 6-8 are twice as high because they apply to an entire peg, which in-
cludes two shear planes. A trend-line is added to visualise the correlation between the 
shear span and the cross grain peg stiffnesses. Cross grain peg stiffness data presented  
by Schmidt and Daniels (1999) are also plotted in the figure. The slope of both functions 
is similar. Consequently, the influence of an increasing span on the peg stiffness is con-
sidered to be similar.  The cross grain shear stiffnesses obtained in this research are al-
most twice as low as the cross grain stiffness presented by Schmidt and Daniels (1999). 
This situation might be explained by the difference in diameter. The pegs examined in 
the research of Schmidt and Daniels (1999) have a diameter of approximately 24 mm. 
The diameter of the pegs examined in this research have a diameter of 18 mm. It is 
impossible to express the cross grain yield stiffness in N/mm2, instead the stiffness is 
expressed by N/mm. The influence of the peg’s diameter, therefore, must be taken into 
account. 
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The deflection of peg’s middle section during the test is influenced by shear deflection 
and bending. An increasing shear span results into an increasing percentage of the 
deflection due to bending and a decreasing percentage of the deflection due to shear 
deflection. The deflection due to bending as percentage of the total deflection is illus-
trated in figure 6-13.

 Figure 6-13: deflection due to bending as percentage of the total deflection

The shear deflection is influenced by the cross section of the peg, while the deflection 
due to bending is influenced by the moment of inertia. Changing the peg diameter 
therefore has a different influence on  the deflection due to shear in comparison to the 
deflection due to bending. A derivation is given in appendix B.2. This appendix describes 
the influence on the shear deflection and deflection due to bending by changing the 
peg diameter from 24 mm to 18 mm. According to these calculations, the shear deflec-
tion increases 1,8 times, and the deflection due to bending increases 3,1 times. When 
these values are corrected by the percentages given in figure 6-13, a value varying be-
tween 2,3 and 2,5 is found depending on the corresponding shear span. Thus, for pegs 
with a diameter of 24 mm a stiffness can be expected which is more than twice as high 
as for pegs with a diameter of 18 mm. A similar trend can be observed in figure 6-12. 
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 6.6 conclusions

The bending stiffness of the tested pegs shows an average modulus of elastic-
ity for bending of 12807 N/mm2 when loaded in radial direction and an average   
modulus of elasticity for bending of 8558 N/mm2 when loaded in tangential 
direction. Both values are in line with the data presented in the literature. 

Pegs tested at a shear span of 12 mm show a cross grain shear strength of 20,5 
N/mm2, a cross grain yield stress of 14,5 N/mm2, and a cross grain shear stiffness 
of 7433 N/mm.

Pegs tested at a shear span of 15 mm show a cross grain shear strength of 15,1 
N/mm2, a cross grain yield stress of 12,5 N/mm2, and a cross grain shear stiffness 
of 5153 N/mm.

Pegs tested at a shear span of 18 mm show a cross grain shear strength of 13,4 
N/mm2, a cross grain yield stress of 13,2 N/mm2, and a cross grain shear stiffness 
of 4430 N/mm.  

The bending stiffness data obtained during this research are relatively close to 
the data presented by Schmidt and Daniels (1999), and Schmidt and MacKay 
(1997).

The correlation between the cross grain shear strength and the shear strength 
parallel to the grain, described by Green (2001), seems to apply for European 
Oak up to a shear span of 12 mm. The relation between the cross grain shear 
strength and the shear span can be approximated by a linear decreasing func-
tion. 

The relation between the cross grain yield stress and the shear span can be 
approximated by a linear decreasing function. Similar functions were found by 
Schmidt and Daniels (1999) and  Schmidt and MacKay (1997), which all show a 
similar slope. Differences in cross grain shear strength might be explained by 
differences in wood specie and differences in moisture content. 
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The relation between the cross grain peg stiffness and the shear span can be 
approximated by a linear decreasing function. A similar function is described 
by Schmidt and Daniels (1999). Both function show a similar slope. The differ-
ence in cross grain shear stiffness between the two data series can be explained 
by a difference in peg diameter. Other possible explanations for the difference 
in cross grain peg stiffness between the two data series are: a difference in 
moisture content and the use of a different wood specie.     
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AbstrAct /
the bearing strength and stiffness of the base mate-
rial is described in this chapter. In this case the base 
material refers to the material, which surrounds the 
peg. Firstly, an introduction is given, clarifying the 
objective of these tests and the link between the be-
haviour of the base material and the behaviour of a 
portal frame. secondly, the test method is discussed. 
thirdly, the results of the experimental tests are giv-
en, followed by a discussion in which the test data 
are compared to data presented in literature. Finally, 
the conclusions.
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 7.1 inTroducTion
According to Hamer (2013), the behaviour of the brace-connections plays an major role 
in the mechanical behaviour of a portal frame. Brace-connection behaviour is on one 
hand influenced by the mechanical behaviour of the peg and on the other hand by the 
material surrounding the peg, which is referred to as the base material. The behaviour 
from all these components must be measured to determine their influence on the me-
chanical behaviour of brace-connection. The behaviour of the peg is previously dis-
cussed in chapter six. In addition, the behaviour of the base material is discussed in this 
chapter. In this chapter the word ‘specimen’ refers to wooden testpieces. These pieces 
are used to simulate the behaviour of the base material in a brace-connection.  All 
other test-pieces are described by their full names.

 7.2 TesT meThod
The bearing yield strength and stiffness of the base material were determined by rec-
tangle shaped specimens with half a hole, shown in figure 7-1. Specimens were tested 
according to the test method described by Schmidt and Daniels (1999) and Schmidt 
and MacKay (1997). These test methods are similar to those described by the ASTM 
1995b. Only dry wood specimens were tested. Information regarding the bearing 
strength of green wood is obtained by using an assumed correlation between the bear-
ing strength and the compressive strength. Twelve specimens were tested, three for 
each angle, being 0, 38, 52, and 90 degrees to the grain. The specimens loaded at these 
angles are referred to as specimens a, b, c, and d. The moisture content of the specimens 
was determined using the oven-dry method, previously described in paragraph 5.2.

 (a)     (b)

 Figure 7-1: specimens with grain angle α: (a) dimensions of the specimen, (b) test setup
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 7.3 measured variables

 7.3.1 bearing yield sTress and sTiffness
The bearing yield load ‘Fc,y’ is determined using a five per cent offset load, as illustrated 
in figure 7-2. In this case the five per cent refers to the diameter of the steel dowel used 
in the test setup. The corresponding yield stress ‘fc,y’ is determined using the formula 
expressed by equation ( 7-1 ). The thickness of the specimen is expressed by parameter 
‘t’, the diameter of the steel dowel by parameter ‘D’. The bearing stiffness is determined 
by using the load-deformation diagram obtained during testing, as shown in figure 7-2. 
The stiffness is considered similar to the slope of the diagram in its linear section.   

        ( 7-1 )

 Figure 7-2: typical load-deformation diagram



74

 7.4 resulTs
In previous chapters results are presented by using box-plots. The number of specimens 
described in this chapter is small. Therefore, another approach is chosen. The individual 
data are presented by the cross-hairs. The range of the data is illustrated by a grey 
background surface. 

 7.4.1 bearing yield sTress

 Figure 7-3: Bearing yield stress in relation to the grain angle

Figure 7-3 illustrates the bearing yield stress from the 12 tested specimens. The indi-
vidual data are presented in table 7-1. The average moisture content is 29,4 per cent.  

 table 7-1: Bearing yield stress at various grain-angles
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 7.4.2 bearing sTiffness

 Figure 7-4: Bearing stiffness in relation to the grain angle

The bearing stiffness of the tested specimens is shown in figure 7-4. The individual data 
are presented in table 7-2. 

 table 7-2: Bearing stiffness data at various grain-angles

 7.5 discussion
The difference in strength and stiffness which occurs when changing load angle ‘α’, is 
predicted by using the Hankinson criteria. This criteria is expressed by equation ( 7-2 ). 
In this case the bearing yield stress or bearing stiffness at 90 degrees ‘f_|_’ and the bear-
ing yield stress or bearing stiffness at zero degrees ‘f//’ are used to determine the bear-
ing yield stress or bearing stiffness at a specific angle ‘f

α
’.  The obtained data are com-

pared to the data predicted by this criteria.
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 7.5.1 bearing yield sTress

 Figure 7-5: Base yield stress in relation to the grain angle

The Hankinson criteria and the bearing yield stress data are shown in figure 7-5. The 
average bearing yield stress parallel to the grain and perpendicular to the grain are 
variables of the Hankinson criteria; consequently, only the yield stresses at 38 and 52 
degrees to the grain can be compared to the criteria. The yield stress at 38 degrees to 
the grain seems in line with the predicted yield stress by the criteria. The specimens 
loaded at 52 degrees to the grain show a yield stress which is somewhat higher than 
the yield stress predicted by the criteria. This can be explained by the experimental 
scatter which is not uncommon for most wood properties. Furthermore, the limited 
number of tested specimens at each angle might play a role regarding this matter. 
Similar results were found by Schmidt and Daniels (1999) and Schmidt and MacKay 
(1997).
 
The dowel bearing yield stress shows a certain correlation to the compressive strength. 
However, the compressive strength of European Oak parallel to the grain is about five 
times as high in comparison to the compressive strength perpendicular to the grain, as 
can be seen in figure 5-4 and figure 5-6. The bearing yield stress parallel to the grain is 
only two times as high as the bearing yield stress perpendicular to the grain. This dif-
ference might be explained by a different type of failure. 
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During the bearing dowel test the steel dowel is pressed into the wood. For the speci-
mens loaded perpendicular, the wood in contact with the steel dowel is compressed 
perpendicular to the grain while tensile stresses emerge parallel to the grain. The ten-
sile strength parallel to the grain is relatively high. Hence, the specimen shows local 
crushing without the appearance of cracks. When the specimen is loaded parallel to 
the grain, compression stresses occur perpendicular to the grain, while internal tensile 
stresses emerge perpendicular to the grain. In this case the specimen shows fails due 
to longitudinal cracking. Cracking in this case is caused by internal tensile stresses per-
pendicular to the grain. Both situation are illustrated in figure 7-6. This theory is in line 
with the observations during the tests. 

 (a)     (b)

 Figure 7-6: stress distribution: (a) when loaded perpendicular to the grain, 
 (b) when loaded parallel to the grain

 7.5.2 bearing sTiffness
Figure 7-7 shows the Hankinson criteria and the stiffness of the specimens obtained 
during the experimental research. The bearing stiffnesses parallel and perpendicular to 
the grain are again used as reference value for the Hankinson criteria and can therefore 
not be compared to the criteria. The stiffnesses at 38 and 52 degrees to the grain are 
somewhat higher than the values predicted by the Hankinson criteria. The limited 
number of specimens and the natural variation common for most wood properties 
might explain this phenomena. 
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The bearing stiffness parallel to the grain is about three times as high as the bearing 
stiffness perpendicular to the grain, while the modulus of elasticity in parallel direction 
is about 20 times as high than the modulus of elasticity perpendicular to the grain. This 
difference might be explained by the occurrence of internal tensile stress described in 
the previous section. 

 Figure 7-7: Base stiffness in relation to the grain angle
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 7.6 conclusions

Specimens loaded at zero degrees show an average bearing yield stress of 30,2 
N/mm2 and an average bearing stiffness of 21932 N/mm.

Specimens loaded at 38 degrees show an average bearing yield stress of 21,0 N/
mm2 and an average bearing stiffness of 15657 N/mm. 

Specimens loaded at 52 degrees show an average bearing yield stress of 22,2 N/
mm2 and an average bearing stiffness of 15513 N/mm. 

Specimens loaded at 90 degrees show an average bearing yield stress of 13,9 N/
mm2  and an average bearing stiffness of 7000 N/mm. 

The bearing yield stresses at 38 and 52 degrees are relatively close to the bear-
ing yield stress data predicted using the Hankinson criteria. The bearing yield 
stress parallel and perpendicular to the grain are used as parameters within 
the criteria. 

The bearing stiffnesses at 38 and 52 degrees are somewhat higher than the 
stiffnesses given by the Hankinson criteria using the bearing stiffness parallel 
and perpendicular to the grain. 

The specimens loaded parallel to the grain show cracking parallel to the grain 
probably caused by internal tensile stresses. The same failure mode is observed 
for some of the specimens loaded at other angles.  
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AbstrAct /
the physical and mechanical behaviour of full-size 
mortise and tenon connections is discussed in this 
chapter. Firstly, an introduction is given describing 
the necessity of the tests. secondly, the test method 
is analysed, by describing the tested specimens and 
the test setup used. thirdly, the test results are pre-
sented. Finally, the test results are discussed fol-
lowed by the conclusions.
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 8.1 inTroducTion
Traditional portal frames generally exist of two columns, a beam, and two braces. When 
subjected to lateral in-plane loading, the brace at the compression side is subjected to 
compression,  while the brace at the tension side is subjected to tension. The braces are 
connected to the beam and the column by a mortise and tenon connection at each end, 
referred to as brace-connections. As described by Hamer (2013), the stiffness of the 
mortise and tenon connections at the compressions side plays a major role in the stiff-
ness of a portal frame. At the tension side of the frame, the tear out failure load of the 
brace-connections directly influences the ultimate failure load of the frame frame. Full-
size mortise and tenon connections are tested to simulate the behaviour of the brace-
connections within the frame. The data obtained during these tests is used in chapter 
11 to determine the influence of the brace-connection stiffnesses on the stiffness of a 
frame as a whole. Furthermore, the relation between the pull-out load and the failure 
of the frame is investigated. In this chapter the word ‘specimen’ refers to the tested 
full-size mortise and tenon connections. All other test-pieces are described by their full 
names.   

 8.2 TesT meThod 
Three types of mortise and tenon connections were tested during the experimental 
research to determine the yield stress and the connection stiffness for each of these 
types. The three types  represent the mortise and tenon connections which can be 
found in a portal frame. For each type of mortise and tenon connections six specimens 
were tested conform the setup shown in figure 8-1, figure 8-2, and figure 8-3. Three 
specimens were tested in green state, the other three in dry state. The specimens were 
loaded at a constant speed of 0,02 mm/s. The side members were fixed at the bottom 
to prevent sideways movement. The deformation of the specimen was measured by 
two LVDTs at each side of the specimen. After testing the specimens were cross-cut in 
the longitudinal direction of the peg. By doing so the corresponding failure mode was 
determined, being: bending, shear, or a combination of bending and shear. The mois-
ture content of the specimens was determined using the oven-dry method, previously 
described in paragraph 5.1. 

 8.2.1 specimen a
Specimen A represents the brace-connection connecting the column and brace at the 
compression side of the frame, as illustrated in figure 8-1 (b). The side members of the 
specimen represent the walls of the mortise housing, loaded at an angle of 38 degrees 
to the grain. The middle member represents the tenon’s brace, which is loaded parallel 
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to the grain. The location of the mortise and tenon connection representing specimen 
A is shown in figure 8-1 (a). The dimensions of the specimen are illustrated in figure 8-1 
(b). The test setup is shown in figure 8-1 (c). 

 (a)

 (b)
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 Figure 8-1: specimen a: (a) location in the portal frame, (b) dimensions of the specimen, 

 (c) test setup

 8.2.2 specimen b
Specimen B represents the brace-connection connecting the beam and brace at the 
compression side of the frame, as shown in figure 8-2 (a). The side members are loaded 
at 52 degrees of the grain and again represent the walls of the mortise housing. The 
middle member again represents the tenon’s brace, being loaded parallel to the grain 
as illustrated in figure 8-2 (b). The dimensions of the specimens are given in figure 8-2 
(c). 

 (a)
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 (b)

 (c)
 
 Figure 8-2: specimen B: (a) location in the portal frame, (b) dimensions of the specimen, 
 (c) test setup

 8.2.3 specimen c
The mortise and tenon connections at the tension side of the frame are referred to as 
specimen C’, as can be seen in figure 8-3 (a). The stiffness at the compressive side is 
much higher in comparison to the stiffness at the tension side. Consequently, the stiff-
ness at the tension side is of less importance when determining the frame stiffness. 
The tension side of the frame does, however, play an major role in the ultimate failure 
load of the frame. Depending on the dimensions of the individual elements, the frame 
is likely to fail due to tear out failure of the mortise and tenon connections at the ten-
sion side of the frame. Consequently, similar mortise and tenon connections were sub-
jected to tensile forces to gain insight into tear out failure behaviour and the corre-
sponding failure load. 
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Type C’ specimens exist of two side members and one middle member fastened by a 
wooden peg, as shown in figure 8-3 (b). The side members represent the mortise walls; 
the tenon is represented by the middle member. All members are loaded perpendicular 
to the grain. This does not agree with the mortise and tenon connection in the frame, 
in which the tenon is loaded parallel to the grain and the mortise is loaded at an angle. 
Due to this difference in loading, the mortise and tenon connections in the frame are 
called ‘C’’, while the full-size mortise and tenon connections are referred to as ‘C’. The 
Hankinson formula is later used in chapter ten to account for the difference in grain 
angle between the mortise and tenon connection in the frame and the tested speci-
mens. The dimensions of the tested specimens are illustrated in figure 8-3 (c). 

 (a)

 (b)
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 Figure 8-3: specimen c: (a) location in the portal frame, (b) dimensions of the specimen, 

 (c) test setup

 8.2.4 shrinkage
For the specimens tested in dry state, the distance measured parallel to the peg be-
tween the sides of the middle members and the sides of the outer members was meas-
ured immediately after testing. This was done by cross cutting the specimen in the 
longitudinal direction of the peg and measuring the distance with a cantilever between 
the compressed sections of the peg. This distance is referred to as the clearance parallel 
to the peg, shown in figure 8.4. The connections were assumed to be assembled with 
care and precision. Consequently, the clearance was considered to be negligible. Besides 
the clearance, also the shear span was measured after testing. Specimens were cross-
cut in longitudinal direction of the peg. The distance between the starting point of 
deformation and the finishing point of deformation was measured at each shear plane. 
The mean value of these two is further used as the shear span of that particular speci-
men. Pictures of the individual specimens and the corresponding shear spans are in-
cluded in the data booklet.       

 8.3 measured variables

 8.3.1 clearance and shear span
After testing the specimens are cross-cut in longitudinal direction of the peg. By doing 
so the clearance is determined. In this case clearance refers to the distance between 
two members parallel to the direction of the peg, as shown in figure 8-4.
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 Figure 8-4: clearance

The shear span is determined in a similar way as the clearance. The shear span refers to 
the distance  between the two shear planes at each side of the clearance. The shear 
plane indicates the point at which fibres within the peg start to deform, as shown in 
figure 8-5. Although the clearance parallel to the peg and shear span are related to each 
other, they do both have another meaning. Furthermore, the word edge hole stiffness 
is used. Although not directly measured during the tests, the edge hole stiffness plays 
a major role in the deformation of the peg. Edge hole stiffness in this case refers to the 
resistance of the edge hole against deformation caused by peg deformations.  

 Figure 8-5: shear span
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 8.3.2 connecTion sTiffness and yield sTress
The connection stiffness and yield stress are determined for specimens A and B, which 
are subjected to compressive loading. The connection stiffnesses are determined by 
the load-deformation diagrams obtained during the tests. The connection stiffness is 
represented by the slope of the diagram in its linear section. The connection yield load 
‘Fc,y’ is determined by using the a five per cent off set load, similar to the approach de-
scribed in paragraph 7.3.1. In this case five per cent refers to five per cent of the peg’s 
diameter. The peg is tapered and orthogonally shaped. Based on the minimal cross-
section the peg is considered to be 18 mm in diameter. The yield stress ‘fc,y’ is determined 
by using the formula expressed by equation ( 8-1 ).  

        ( 8-1 )

 8.3.3 pull-ouT load and deformaTion
The pull-out loads and corresponding deformations are determined for specimens C, 
which are subjected to tensile loading. The load and the deformation are determined 
at yielding and at failure. The yield load and deformation are determined by using the 
five per cent offset load, similar to the approach discussed in paragraph 7.3.1. Again di-
ameter ‘D’ is considered to be 18 mm. The failure load is defined as the highest meas-
ured load during the test. Consequently, the corresponding deformation is defined as 
the failure deformation capacity. Connection yielding and tear-out failure are both il-
lustrated in figure 8-6. 

 
 Figure 8-6: typical load-deformation diagram
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 8.4 resulTs
Due to the small number of specimens, the data are presented by cross-hairs instead of 
boxplots, the corresponding range of the measured data is illustrated by a grey back-
ground surface.

 8.4.1 specimen a 

 Figure 8-7: yield stress of specimens a tested in green and dry state (load angle 38o)

The obtained yield stresses of specimens are illustrated in figure 8-7. The individual 
data are presented in table 8-1. In green state specimens are tested at an average mois-
ture content of 31,3 per cent. In dry state the specimens are tested at an average mois-
ture content of 21,3 per cent.  

 table 8-1: yield stress data specimen a tested in green and dry state
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 Figure 8-8: connection stiffness of specimens a tested in green and dry state (load angle 38o)

The stiffness of the specimens type A are illustrated in figure 8-8. The individual data 
are given in table 8-2. Data regarding the moisture content of specimens is given in the 
previous section which discusses the yield load of the mortise and tenon connections 
type A. 

 table 8-2: connection stiffness data sprecimens a testen in green and dry state
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 8.4.2 specimen b

 Figure 8-9: yield stress of specimens B tested in green and dry state (load angle 52o)

Figure 8-9 illustrates the yield stress data of specimen B. The individual data are pre-
sented in table 8-3. In green state specimens are tested at an average moisture con-
tents of 19,5 per cent. In dry state specimens are tested at an average moisture contents 
of 28,2 per cent.  

 table 8-3: yield stress data specimens B tested in green and dry state
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 Figure 8-10: connection stiffness specimens B tested in green and dry state (load angle 52o)

The stiffness of specimens B is shown in figure 8-10. The individual data are presented 
in table 8-4. The moisture content are presented in the previous section, which dis-
cusses the yield stress of specimen B. 

 table 8-4: connection stiffness data specimens B tested in green and dry state

 8.4.3 specimen c
The mechanical behaviour of the mortise and tenon connections at the tension side of 
the frame has a major influence on the ultimate failure load of the frame, and less on 
the stiffness of the frame. Consequently, data in this chapter are presented as load and 
deformations, instead of stresses and stiffnesses. Since it are the loads and deforma-
tions which must be known to determine the frame’s ultimate point of failure.  
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 Figure 8-11: yield load and failure load specimens c tested dry state 
 (load anlge 90o)

Figure 8-11 shows the yield- and failure loads of specimens C when tested in dry state. 
The individual  data are presented in Table 8-5. The specimens are tested at an average 
moisture content of 16,2 per cent.

 table 8-5: yield load and failure load specimens c in dry state

Deformations at yielding and failure are illustrated in figure 8-12. The individual data 
are presented in table 8-6. The corresponding moisture content is mentioned in the 
previous section which discusses the yield and failure loads. 
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 Figure 8-12: deformations at yielding and failure specimens c tested in dry state 
 (load angle 90o)

 table 8-6: deformations at yielding and failure specimens c tested in dry state

 8.4.4 shrinkage 
Figure 8-13 illustrates the clearances of specimens A and B tested in dry state. The indi-
vidual data are presented in table 8-7.

 table 8-7: clearance parallel to the peg of specimens a and B tested in dry state
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 Figure 8-13: clearance of specimens a and B when tested in dry state

Figure 8-14 (a) illustrates the shear span of specimens A and B when tested in green 
state. Similar data are shown in figure 8-14 (b) corresponding to tests in dry state. The 
individual data of both figures is given in table 8-8. 

 (a)
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 (b)

 Figure 8-14: shear span of specimens a and B: (a) tested in green state, (b) tested in dry state

 table 8-8: shear span specimens a and B
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 8.5 sTiffness analysis
According to Schmidt and Daniels (1999), the stiffness of a mortise and tenon connec-
tion is the same as the sum of the base material stiffness and the peg stiffness. The 
base stiffness in this case refers to the bearing stiffness of the mortise members, there-
by neglecting the bearing stiffness of the tenon. In this research the tenon bearing 
stiffness is added to the formula to obtain more accurate results, the resulting formula 
is expressed by equation ( 8-2 ). The corresponding model is shown in figure 8-15. Data 
regarding the peg stiffness ‘kpeg’ is presented in chapter six. Bearing stiffness data are 
presented in chapter seven, which are used to determine the tenon stiffness ‘ktenon’ and 
the mortise stiffness ‘kmortise’. By using these data and the formula expressed by equa-
tion ( 8-2 ) the connection stiffness ' kconnection'  is determined.   

        ( 8-2 )

 Figure 8-15: spring model mortise and tenon connection

Figure 8-16 shows the stiffness of the full-size mortise and tenon connections observed 
during the tests and the stiffness of the mortise and tenon connection according to the 
spring model shown in figure 8-15. The stiffness of the spring model is strongly influ-
enced by the shear span of the peg. Consequently, the shear span is plotted on the x-
axis in both graphs. As previously mentioned, the stiffness of the spring model is deter-
mined using the peg stiffness and the bearing stiffness. The bearing stiffness of the 
tenon and the mortise members is influenced by the grain angle. The peg stiffness is 
majorly influenced by the shear span. As a result, the stiffness of the spring model is 
influenced by the grain angle and the shear span. 
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 (a)

 (b)

 Figure 8-16: the actual connection stiffness in comparison to the predicted connection   
 stiffness: (a) mortise and tenon connection a tested in dry state, (b) mortise and tenon   
 connection B tested in dry state
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The difference in grain angle can be observed when comparing the figure 8-16(a) with 
figure 8-16 (b) (previous page). The shear span is represented by the values on the x-
axis. The influence of the shear span on the connection stiffness can therefore be ob-
served in both graphs. The graphs show an intersection at a shear span of 19,4 mm for 
specimens A and 16,4 mm for the specimens B. This corresponds with the measured 
shear spans, which vary between 14,6 mm and 20,9 mm for specimens A and 15,4 mm 
and 18,0 mm for specimens B (both ranges are displayed by the grey line in the figure). 

Figure 8-17 shows the stiffness of the individual elements as percentage of the connec-
tion stiffness. For both type of connections the peg stiffness is governing, followed by 
the tenon stiffness and finally the mortise stiffness. Figure 8-17 (a) and (b) correspond 
to specimens A and B, which show a difference in grain angle of the mortise member. 
The differences between the two figures are small. Consequently, also the influence of 
the grain angle is considered to be small. 

 
 (a)
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 (b)

 Figure 8-17: the stiffness of the individual elements as percentage of the total modelled  
 stiffness: (a) elements of mortise and tenon connection a in dry state, (b) elements of mortise  
 and tenon connection B in dry state

 8.6 discussion
According to Hamer (2013) a decrease in moisture content results into shrinkage and an 
increase in material stiffness and strength. Shrinkage subsequently lead to increased 
clearances which enlarge the shear span of the peg. The increase in shear span has a 
negative influence on the peg stiffness. The increase in material stiffness results into a 
higher mortise and tenon stiffness. According to equation ( 8-2 ) the sum of the indi-
vidual element stiffnesses approximate the stiffness of the whole connection. The de-
scribed effects are shown in figure 8-18. The figure shows the influence of a changing 
moisture content on the mechanical behaviour for mortise and tenon connections in 
compression. The behaviour of connections subjected to tensile forces is described by 
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the pull-out load and the corresponding deformation. All topics are reviewed in the 
next paragraphs.

 Figure 8-18: influence of parameters on the connection stiffness when subjected to 
 compressive loading

 8.6.1 clearance parallel To The peg
Figure 8-19 illustrates clearance measured after testing in dry state of specimens A and 
B. In this case clearance is measured between the members in the direction parallel to 
the peg. Two graphs are added based on shrinkage values, which are presented in chap-
ter four. The difference in grain direction of the mortise members of specimens A and B 
does not influence clearance, since the clearance is directly influenced by shrinkage in 
transverse direction and not by shrinkage in longitudinal direction. This explains why 
specimens A and B show clearances of similar magnitude. The expected clearance in 
tangential direction and radial direction are somewhat smaller in comparison to the 
values of the specimens. The difference between the expected clearance and the ob-
served clearance can be explained by a small clearance initially present in green state.



103

TradiTional Timber sTrucTures  –  experimental research

strength varying

 Figure 8-19: observed clearance compared to the expected clearance parallel to the peg

 8.6.2 shear span
Figure 8-20 shows the shear span measured for specimens A and B tested in green 
state and dry state. Two parameters can be described which influence the magnitude 
of the shear span, being clearance and material stiffness. Due to drying the members 
shrink and the clearance increases. As a consequence, also the shear span increases. 
However, apart from shrinkage also an opposite effect is likely to take place. Due to an 
decrease in moisture content, the material stiffness increases. This subsequently re-
sults into an increasing resistance against deformation at the edge of the peg-hole. 
Thus, testing a mortise and tenon connections in dry state shows a larger clearance 
than in green state but also includes more resistance at the edge of the peg hole. Both 
parameters have an opposite effect. This might explain the minimal difference be-
tween the mortise and tenon connections tested in green state and dry state.    
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 Figure 8-20: shear span specimens a and B in relation to the moisture content

 8.6.3 connecTion sTiffness
According to equation ( 8-2 ), the stiffness of a mortise and tenon connection can be 
approximated by the sum of the individual element stiffnesses. The data shown in 
paragraph 8.5 shows the likelihood of this theory. Connection stiffnesses for mortise 
and tenon connections are presented by Schmidt and Daniels (1999) and Schmidt and 
MacKay (1997). These stiffnesses, however, cannot be compared to the obtained con-
nection stiffnesses due to the difference in peg diameter. Therefore, the stiffnesses of 
specimens A and B are only compared to each other.  

Figure 8-21 shows the stiffness of specimen A and B in relation to the moisture content. 
Specimens A show a stiffness in green state which is almost similar to the stiffness in 
dry state. The same can be said about specimens B. Furthermore, specimens A show a 
lower stiffness compared to the stiffness of specimens B, both in green state as in dry 
state. Presumably the increase in shear span and the increase in material stiffness have 
a similar but opposite effect on the connection stiffness, thereby largely eliminating 
each other. The difference in stiffness between specimen A and B seems odd, because 
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based on the difference in grain angle a small difference is expected in favour of speci-
mens A. No reasons, apart from the natural scatter and the limit number of specimens, 
could be found to explain this difference. 

 Figure 8-21: connection stiffness specimens a and B in relation to the moisture conten

 8.6.4 connecTion yield sTress
The yield stress of specimens A and B is defined by the five per cent off-set stress, as 
described in 8.3.2. The yield stress of mortise and tenon connections can be predicted 
by the formula given by Miller and Schmidt (2004) expressed by equation ( 8-3 ). 
According to this formula the yield stress ‘fv,y’ can be determined using specific gravity 
‘G’’, of both mortise and tenon, and constants ‘α’, ‘β’, and ‘γ’. Density data at zero mois-
ture content are presented in chapter four. These data are used to determine the spe-
cific gravity. The relation between the specific gravity and the moisture content is ex-
pressed by equation ( 8-4 ). This formula is taken from the Wood Handbook (Dietenberger 
and Green, 1999). The data obtained with the formula expressed in equation ( 8-3 ) is 
shown in figure 8-22 together with the yield stress test data.
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        ( 8-3 )

        ( 8-4 )

     

Equation ( 8-3 ) is originally meant to predict the yield stress of a mortise and tenon 
connection at which the mortise members are loaded at 90 degrees to the grain. This, 
however, does not comply with specimens A and B, since these are loaded at 38 degrees 
to the grain and 52 degrees to the grain. The data given by the formula are therefore 
likely to present a lower limit. The influence of the grain angle on the total stiffness is 
low, as previously described in paragraph 8.6.3. It, therefore, seems justified to predict 
the yield stress by using this formula. 

 Figure 8-22: yield stresses specimens a and B compared to literature  
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Figure 8-22 shows the yield stresses of specimens A and B tested in green and dry state. 
Specimens A show yield stresses which are higher compared to those of specimens B. 
This might partly be explained by the difference in grain angle; although, this differ-
ences is presumed to be small. However, no other reasons could be found to explain 
this difference. Both types show minimal differences in yield stress between the speci-
mens tested in green and dry state. This can be explained by the amount of shrinkage 
and the change in mechanical properties which occur during drying.  Both have oppo-
site effects, thereby partly eliminating the effect of a changes in moisture content on 
the magnitude of the yield stress.   

 8.6.5 pull-ouT load
During the research individually mortise and tenon connections were subjected to ten-
sile loading perpendicular to the grain to investigate the tear-out behaviour of the peg. 
Two types of loading are defined, being the yield load and the failure load. The yield 
load defines the load at a certain deformation. The failure load describes the load at the 
at which the peg tears out of the connection. Further information regarding the defini-
tion of these parameters is presented in paragraph 8.3.3 and paragraph 8.4.3. A mortise 
and tenon connection subjected to tensile loading can show three different types of 
failure, being peg failure, plug shear failure of the tenon, or cracking of the mortise 
housing. All three types are described by Hamer (2013). According to calculations pre-
sented in appendix E.1 mortise house cracking is the governing failure mode. The pull-
out load due to mortise cracking can be predicted by using the ultimate failure load 
corresponding with splitting of dry softwood, given in EC5 expressed by equation 
( 8-5 ). Although European Oak is no hardwood, this check is used because no other 
possibilities to determine the failure load are found in literature. A failure load of 8,4 kN 
is found when using this formula. The measured yield loads and failure loads of the 
specimens type C tested in dry state are all higher compared to the ultimate failure 
load determined by this formula. The formula, therefore, seems to provide a lower 
limit for the pull-out load of mortise and tenon connections loaded perpendicular to 
the grain in dry state. 

        ( 8-5 )
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 8.6.6 pull-ouT deformaTion
Figure 8-12 shows the deformation of the tested specimens type C at yielding and fail-
ure. The first with an average value of  11,7 mm, and the latter with an average value of 
16,3 mm. Based on these data the specimens show a certain plastic deformation prior 
to failure. Based on the connection stiffness model, deformation of the connection can 
be described by the deformation of the individual elements. The tenon member is 
loaded parallel to the grain and therefore shows a relatively high stiffness in compari-
son to the other elements. The influence of the tenon deformation on the deformation 
of the entire connection is therefore considered to be small. The mortise members are 
loaded perpendicular to the grain. According to Bodig and Benjamin (1982) tension per-
pendicular to the grain results into brittle failure behaviour. Based on this information 
the plastic deformation, which occurs between the point of yield and the point of fail-
ure, is also considered to be small. Thus, the decrease in stiffness which can be observed 
in the load-deformation graph of the mortise and tenon connections type C can only be 
explained by a decreasing peg stiffness. This point is marked as the yield point of the 
connection.

According to the connection model, the peg plays an important role in the elastic be-
haviour of mortise and tenon connections. It, therefore, seems reasonable that both 
the tenon and the mortise members are still deforming elastically, when the peg al-
ready starts yielding. The stiffness of the peg drops to a stiffness close to zero, while the 
stiffnesses of the tenon and the mortise members remain constant. This results into a 
small decrease in stiffness of the entire connection. Eventually the mortise members 
reach the end of their elastic deformation capacity, resulting into a sudden failure of 
weakest mortise member. Based on these assumptions the yield point of the connec-
tion is governed by the peg’s point of yielding. The connection stiffness during plastic 
deformation is mainly determined by the peg’s stiffness. The failure of the connection 
is indicated by failure of the weakest mortise member.    
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 Figure 8-23: simplified load-deformation diagram of a mortise and tenon and its 
 individual members when subjected to tensile loading 
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 8.7 conclusions

The mortise and tenon connections subjected to compression loading show an 
average yield stress of 19,8 N/mm2 when tested in green state and a yield stress 
of 21,2 N/mm2 when tested in dry state. The mortise members are in this case 
loaded at 38 degrees to the grain. When loaded at 52 degrees to the grain the 
mortise and tenon connections show an average yield stress of 10,5 N/mm2. 
when tested in green state and an average yield stress of 11,8 N/mm2 when 
tested in dry state.   

The mortise and tenon connections subjected to tensile loading show an aver-
age yield load of 11,7 kN and an average failure load of 16,3 kN. The mortise 
members are in this case loaded perpendicular to the grain The average defor-
mation at yielding is 4,1 mm. The average deformation at failure is 10,4 mm. 

The connection stiffness can be approximated by the sum of the individual ele-
ment stiffnesses, being: the peg stiffness, the tenon bearing stiffness; and the 
mortise bearing stiffness. The peg stiffness is influenced by the shear span. The 
bearing stiffness of the mortise members by the grain angle. The connections 
stiffness is mainly influenced by the peg stiffness, followed by the bearing stiff-
ness of the tenon, and slightly by the bearing stiffness of the mortise members. 
Consequently, a change in bearing stiffness of the tenon and the mortise mem-
bers due to a change in moisture content is considered of small importance. 

The peg stiffness shows a negative correlation with the shear span. 

The shear span is influenced by clearance parallel to the peg and the edge-hole 
stiffness.  

Additional research is needed to obtain information regarding the edge-hole 
stiffness and its influence of the shear span. 

Clearance parallel to the peg comprises a relatively small clearance due to inac-
curate assemblage of the connection and an additional clearance which occurs 
during drying, due to shrinkage. The increase in clearance due to shrinkage can 
be predicted using the shrinkage values presented in chapter four.  
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AbstrAct /
tests on full-size beam-column connections are dis-
cussed in this chapter. Firstly, an introduction is giv-
en to clarify the need of these tests. secondly, the 
test method is discussed. thirdly, the results are 
presented followed by an analysis of these results. 
Finally, the results are evaluated and compared to 
literature followed by conclusions.
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 9.1 inTroducTion
Traditional portal frames comprise a compression side and a tension side when sub-
jected to in-plane lateral loading. The compression side of the frame is investigated 
during the experimental research by subjecting individual beam-column connections 
(with brace) to in-plane compressive loading. In this chapter the word ‘specimen’ refers 
to a beam-column connection with diagonal brace. All other test-pieces are referred to 
by their full name. Furthermore, several terms which are used in this chapter must be 
defined. The middle section of the beam or column refers to the section which is close 
to the connection with the brace. The tenon at the beam’s end refers to the part of the 
beam behind the wedge connection. The three described terms are illustrated in figure 
9-1. 

 Figure 9-1: explanation of terms

In chapter eight the term clearance parallel to the peg is defined, which refers to the-
distance between the side of the side members and the sides of the middle member 
within the individually tested mortise and tenon connections. This definition is de-
scribed in detail in paragraph 8.3.1. In this chapter again the term clearance parallel to 
the grain is used. However, in this case it refers to the distance between the sides of the 
mortise member and the sides of the tenon within a brace-connection. Since the indi-
vidually tested mortise connections are used to simulate the behaviour of the brace-
connections, both terms are similar but are, however, not exactly the same. Furthermore, 
the term clearance perpendicular to the peg is used. This term refers to the distance 
between the end of the tenon and the back-side of the mortise hole within a brace-
connection. Clearance parallel to the peg and clearance perpendicular to the peg are 
illustrated in figure 9-2. 
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 Figure 9-2: clearance measured perpendicular to the peg and clearance measured 
 parallel to the peg: (a) longitudinal cross-section, (b) transverse cross-section

Apart from clearance in the brace-connections, clearance also occurs in the wedge con-
nection. The most relevant clearance within this connection is measured parallel to the 
column between the top of the beam and the upper-side of the mortise hole, as shown 
in figure 9-3.

 Figure 9-3: clearance wedge connection

 9.2 TesT meThod
Six full-size specimens were tested during the experimental research. All six specimens 
were first tested in green condition, where three specimens were loaded to failure. The 
other three specimens were tested up to 20 kN, being 40 percent of the estimated 
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failure load. The estimated failure load is previously calculated by Hamer (2013). The 
remaining three specimens were again tested after seven months. This time time up to 
failure. During testing the deformation of the connections and the curvature of the 
individual elements was observed. The next subparagraphs review the measuring de-
vices which were used to obtain the necessary data. 

 9.2.1 load Transfer
An overview of the test setup is illustrated in figure 9-4 (a).  The load was transferred to 
the specimen by using a hydraulic jack (b). The magnitude of the load was measured by 
using a load cell (c). The progress of the jack was measured using a LVDT (d). The end of 
the column and the beam were placed in a steel socket. This socket was connected by a 
hinge to the load point of the hydraulic jack at one end and to the support on the other 
end, as can be seen in figure 9-4 (a).   

        
       (b)

       (c)

 (a)

 Figure 9-4: test setup beam-column connection: 
 (a) test setup, (b) hydraulic jack, (c) lvdt to measure 
 the progress of the jack, (d) load cell used to measure 
 the jack load     (d)
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 9.2.2 wedge connecTion
For each of the specimens the beam was connected to the column by a wedge connec-
tion. The location of the wedge connection is shown in figure 9-5 (a). During testing the 
deformation of this wedge connection was measured by using three LVDT measure-
ment devices, as illustrated in figure 9-5 (b). This enabled simultaneous detection of 
rotation and translation of column and beam. A threaded steel rod was inserted into 
the beam with a triangular plate fixed on the outside. The transducers were fixed to a 
base plate which was fastened to the column member. Two LVDTs were used to meas-
ure the in-plane displacement. The third LVDT was used to measure the rotation be-
tween the column and beam. A similar device was used in research conducted by Leijten 
and Brandon (2013).  

 (a)    (b)

 Figure 9-5: measurement of the deformation within the wedge connection: (a) position of 
 wedge connection, (b) measurement setup

The displacements ‘δa’, ‘δb’, and ‘δc’ were measured by the LVDT’s. The directions of in 
which displacements ‘δb’, and ‘δc’ are measured intersect at the connection centre. The 
measured data are transformed in the deformation parallel to the beam ‘δx’, the defor-
mation parallel to the column ‘δy, and the rotation of the beam ‘ϕ’. To do this the formu-
lae expressed by equation ( 9-1 ), ( 9-2 ), and ( 9-3 ) are used. The presented formulae are 
adjusted versions of the formulae presented by Leijten and Brandon, (2013). These ad-
justments account the difference of the LVDT positions.   
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         ( 9-1 )

        ( 9-2 )

        ( 9-3 )

 9.2.3 brace-connecTions
Each specimen contains two mortise and tenon connections fastening the brace to the 
column or the brace. These connections are furthered to as brace-connections. The po-
sitions of both brace-connections are illustrated in figure 9-5 (a). 

 (a)     (b)

 Figure 9-6: measurement of the deformation within the brace-connections: (a) position 
 of the two connections, (b) measurement setup column-brace connection

Four LVDTs were used to measure displacements ‘δa’ and ‘δb’ within the column-brace-
connection and the beam-brace-connection, as shown in figure 9-6 (a). The measure-
ment setup for the column-brace-connection is shown in detail in figure 9-6 (b). The 
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measured displacements are transformed in the deformation parallel to the brace ‘δr’ 
and the rotational movement between the brace and the other element (beam or col-
umn) ‘ϕ’, by equation ( 9-4 ) and ( 9-5 ).  

        ( 9-4 )

        ( 9-5 )

 9.2.4 deformaTion of The beam and column
Besides the deformations of the connections also the curvature of the beam and the 
column was measured. For both the column and the beam the curvature was measured 
locally at two points. The positions of these points are shown in figure 9-7 (a). The LVDTs 
were fixed at the centre-line of the element. At each of the measure points the out-of-
centre displacement ‘δk’ between one moveable point at the middle and two outer 
fixed point was measured, as shown in figure 9-7 (b). Any curvature of the element re-
sults in displacement of the middle point with respect to the two outer points.   

 (a)    (b)

 Figure 9-7: measurement of the curvature of the column and beam: (a) position 
 of the measure points, (b) measurement setup
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By using the out-of-centre displacement and the distance ‘l’ between the two outer 
fixed points, the corresponding radius ‘ρ’ is determined, expressed by equation ( 9-7 ). 
The curvature ‘κ’ at the measure point is expressed by equation ( 9-7 ).
 

        ( 9-6 )

        ( 9-7 )

 9.2.5 moisTure conTenT gradienT
According to Dinwoodie and Desch (1996), the moisture content near the sides is ex-
pected to decrease faster than in the centre, resulting into a moisture content gradient 
over the depth of the element. No information is presented in the literature to predict 
the moisture content gradient. Consequently, the decision was made to measure the 
moisture content over the depth of the elements immediately after testing to gain 
more information regarding this matter. After testing a disk was cut from the dry spec-
imens to determine the moisture content at several points. The moisture content was 
determined using an electronic moisture meter. The moistrue content was measured at 
the centreline of the disk at several distances from the side. The pins were hammered 
in to a depth of approximately 10 mm. For the column and brace elements the moisture 
content was measured at: 15 mm, 45 mm, 75 mm, 105 mm, and 135 mm from the top 
side. The moisture content of the brace elements was measured at: 15 mm, 40 mm, 60 
mm, 80 mm, and 105 mm from the top side. Finally, the average moisture content was 
determined using the oven-dry method previously described in paragraph 4.1.

 9.3 resulTs

 9.3.1 ulTimaTe failure load and failure mode
The ultimate failure loads of the specimens are shown in figure 9-8. The jack displace-
ments are shown in figure 9-9. The individual loads and displacements with the corre-
sponding failure modes are presented in table 9-1. The displacement was not measured 
for specimen number one. Therefore, only two displacements are shown for the speci-
mens tested in green state. As can be seen in figure 9-9 the scatter is smaller for speci-
mens tested in green state in comparison to the specimens tested in dry state. The av-
erage moisture content for the specimens tested in green state is 66,7 per cent. The 
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average moisture content for the specimens tested in dry state is 21,5 per cent. Four 
types of failure were observed during testing of the beam-column connections, being: 
plug shear failure of the tenon at the beam’s end, bending failure of the column in the 
middle section, bending failure of the beam in the middle section, and bending failure 
of the beam close to the wedge connection. Pictures of the observed failure modes are 
presented in the data booklet. 

 Figure 9-8: ultimate failure load

 Figure 9-9: displacement of the jack 
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 table 9-1: Failure load, failure mode, and jack displacement

 9.3.2   wedge connecTion
During the tests the rotational and translational movement within the wedge connec-
tion was determined conform the method described in paragraph 9.2.2. Also, the load 
introduced by the hydraulic jack was measured. By using these parameters a load-de-
formation diagram is plotted. Although this diagram does not represent the real stiff-
ness, it does provides insight into the effect of the moisture content on the mechanical 
behaviour of the tested specimens.  

 (a)



121

TradiTional Timber sTrucTures  –  experimental research

 (b)

 Figure 9-10: load-deformation diagrams wedge connection in x- and y-direction (previously
 defined in paragraph 9.5): (a) deformation in x-direction (parallel to the beam), 
 (b) deformation in y-direction (parallel to the column)

Figure 9-10 shows the average load-deformation diagrams of the wedge connections 
in the x-, and the y-direction when tested in green and dry state. In x-direction the stiff-
ness in green state seems similar to the stiffness in dry state. In y-direction the stiffness 
in green state is lower at the start but higher at the end in comparison to the stiffness 
in dry state.   

The average load rotation deformation diagrams of the wedge connection tested in 
green and dry state are shown in figure 9-11. The connections tested in dry state show 
a lower stiffness at the beginning and a similar stiffness at the end compared to the 
stiffnesses of the connection tested in green state.  
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 Figure 9-11: load rotation diagram of the wedge connection for the rotation of the beam 

 (previously defined in figure 9-5)

 9.3.3 brace-connecTion

 (a)



123

TradiTional Timber sTrucTures  –  experimental research

 (b)

 Figure 9-12: load-deformation diagram brace-connections (parallel to the brace, 
 perviously defined in figure 9-6: (a) column-brace connection, (b) beam brace connection  

Figure 9-12 shows the average load-deformation diagrams of the column-brace-con-
nections and the beam-brace-connections tested in green and dry state. The column-
brace-connection shows a higher stiffness in green state than in dry state. The opposite 
can be seen when reviewing the behaviour of the beam-brace-connection, which 
shows a stiffness which is lower in green state than in dry state.   

The load rotation diagrams of both brace-connections are shown in figure 9-13. No re-
markable differences are observed when comparing the rotations of the connections 
tested in green state to those tested in dry state.  
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 (a)

 (b) 

 Figure 9-13: load-rotation diagram brace-connections for the rotational movement 
 of the brace (previously defined in figure 9-6): (a) column-brace connection, (b) beam-
 brace connection
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 9.3.4 curvaTure column and beam

 Figure 9-14: position of the measure points

 Figure 9-15: curvature at point of failure in green state

Figure 9-15 shows the observed curvature at the point of failure of the specimens tested 
in green state. These curvature data are determined using the formulae expressed by 
equation ( 9-6 ) and ( 9-7 ),  The numbers on the x-axis refer to the points at which the 
curvature is measured as shown in figure 9-14. The curvature at green state varies be-
tween 0,8 10-5 /mm and 5,0 10-5 /mm at the point of failure. 
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 Figure 9-16: curvature at point of failure tested in dry state

The curvature values of the specimens tested in dry state are shown in figure 9-16. As 
previously mentioned, the numbers on the x-axis refer to measure points at the beam 
and column. The curvature at the point of failure in dry state varies between 0,8 10-5 /
mm and 3,9 10-5 /mm.

 9.3.5 moisTure conTenT gradienT 
The variation in moisture contents over the depth of the beam and column, measured 
for the specimens tested in dry state, is illustrated in figure 9-17. The data correspond 
to seven months of acclimatisation in an indoor environment. The highest moisture 
content measured is 49,5 per cent, at the centre of the element. The lowest moisture 
content measured is 17,1 per cent, at a distance of 1,5 mm from the top of the element. 
A trend-line is added based on the presented data. No direct information could be ob-
tained regarding the moisture content at the edge of the element. Wood pieces which 
had been stored for a longer period of time in the laboratory showed a moisture con-
tent close to ten per cent. Based on that information a dashed line is drawn at the 
beginning and at the end of the graph, beginning and ending a moisture content close 
to ten per cent.
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 Figure 9-17: moisture content gradient over the height of the column and beam

 Figure 9-18: moisture content gradient over the height of the brace
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Figure 9-18 shows the moisture content over the height of the brace. Again a best fit 
curve is presented beginning and ending with a dashed line. The highest moisture con-
tent measured is 19,2 per cent at an edge distance of 4,0 mm. The lowest moisture 
content measured is 11,6 per cent at an edge distance of 1,5 mm. Again a trend-line is 
added, starting and finishing with a dashed line. The difference between the graphs 
shown in figure 9-17 and figure 9-18 is probably caused by the difference in dimen-
sions. 

 9.4 analysis

 9.4.1 clearance brace-connecTion perpendicular 

 Figure 9-19: demonstration of clearance determining for the column-brace connection

The clearance perpendicular to the peg is measured between the tenon’s end and the 
back-side of the mortise hole, as previously described in paragraph 9.1. The clearance is 
indirectly determined using the deformation diagrams of the individual connections. 
Due to the load introduced by the hydraulic jack, deformations occur in both brace-
connections. The brace-connection stiffness is mainly influenced by the peg stiffness 
up to the point of direct contact. Consequently, deformations are large while the load 
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introduced by the jack remains relatively low until direct contact is reached. As illus-
trated in figure 9-19, the graphs show a point after which the jack-load suddenly in-
creases. Consequently, this point is marked as the point of direct contact between the 
main members. The deformation up to this point is, therefore, considered similar as 
clearance perpendicular to the peg.  The derived clearances of both brace-connections 
are illustrated in figure 9-20. The individual clearances are presented in table 9-3. 

 Figure 9-20: clearance of brace-connections

 table 9-2: clearances wedge connection in green and dry state
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 9.4.2 clearance wedge connecTion 
As previously mentioned in paragraph 9.3.2 the clearances in the wedge are only meas-
ured in y-direction (parallel to the column). The clearance are measured in a similar way 
as for the brace-connections, described in the previous paragraph. In this case the stiff-
ness prior to the point of direct contact between the top of the beam and the upper-
side of the mortise hole appears to be only influenced by friction between surfaces. 

 Figure 9-21: clearance wedge connection in y-direction (parallel to the column)

Figure 9-21 shows clearances measured parallel to the column derived from the test 
data. The individual clearances are presented in table 9-3. 

 table 9-3: clearances wedge connection in green and dry state
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 9.4.3 connecTion sTiffness
The in-plane deformations of a connection can be divided into three phases, being: 
clearance removal, elastic behaviour, and finally plastic behaviour. In this case elastic 
behaviour does refers to elastic deformation of the material other than the peg. The  
peg already deforms plastically during clearance removal. The observed deformation is 
therefore not completely reversible. In the case of a wedge connection the stiffness 
during clearance removal (tightening) is only influenced by local friction. Loads trans-
ferred by a brace-connection during clearance removal are transferred by the peg from 
the brace to the other main element (column or beam). The connection stiffness is, 
therefore, mainly influenced by the peg stiffness. Figure 9-22 shows two simplified dia-
grams of the expected behaviour, one regarding translation within the wedge connec-
tion and both brace-connections, the other regarding rotation of within the wedge 
connection. Test data are analysed by using the diagrams shown in figure 9-22. The 
graph shown in figure 9-22 (a), corresponding to translational movement, is explained 
by the three phases shown in figure 9-23.

 (a)

 (b)

 Figure 9-22: simplified connection behaviour: (a) translation within connections, 
 (b) rotation within wedge connection
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Each phase shows a different slope and therefore can be described by its own stiffness. 
For some  specimens the three different phases are relatively easy recognized. However, 
for other specimens the three phases are rather hard to distinguish. This situation is 
shown in figure 9.24 (next page). Therefore, no data are evaluated regarding the indi-
vidual stiffnesses of the specimens in each of the phases. 

 Figure 9-23: three different phases within the column-brace connection during 
 compressive testing: (i) transfer of load by the peg, removal of clearance, (ii) direct 
 contact, elastic deformation contact surface, (iii) direct contact, plastic deformation 
 of the contact surface
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 (a)

 (b)

 Figure 9-24: load-deformation diagram: (a) easy recognition of the three phases, 
 (b) no recognition of the three phases
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 9.4.4 bending momenT diagram
The bending moment at the measure points is determined by using the formula of 
equation ( 9-8 ). Plastic deformation was observed at the middle section of the beam 
prior to failure. The formula refers to linear elastic statics and therefore does not seem 
to apply to the observed situation. However, in this case the formula is used to describe 
the relation between the local curvature and the local bending moment. The observed 
amount of plastic deformation close to the measure point was relatively small. 
Consequently, the formula is considered valid to approximate the situation just before 
failure. 

According to the formula, the bending moment is influenced by curvature ‘κ’, the mod-
ulus of elasticity for bending ‘Em’, and the moment of inertia ‘I’. The curvature is meas-
ured during testing, and the moment of inertia is determined by using the cross-sec-
tional dimensions at the measure point. In this case the moment of inertia at the 
weakest section is irrelevant, since the curvature is measured locally. The modulus of 
elasticity for bending, however, is not known. A correlation between the modulus of 
elasticity for compression parallel to the grain and the modulus of elasticity for bend-
ing is found in data presented by  Kühne, (1955). At 18 per cent moisture content the 
modulus of elasticity for bending is  0,87 times the modulus of elasticity for compres-
sion parallel to the grain. A value of 0,92 is found at a moisture content above 50 per 
cent. During the experimental research the modulus of elasticity for compression par-
allel to the grain is determined, as previously described in chapter five. Using these 
data the As a corresponding moduli of elasticity for bending are determined. 

        ( 9-8 )

Both column and beam are enclosed by a steel socket at their ends. The steel socket 
enclosing the beam’s end is connected by a hinge to the hydraulic jack. The steel socket 
enclosing the column’s end is connected by a hinge to the load cell. The load cell in this 
case functions as support.  At the other end the column and beam are connected to 
each other by a moment transferring connection (wedge). In the middle section a load 
is introduced by the brace, which results in bending of the element (beam or column). 
The hinged end is not capable of transferring moment resulting into a zero bending 
moment at the end of the column and beam. The bending moment at the wedge con-
nection is unknown, since the rotational spring stiffness of this connection is unknown. 
The curvature is measured at two points at each side of the brace-connection. By using 
the observed data at these two points, the zero bending moment at the end, and equa-
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tion ( 9-8 ) the bending moment diagram of both the beam and the column is deter-
mined. The mechanical model and the corresponding bending moment diagram are 
illustrated in figure 9-25.

 (a)

 (b)

 Figure 9-25: mechanical model: (a) load distribution, (b) mechanical model column 
 and beam, (c) corresponding bending moment diagram
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Unfortunately, the observed curvatures (figure 9-7, equation ( 9-6 ), figure 9-15, and fig-
ure 9-16) in combination with a constant value for the modulus of elasticity for bend-
ing does not match the moment distribution scheme shown in figure 9-25. Therefore, a 
varying bending modulus of elasticity is assumed. This is the most logical option, since 
a variation does not apply for either the curvature or the moment of inertia. 
Consequently, the bending modulus of elasticity is the only parameter which can show 
a certain variation. Especially because the bending  modulus of elasticity in equation 
( 9-8 ) applies to the local value instead of the average value of the element. As a con-
sequence another boundary condition must be introduced. The maximum transferable 
bending moment by the wedge connection is calculated in appendix C.2. The bending 
moment at the wedge connection is considered to approximate this value just before 
failure. Based on this assumption the bending moment diagram at the point of failure 
is determined. Considering an equilibrium state of the internal forces for all six speci-
mens, the corresponding moduli of elasticity varies between 3 003 N/mm2 and 15 162 N/
mm2 when tested in green state. In dry state the moduli of elasticity vary between 
4 593 N/mm2 and 10 695 N/mm2. The individual bending moment diagrams for each of 
the specimens are presented in appendix C.2.

 9.4.5 shear diagram
The shear diagram is determined by the derivation of the bending moment diagram, as 
illustrated in figure 9-26. When using the previous obtained bending moment dia-
grams all the shear diagrams appear to be in equilibrium. The bending moment dia-
gram and shear diagram for each of the elements are used in chapter ten to determine 
the internal energy stored within the column and beam. 

 Figure 9-26: derivation of the bending moment diagram into the shear diagram
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 9.5 discussion

 9.5.1 failure mode
The specimens show different types of failure. Three types of failure are predicted by 
Hamer (2013) and Schmidt et al. (1996), being: plug shear failure of the tenon behind 
the wedge, at the beam’s end; bending failure of the column in the middle section; and 
bending failure of the beam in the middle section. During the experimental research 
one other type of failure was observed, being bending failure of the beam close to the 
wedge connection. All four types of failure are described in this paragraph followed by 
a comparison between the observations during testing and the predicted behaviour. 
The predicted behaviour is based on information presented by Hamer (2013) and 
Schmidt et al. (1996).

 Figure 9-27: plug shear failure behind the tenon at the beam's end

Figure 9-27 shows failure due to plug shear failure. This failure mode is largely influ-
enced by the fit of the wedge connection. The fit is influenced by fabrication, tolerances, 
and shrinkage. When fastening the wedge, the rotational spring stiffness of the con-
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nection increases. Fastening the wedge, therefore, seems wise, since the overall stiff-
ness of the specimen increases. However, when the wedge is fastened pre-shear-stress-
es occur in the wood behind the wedge. During testing tensile forces occur at the 
beam’s end. These tensile forces result in shear stresses, which emerge at the same 
position as the pre-shear-stresses. The failure load corresponding with plug shear fail-
ure of the tenon, therefore, decreases when tightening the wedge. Plug shear failure is 
characterized by brittle failure, due to the non-plastic shear behaviour of wood parallel 
to the grain.  

 Figure 9-28: Bending failure of the column or beam in the middle section

Failure at the middle section of the beam or column is shown in figure 9-28. A load is 
introduced by the brace at the middle section of the column and the beam, which re-
sults into bending. At this specific point the bending moment is high and the cross-
section is reduced at the compressed side. This reduction is caused by the mortise hole 
required to fit the tenon. The characteristic compressive strength is higher in compari-
son to the characteristic tensile strength. Nonetheless,  plastic deformation emerges at 
the compressed side of the element, due to the reduction in cross-section. The plastic 
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deformation at the compressed side is followed by longitudinal cracking in the middle 
section. Eventually, failure occurs at the tensed side of the element. Consequently, this 
type of failure is described as non-brittle and is preceded by many warnings.    

 Figure 9-29: beam bending failure close to the wedge connection
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Bending failure close to wedge connection is illustrated in figure 9-29. The beam’s end 
is reduced, which results into a cross-section of approximately one third of the original 
cross-section. Consequently, internal stresses caused by bending are tripled. Failure 
first occurs at the tensed side of the beam, since the tensile strength is lower in com-
parison to the compressive strength and no reductions  in cross-section are present. 
Tension failure parallel to the grain is characterized by brittle failure preceded by little 
plastic deformation. In contrast to bending failure in the middle section, bending fail-
ure of the beam close to the wedge connection appears suddenly and is preceded by 
little warning. The magnitude of the bending moment at failure largely depends on the 
rotational spring stiffness of the wedge connection. Fastening the wedge, therefore, 
results into a decrease in failure load corresponding to this type of failure. 

The expected behaviour described in the previous section largely complies with the 
observed behaviour of the specimens during testing. In green state failure of the first 
two specimens was indicated by plug shear failure. Failure appeared suddenly, but prior 
to failure longitudinal cracking appeared in both the column and the beam. Apparently, 
plug shear failure occurred while the compressed side of the beam and column was 
already deforming plastically. The last specimen tested in green state failed due to 
bending failure of the column preceded by plastic deformation at the compressed side 
and longitudinal cracking near the center-line.  

The first specimen tested in dry state failed due to bending of the beam. Longitudinal 
cracks due to shrinkage were observed before testing. Prior to failure plastic deforma-
tion at compressed side was observed and the pre-existing crack enlarged due to bend-
ing. Finally, the tensed side of the beam cracked introduced by a knot located at this 
side. Specimen number five failed due to bending of the beam close to the wedge con-
nection. As predicted, failure occured suddenly. In contrast to the other dried specimens 
the wedge was fastened by using a hammer instead of by hand. Thereby creating a 
higher connection stiffness but also unwanted pre-stresses at the tenon’s end. This 
probably caused the observed type of failure. Fastening the wedge too tight negatively 
influences the ultimate failure load of brittle failure modes, being plug shear failure 
and bending failure of the beam close to the wedge. Based on this information the 
wedge should be fastened by hand and not by a hammer. The last specimen failed due 
to bending failure of the beam. In contrast to the other specimen which failed due to 
bending in the middle section, failure occurred suddenly and without warning. Based 
on the crack surface and the surrounding wood, this premature failure load was most 
probably caused by spiral grain growth. Photographs of the observed failure modes are 
illustrated in the data booklet.  
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 9.5.2 failure load
Estimations of failure loads are presented by Hamer (2013). The predicted failure loads 
vary, depending on the moisture content of the wood and the failure mode. The failure 
loads observed during testing and the failure loads presented by Hamer (2013) are both 
illustrated in figure 9-30. In all cases the observed failure loads are in range of the pre-
dicted failure loads or higher. The failure load of specimen number five is not accounted 
since no failure load was presented in literature for bending failure of the beam close 
to the wedge connection. 

 
 Figure 9-30: observed failure loads compared to the perdicted failure loads

According to the failure loads presented in figure 9-8, the average failure load is higher 
when tested in green state in comparison to the specimen tested in dry state. Based on 
the increase of strength by drying, the opposite effect is expected. This, however, can be 
explained. One of the three specimens tested in dry state failed prematurely due to 
spiral grain growth. When the result of this specimen is not accounted, the average 
failure load in dry state is higher than the average ultimate failure load in green state. 
Still the difference between the two values is rather small. This might be explained by 
the moisture content of the specimens tested in dry state. The wood of these speci-
mens is assumed to have a moisture content close to 20 per cent. This, however, is not 
entirely true. Although the average moisture content is approximately 20 per cent, the 
interior of the element has a moisture content higher than 20 per cent while the outer 
side of the element shows a moisture content which is lower, as illustrated in figure 
9-17. Furthermore, pre-existing cracks caused by drying weaken the elements, espe-
cially since less energy is required for further longitudinal cracking.      
      



142

Behaviour oF Beam-column connections / 111 - 148

As can be seen in figure 9-30, the expected failure loads of the specimens tested in 
green state  are relatively close to each other independent of failure mode. The failure 
loads of specimens tested in dry state show a different situation. When tested in green 
state failure due to shear failure of the tenon seems less plausible. Thus, all three fail-
ure modes seem possible when testing in green state. When testing in dry state only 
failure due to bending of the column or beam seems plausible. This is in line with the 
observed failure modes. Nonetheless, caution is advised when drawing this conclusion, 
since only a small number of full-size specimens is tested. 

 9.5.3 connecTion sTiffness
According to Hamer (2013) the connection stiffness is influences by the fit of the con-
nection and the stiffness of the material. The material stiffness and the relation with 
the moisture content is previously elaborated in chapter five. The tightness of the con-
nection is influenced by clearance between the fastened elements. The magnitude of 
clearance is influenced by the production accuracy and the amount of shrinkage which 
occurs during seasoning. The specimens are mechanically fabricated. The production 
accuracy is therefore considered to be sufficient, resulting into negligible clearances. 
Shrinkage is considered to have a much bigger influence. Shrinkage in the wedge con-
nection and both brace-connections is discussed in this paragraph. Firstly, an overview 
is given of the expected clearances which occur due to shrinkage. Secondly, the ex-
pected clearances are compared to the clearances determined in the previous analysis. 
Finally, the relation between observed clearances and connection stiffness is reviewed. 

During drying wood mainly shrinks in radial and tangential direction, also referred to 
as shrinkage in transverse direction. Shrinkage in longitudinal direction is much smaller 
and can therefore be neglected. In-plane shrinkage of the wedge connection occurs 
parallel to the beam and parallel to the column. These directions are referred to as x-
direction and y-direction. Clearance in x-direction is not observed, because wedges 
were re-fastened after drying, which results into the elimination of clearance in this 
direction. The height of the mortise hole is influenced by longitudinal shrinkage and 
therefore negligible. The height of the beam shows a large amount of shrinkage, since 
it is directly influenced by transverse shrinkage. As a result, clearance appears between 
the top of the beam and the upper-side of the hole, as shown in figure 9.31. The meas-
ured clearances in y-direction are smaller when tested in green state than tested in dry 
state, as can be seen in figure 9-21 . This is in line with previous expectations.
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 (a)                 (b)

 Figure 9-31: shrinkage wedge connection: (a) shrinkage, location of the gap

Clearance between the upper side of the mortise hole and the top of the beam nega-
tively influences the stiffness of the connection. However, as can be seen in figure 9-31 
the stiffness does not show any remarkable differences between the specimens tested 
in green state and the specimens tested in dry state. Probably the change in the wood’s 
mechanical properties compensates for the effect of clearance on the connection stiff-
ness.   

 (a)
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 Figure 9-32: shrinkage brace-connection: (a) direction to the grain, (b) expected shrinkage 
 and its consequences

Figure 9-32 shows the expected shrinkage direction and its consequences. Based on 
this figure the tensile pre-stress referred to as the ‘draw’, disappears due to the effects 
of shrinkage. Furthermore, clearance parallel to the peg increases, resulting into a 
larger shear span of the peg. Due to shrinkage the clearance measured perpendicular 
to the peg between the tenon’s end and the mortise back wall decreases, which might 
eventually result into direct contact between the mortise back wall and the end of the 
tenon. Also, clearance can be expected between the upper-side of the tenon and the 
top-size of the mortise hole, referred to as opening of a brace-connection.  

The beam-brace-connections show larger clearances parallel to the peg in green state 
than in dry state. Remarkably the opposite effect is observed for the column-brace-
connections, as can be seen in figure 9-20. Based on the illustration in figure 9-32, the 
effects increase when the angle between the brace and the other element increases. 
This, however, does not apply for the observed clearance. It, therefore, seems more 
likely that the differences in clearance are caused by not recognised and controlled 
variables. For exmaple, the way of assemblage or local distortions in the grain. 
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 (a)

 (b)

 Figure 9-33: simplified load-deformation diagram: (a) green state, (b) dry state

Due to the effects of shrinkage the shear span of the peg increases. This results into an 
lower stiffness at the beginning of the deformation. Clearance perpendicular to the 
peg, however, decreases. This decrease results into earlier contact between the tenon 
at and back side of the mortise hole. Direct contact results into an increase in stiffness. 
Simplified load-deformation diagrams are illustrated in figure 9-33. The graphs illus-
trated in this figure show remarkable resemblance with the load-deformation dia-
grams of the column-brace-connections. However, less resemblance is noted when 
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comparing the simplified load-deformation diagram to the load-deformation diagrams 
of the brace-beam connections. As previously mentioned, other variables might influ-
ence clearance and therefore also influence the stiffness of these connections.    

 9.5.4 bending momenT diagram
As previously mentioned in paragraph 9.4.4, a varying bending modulus of elasticity is 
assumed to create a situation in which the bending moments are in equilibrium. The 
moment of elasticity for bending is considered to show a correlation with the modulus 
of elasticity for compression parallel to the grain, as previously discussed in paragraph 
9.4.4. Data regarding the modulus of elasticity for compression is presented in chapter 
five. Figure 5-5 shows the variability in the moduli of elasticity for compression parallel 
to the grain. Using these data, the maximum and the minimum modulus of elasticity 
for bending are determined, as illustrated in figure 9-34. In the same figure the moduli 
of elasticity are shown which are needed to reach equilibrium for the tested speci-
mens.

 
 Figure 9-34: Bending modulus of elasticity to reach equilibrium compared to 
 the minimum and maximum expected value
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For the specimens tested in dry state the bending moduli of elasticity required to reach 
equilibrium are in range of the expected moduli of elasticity. However, to reach equilib-
rium in green state the moduli of elasticity exceed the maximum bending moment. 
Bending results into a combination of compression and tension parallel to the grain. 
Commonly a direct correlation is assumed between the bending modulus of elasticity 
and the compression modulus of elasticity, thereby assuming a similar modulus of 
elasticity at the tension side. At higher moisture contents the modulus of elasticity for 
compression shows a rapid decrease. The modulus of elasticity for tension, however, is 
much less affected by the moisture content and therefore remains approximately con-
stant. Consequently, the modulus of elasticity for bending decreases less than expected 
when increasing the moisture content. This might explain the difference in magnitude 
between the expected maximum bending modulus of elasticity and the required mod-
uli of elasticity. Furthermore, other factors might play a role, such as local distortions in 
the wood. 
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 9.6 conclusions

Beam-column connections tested in green state are likely to fail due to: bend-
ing failure of the column, bending failure of the beam, or plug shear failure of 
the tenon behind the wedge. Beam-column connections tested in dry state are 
likely to fail due to: bending failure of the column or bending failure of the 
beam. 

Fastening the wedge too tightly might result into bending failure of the beam 
close to the wedge connection. 

Beam-column connections tested in green state show an average failure load 
of 50,7 kN. Beam-column connections tested in dry state show an average fail-
ure load of 51,4 kN.  Specimens which failed prematurely due to spiral grain are 
in this case not taken into account. 

Beam-column connections tested in green state show an average jack displace-
ment of 37,7 mm. Beam-column connections tested in dry state show an aver-
age jack displacement of 41,1 kN. Specimens which failed prematurely due to 
spiral grain are in this case not taken into account. 

Deformation of the wedge,- and brace-connections can be divided into three 
phases, being: clearance removal, elastic deformation, and plastic deformation. 
In case of the brace-connections clearance removal is combined with peg de-
formation. 

An equilibrium state of the internal forces within the tested specimens is 
reached when assuming a varying modulus of elasticity for bending. 

The moduli of elasticity for bending required to reach equilibrium are in line 
with the moduli of elasticity for bending derived from the moduli of elasticity 
for compression parallel to the grain.  
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iii
analysis
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AbstrAct /
this chapter discusses the energy analysis used to 
determine the spring stiffnesses within the pro-
posed mechanical model. the data presented in 
previous chapters is used to determine the amount 
of internal energy and external energy in the 
beam-column connections during testing. these 
energy values are used in chapter 11 to approxi-
mate the stiffness of the individual elements and 
connections within the beam-column connection. 
these stiffnesses are eventually used to model the 
mechanical behaviour of a whole frame. Firstly, an 
introduction is given in the use of the energy equi-
librium. secondly, the methods are described by 
which the individual energy values are determined. 
thirdly, the energy data per element and connec-
tion are presented, which are then used to describe 
the energy equilibrium. Finally, the energy equilib-
riums are discussed.  
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 10.1 inTroducTion
According to the equilibrium of principal energy presented in chapter two, the external 
energy should at all times  equal the external energy. This theory is used to describe the 
mechanical behaviour of the connections and elements of the tested beam-column 
connections. By using the properties determined in previous chapters, an energy-defor-
mation function is determined for each of the connections together with an energy-
curvature function for both the column and the beam. The sum of the individual energy 
values results into the total internal energy in the system. According to the presented 
theory this value must be equal to the external energy, introduced by the hydraulic 
jack. Together the energy values result into an energy balance. This balance is used to 
check the validity of the proposed energy-deformation functions. Full-size beam-col-
umn connections are in this chapter again referred to as ‘specimen’. All other test-piec-
es are referred to by their full names. 

 10.2 TesT meThod
In this paragraph the method is described by which the amount of energy is deter-
mined for each of the individual connections and elements, as well as for the amount 
of external energy introduced by the hydraulic jack.

 10.2.1 inTernal energy brace-connecTions
For the brace-connections the axial deformation and the rotation is measured. This 
paragraph describes the method which is used to determine the corresponding amount 
of internal energy. Firstly the energy corresponding to the axial deformation is dis-
cussed followed by the energy corresponding to the rotation. 

Chapter eight describes tests on individual mortise and tenon connections by which 
the side members, representing the mortise members, are loaded at 38 and 52 degrees 
to the grain. These angles are the same as for the brace-connections which are found in 
the full-size beam-column connections. Therefore, the mechanical behaviour during 
clearance removal is considered similar. The tests on individual mortise and tenon con-
nections result into six load-deformation diagrams at each load angle. Three load-de-
formation diagrams correspond to tests in green state and three to dry state. An aver-
age load-deformation diagram is determined for each situation.

During testing of full-size beam-column connections the axial deformation (parallel to 
the brace) of both brace-connections is measured and therefore known at every jack 
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load. Unfortunately, the force transferred by the brace-connections is unknown. It is, 
therefore, impossible to plot the load-deformation diagram needed to determine the 
internal amount of energy. As mentioned previously, individual mortise and tenon con-
nections are tested to simulated the behaviour of the brace-connections within the 
tested beam-column connections. The behaviour of the mortise and tenon connections 
is compared to the brace-connections within the beam-column specimens to deter-
mine the load transferred by the brace-connections.  

Major difference in the load-deformation diagram of both connection types is that the 
load-deformation diagram of the mortise and tenon connections is plotted in relation 
to the connection load. The load-deformation diagram of the brace-connection is plot-
ted in relation to the load introduced by the hydraulic jack. The connection load and the 
load introduced by the hydraulic jack are both illustrated in  figure 10-1. To approximate 
the load transferred by the brace-connections the jack load is multiplied by a correction 
factor ‘α’ and a factor 1,6 conform equation ( 10-1 ). The factor 1,6 is used to account the 
leverage between the load introduced by the hydraulic jack and the axial force in the 
beam. The correction factor is used to account the reduction of the axial force in the 
brace due to the rotational stiffness of the wedge connection, as described in the fol-
lowing section. 

 (a)
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 (b)
 
 Figure 10-1: connection load and jack load: (a) position, (b) load-deformation diagrams

        ( 10-1 )

The load transferred by the brace-connections is equal to the axial force in the brace. 
The relation between the jack load and the force in the brace is influenced by the stiff-
ness of both brace-connections and the and the rotational spring stiffness of the wedge 
connection. When the rotational spring stiffness of the wedge is zero (hinged) the axial 
force in the brace is maximized, which results into a correction factor of 1,0. When the 
axial spring stiffnesses of the brace-connections are nill and the rotational spring stiff-
ness is not, the axial force in the brace equals zero, which results into a correction factor 
of 0,0. 

 
 Figure 10-2: correction factor

energy analysis / 151 - 182
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The dashed red graph shown in figure 10-3 illustrates the mean load-deformation dia-
gram of the individually tested mortise and tenon connections when tested in dry 
state. The mean load-deformation diagram of the brace-connections multiplied by 1,6 
and a correction factor of 0,6 is illustrated by the grey line. As can be seen in the figure, 
both graphs show remarkable similarity up to approximately 2,4 mm, which can be 
marked as the point of direct contact. Therefore, the correction factor of 0,6 seems to 
be correct, subsequently also the adjusted load-deformation diagram of the brace-
connections seems to be correct. As a result, a load-deformation diagram is found 
which approximates the behaviour of the brace-connections. The energy-deformation 
diagram is described by the integral of the load-deformation function, equal to the 
surface below the graph.    
    
As can be seen in figure 10-3, the correction factor of 0,6 seems to be correct during 
clearance removal.  At the point of direct contact the stiffness of the brace-connections 
increases profoundly. As a consequence, the axial force in the brace also increases, re-
sulting into a higher correction factor. A correction factor of 0,9 is determined prior to 
the point of failure based on the maximal transferable bending moment by the wedge 
connection, which is calculated in appendix C.2. Consequently, the correction factor 
varies between 0,6 and 0,9. However, to simplify the situation a constant correction 
factor of 0,6 used to determine the internal energy. The amount of energy ‘Win’ corre-
sponding to axial deformation in the brace-connection is expressed by equation 
( 10-2 ).

         ( 10-2 )

Both brace-connections are considered to act as hinges. As a consequence, no bending 
moment is transferred. Consequently, the amount of internal energy due to rotation of 
both brace-connections is assumed to be zero at all times.
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 Figure 10-3: individually tested mortise and tenon connection behaviour compared 
 to brace-connection behaviour 

 10.2.2 inTernal energy wedge connecTion
During testing of the full-size beam-column connections the deformation in two in-
plane directions are measured as well as the rotation between the column and the 
beam. A corresponding energy-deformation diagram is determined for both deforma-
tion data as well as for the measured rotations.

The measured deformation in the y-direction (parallel to the column)  is a consequence 
of load transferred by the contact surface between the top of the beam and the upper 
side of the mortise hole. The beam is loaded perpendicular to the grain while the col-
umn is loaded parallel to the grain. This situation is simulated by two springs in series, 
as shown in Figure 10-4. When assuming linearity 97 per cent of the energy is stored by 
the springs in the beam, while only three per cent of the energy is stored by the springs 
in the column. Based on this approximation the amount of energy stored in the column 
is considered negligible. Therefore, only deformations within the beam are taken into 
account.  
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 Figure 10-4: load transfer by springs during deformation in y-direction

All measured deformations are assumed to occur in the beam. The corresponding load 
results into a stress distribution over the area underneath the contact surface, in ac-
cordance to the theory presented by Leijten et al. (2012). During deformation the width 
of the compressed volume is considered to increase following the slope 1:1,5, which is 
similar as in the research by by Leijten et al. (2012). However, in this case the amount of 
energy is assumed to be solely stored in the rectangle volume between the contact 
surface and a depth of 0,35 times the height of the beam. 

 
 Figure 10-5: compressed volume: (a) in initial shape, (b) in deformation shape
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The energy value is determined using the load-deformation diagrams of specimens 
loaded perpendicular to the grain. The corresponding data is presented in chapter five. 
An average load-deformation diagram of these tests is determined. The integral of this 
function subsequently describes the energy-deformation diagram ‘Win,test piece’. The ener-
gy-deformation function is adjusted in order to describe the amount of energy per 
compressed square millimetre. To account the difference in depth between the tested 
piece and the volume loaded in the beam a depth factor ‘β’ is used. The energy value per 
square millimetre is multiplied by cross-section ‘A’, which is directly related to the 
amount of deformation 'δy' . The energy function is expressed by equation ( 10-3 ). The 
derivation is given in appendix D.1.

        ( 10-3 )
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        ( 10-3 )

In x-direction (parallel to the beam) the measured deformation is caused by a force 
transferred from the beam to the wedge to the column.  The beam is loaded parallel 
while the wedge and the column are loaded perpendicular to the grain, as can be seen 
in figure 10-6. As previously mentioned the amount of energy stored by the element 
loaded parallel to the grain is rather small compared to the amount of energy stored by 
the element loaded perpendicular to the grain. Consequently, energy in the beam is not 
taken into account. The contact area between the beam and the wedge is two times as 
small as the contact area between the wedge and the column. After testing plastic 
deformation of the wedge was observed. The column, however, showed no signs of 
plastic deformation. Therefore, the amount of energy is solely based on deformation of 
the wedge. The wedge is in the real situation not supported in the middle, however, to 
simplify the situation the wedge is considered to be supported at the bottom over its 
full length. Again the compressed volume increases in width following the dashed lines 
with slope 1:1,5, as shown in figure 10-7. The corresponding amount of energy is deter-
mined using the similar approach as for deformation in the y-direction. 

 (a)
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 (b) 

 Figure 10-6: load transfer by springs during deformation in the x-direction: 
 (a) vertical cross-section, (b) horizontal cross-section

 (a)

 (b)

 Figure 10-7: compressed volume: (a) initial shape, (b) deformed shape

The amount of energy corresponding to deformation in the x-direction is expressed by 
a modified version of equation ( 10-3 ). The 0,35 hbeam in this case replaced by hwedge. 
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Apart from the displacements in the x-, and y- direction, also the rotation in the wedge 
is measured. Rotations which occur are caused by a transferred bending moment, 
which results into two loaded contact surfaces. One at the top of the beam and one at 
the bottom of the beam. These contact surfaces are again schematized as springs, as 
illustrated in figure 10-8. Again only the deformations in the beam are accounted, due 
to the difference in grain angle. 

 
 Figure 10-8: load transfer by springs during rotation

 Figure 10-9: compressed volumes during rotation of the beam
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Figure 10-9 shows the simplified stress distribution during plastic deformation, which 
is used to determine the corresponding amount of internal energy. Subsequently, the 
amount of energy is determined by using a similar approach as for the deformation in 
the y-direction. The amount of energy is expressed by equation ( 10-4 ). Again the previ-
ously defined parameters ‘Win, specimen’, ‘A’, and ‘β’ are used.  

         ( 10-4 )
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 10.2.3 inTernal energy bending momenT
As previously mentioned, the internal energy spreads out over the connections and the 
individual elements. The internal energy corresponding to observed displacements and 
rotations is derived in the previous paragraphs. This paragraph discusses the internal 
energy stored in the individual elements due to bending. The word ‘elements’ in this 
case refers to the column and beam. The brace is not taken into account, since this ele-
ments was not loaded in the middle section by a transverse load. Consequently, the 
amount of bending in the brace is considered negligible. 

According to El Naschie (1990) the amount of internal energy due to bending can be 
determined by using  equation ( 10-5 ). Several parameters are used, being: the amount 
of energy ‘Win’, the amount of bending at the time of measuring ‘M’, the bending modu-
lus of elasticity ‘Em’, the moment of inertia at the measure point ‘I’, and the integral over 
the length of the element ‘dx’. The formula, however, assumes a linear increase in the 
magnitude of the bending moment, which explains the factor 1/2 in front of the inte-
gral. This, however, does not correspond with reality. Therefore, another approach is 
chosen, expressed by equation ( 10-6 ), by which the individual energy values are 
summed by using a Riemann-sum.       

        ( 10-5 )

        ( 10-6 )

The bending moment diagram of the column and beam are shown in figure 10-10. The 
sum of the surfaces I, II, III, and IV is the same as the integral over the length of both 
elements. Subsequently, the amount of internal energy due to bending is expressed by 
equation ( 10-7 ). The bending modulus of elasticity ‘Em’ per specimen varies between 
4000 N/mm2 and  6000 N/mm2 in green state and 5500 N/mm2 and 8500 N/mm2 in 
dry state. These values are chosen such that the total internal energy approximates the 
external energy, further described in paragraph 10.5. This, consequently, results into an 
approximation, because not all bending moments are in equilibrium using these mod-
uli of elasticity, as previously discussed in paragraph 9.5.4.  
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 Figure 10-10: Bending moment diagram beam and column

        ( 10-7 )

 

 10.2.4 inTernal energy shear deformaTion
As previously discussed, a certain amount of internal energy is stored in the elements 
due to bending of the element. Using a similar approach the amount of energy corre-
sponding to shear deformation of the elements is determined. According to El Naschie 
(1990) the amount of internal energy due to shear deformation can be determined 
using equation ( 10-8 ). To obtain more accurate results the adjusted formula expressed 
by equation ( 10-9 ) is used. With shear modulus ' G' and shape factor 'κ''.  

      
        ( 10-8 )
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        ( 10-9 )

 Figure 10-11: shear diagram of the column and the beam

The shear deformation diagram is derived from the bending moment diagram, as can 
be seen in figure 10-11. Again surfaces are used describing the integral. The correspond-
ing amount of energy is expressed by equation ( 10-10 ). 

        ( 10-10 )



166

energy analysis / 151 - 182

        ( 10-10 )

 10.2.5 energy inTroduced by The hydraulic jack 
The amount of energy which is introduced into the system by the hydraulic jack is re-
ferred to as the external energy. According to El Naschie (1990) the amount of external 
energy can be described using the formula expressed by equation ( 10-11 ). However, 
this formula presumes linear behaviour, which does not correspond to the real situa-
tion. Therefore, another approach is used by using a Riemann-sum over the measured 
intervals, using equation ( 10-12 ). In contrast to the internal energy values, the external 
energy value is determined by using directly measured data. The external energy value, 
therefore, is considered to be rather accurate.  

        ( 10-11 )

        ( 10-12 )
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 10.3 resulTs 
During the research the internal energy and external energy values are determined for 
all specimens. In this paragraph the average energy values of the specimens tested in 
green state are compared to the average energy values of the specimens tested in dry 
state. It is impossible to determine the average energy up to a jack load of approxi-
mately 50 kN, due to premature failure of some of the specimens. Therefore, the ener-
gy-level for jack loads up to to 50 kN are based on the specimens which did not show 
premature failure, represented by the dashed line. Firstly, the internal energy values in 
the connections are presented, followed by the internal energy values in the elements. 
Finally, the values of the external energy are compared.  

 10.3.1 inTernal energy brace-connecTions

 (a)
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 (b)

 Figure 10-12: energy brace-connections in relation to the jack load: (a) column-brace   
 connection, (b) beam-brace connection

Figure 10-12 illustrates the internal energy data of both brace-connections tested in dry 
state and green state in relation to the jack load. The column-brace-connections show 
a maximal internal energy of 77 J when tested in green state and a maximal internal 
energy of 38 J when tested in dry state. The beam-brace-connections show a maximal 
internal energy of 160 J when tested in green state and a maximal internal energy of 63 
J when tested in dry state. As can be seen in the figure, for both the column-brace-
connection as well as for the beam-brace-connection the graphs are similar up to a jack 
load of 25 kN. For jack loads higher than 25 kN the connections tested in green state 
show a higher increase in internal energy in comparison to the connections tested in 
dry state. A similar trend is observed when comparing the graphs of the beam-brace-
connections tested in green and dry state. Furthermore, the figure shows an internal 
energy in the beam-brace-connection which is approximately twice as high in com-
parison to the internal energy in the column-brace-connection. 
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 10.3.2 inTernal energy wedge connecTion

 (a)

 (b)
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 (c)

 Figure 10-13: energy wedge connection in relation to the jack load: 
 (a) x-direction ( // beam), (b) y-direction ( // column), (c) rotation

Figure 10-13 shows the internal energy in relation to the jack load for the wedge con-
nections tested in green and dry state. In x-direction no clearance is accounted. In y-
direction deformations in the y-direction are reduced by the previously determined 
clearances. Clearances are not accounted in determining the internal energy corre-
sponding to rotation of the beam, in order to simplify the situation.  

In x-direction the wedge connections show a maximal internal energy of 8,0 J when 
tested in green state and a maximal internal energy of 7,2 J when tested in green state. 
In y-direction the wedge connections show a maximal internal energy of 130 J when 
tested in green state and a maximal internal energy of 38 J when tested in dry state. 
The maximal internal energy due to rotation of the beam is 3,6 J when tested in green 
state and 4,8 J when tested in dry state. As can be seen in the figure, wedge connec-
tions tested in green state contain more internal energy due to deformations in y-di-
rection in comparison to wedge connections tested in dry state. The graphs correspond-
ing to the internal energy due deformation in x-direction and rotation show almost 
similar results.   
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 10.3.3 inTernal energy due To bending 

 (a)

 (b)

 Figure 10-14: energy due to bending: (a) column, (b) beam
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Figure 10-14 shows the internal energy due to bending of the beam and column when 
tested in green state and dry state. The column shows a maximal internal energy of 220 
J when tested in green state and a maximal internal energy of 95 J when tested in dry 
state. The beam contains a maximal internal energy of 142 J when tested in green state 
and a maximal internal energy of 124 J when tested in dry state. Up to a jack load of 
approximately 20 kN the internal energy due to bending of the column is similar in 
both situations. However, for jack loads higher than 20 kN the columns tested in green 
state show a more rapid increase in comparison to the columns tested in dry state. The 
amount of internal energy for the beams tested in green state shows is similar to those 
tested in dry state. 

 10.3.4 inTernal energy due To shear deformaTion
The internal energy data which correspond to shear deformation of the elements is 
shown in figure 10-15. The maximal internal energy of the column is 27 J when tested in 
green state and 10 kN when tested in dry state. The beam shows a maximal internal 
energy of 16 J when tested in green state and a maximal internal energy of 20 J when 
tested in dry state. Similar trends are observed as for the internal energy due to bend-
ing when comparing the internal energy values of the elements tested in green state in 
comparison to those tested in dry state.   

 (a)
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 (b)

 Figure 10-15: energy due to shear deformation: (a) column, (b) beam

 10.3.5 exTernal energy

 Figure 10-16: external energy in relation to the jack load
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The external energy in relation to the jack load is shown in figure 10-16. The specimens 
tested in green state show a maximal external energy of 1100 J. The specimens tested 
in dry state show a maximal  external energy of 840 J. 

 10.4 analysis of The energy equilibrium
According to El Naschie (1990) the total internal energy must be equal to the external 
energy at all times. Figure 10-17 shows the determined energy values in relation to the 
jack load for each of the specimens. Three main energy values are shown, being the 
individual energy values, the total internal energy, and the external energy.  

 specimen no. 1
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 specimen no. 2

 specimen no. 3
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 specimen no. 4

 specimen no. 5
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 specimen no. 6

 Figure 10-17: energy equilibrium: specimens number 1,2, and 3 are tested in green state;  
 specimens number 4,5, and 6 are tested in dry state

Figure 10-17 shows the energy balance for each of the specimens. No jack displacement 
was measured for specimen number one; consequently, no external energy value could 
be determined. An equilibrium between the sum of the internal energy values and the 
external energy is approximated by using two variables, being: the bending modulus of 
elasticity of the column and beam, and a reduction in the external energy value. 

The presumed moduli of elasticity are 6000 N/mm2, 6000 N/mm2, 4000 N/mm2, 5500 
N/mm2, 8500 N/mm2, and 6000 N/mm2. All these values are in between the mini-
mum and maximum bending moduli of elasticity presented in paragraph 9.5.4. During 
testing the jack load is first increased up to 40 per cent of estimated failure load, then 
lowered to 10 per cent of the estimated failure load, and then increased up to the point 
of failure. During the decrease from 40 down to 10 per the specimen partly returns into 
its original shape, which results into a decrease of the energy in the system. This 
‘bounce’ occurs with a certain delay in comparison to the measured load introduced by 
the jack. When the jack load is decreased too quickly the measured delayed displace-
ments during this period are multiplied by an incorrect lower. Consequently, the ob-
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served energy within the system decreases less than the actual energy within the sys-
tem. Therefore, an one-time reduction is introduced for the external energy to account 
this effect. The following reductions are used for specimen number two to six: 0 J, 70 J, 
50 J, 0 J, and 90 J.

As can be seen in the figure, the sum of the internal energy values approximates the 
external energy rather closely up to a jack load of approximately 35 kN. At jack loads 
higher than 35 kN the external energy shows higher values compared to the sum of the 
internal energy values. Presumably plastic deformation occurs, from which the energy 
value is not accounted in the sum of the internal energy values. 

 10.5 discussion

 10.5.1 validiTy energy-deformaTion funcTions
The external energy is determined using directly measured values, which results into a 
high reliability. Therefore, this value can be used as reference value to check the validity 
of the internal energy. As can be seen in figure 10-17, the total internal energy approxi-
mates the external energy rather closely. As a consequence, also the individual energy 
values are considered valid. This proves the validity of the proposed energy-deforma-
tion functions described in paragraph 10.2. These functions are therefore used in chap-
ter 11 to determine the spring stiffnesses. 

 10.5.2 energy equilibrium
As can be seen in the figures illustrated in paragraph 10.3 and paragraph 10.4, the inter-
nal energy shows large difference in value when comparing the amount of energy in 
connections and elements to each other. The average internal energy values per ele-
ment or connection are illustrated in figure 10-18 (next page) for specimens tested in 
green state and the specimens tested in dry state, based on data presented in para-
graph 10.3.

As can be seen in figure 10-18, most energy is stored due to bending of the elements, 
deformation of the brace-connections, and deformation in y-direction of the wedge 
connection. The figures in paragraph 10.3 show that the internal energy of specimens 
tested in green state reach a higher internal energy value in comparison to specimens 
tested in dry state. This can be explained by the material stiffness of green wood which 
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is lower than the stiffness of dry wood. The material can be simulated by a spring. The 
internal energy of a linear spring is expressed by equation ( 10-13 ). A weak spring shows 
a large deformation ‘δ’ which therefore results into a high internal energy value ‘Win’, 
although the spring stiffness ‘k’ is rather low. Wood does not fully react as a linear 
spring; nonetheless, larger deformations presumably explain the difference in internal 
energy between the specimens tested in green state and dry state. 

        ( 10-13 )

 (a)    (b)

 Figure 10-18: internal energy per connection or element: (a) green state, (b) dry state
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 10.6 conclusions

Internal energy data, corresponding to the deformation of each of the connec-
tions and elements, is  obtained by adjusting formulae presented by El Naschie 
(1990).

According to El Naschie (1990) the sum of the internal energy values must be 
equal to the external energy, which results into an energy equilibrium.

The total amount of internal energy in the system approximates the external 
energy introduced by the jack up to a jack load of approximately 35 kN when 
assuming a varying modulus of elasticity of column and beam, and a one-time 
reduction in the external energy at the moment of decreasing the jack load 
from 40 per cent of the estimated failure load down to 10 per cent of the esti-
mated failure load. 

The presumed bending moduli of elasticity are in agreement with those pre-
sented in chapter nine. 

The presumed clearances in the wedge connection in y-direction are similar to 
those presented in chapter nine. 

A certain deviation is observed between the total internal energy and the ex-
ternal energy for jack loads higher than 30 kN. Most probably this deviation 
occurs due to plastic effects from which the corresponding amount of energy is 
not accounted in the energy equilibrium.  

Specimens tested in green state show a higher amount of internal energy in 
comparison to the specimens tested in dry state. This is most probably caused 
by the lower material stiffness of green wood. 

The energy stored by bending of the column and beam, deformation parallel to 
the column in the wedge, and both brace connections are relatively high. The 
energy stored by shear deformation of the column and beam, deformation par-
allel to the beam in the wedge, and rotational within the wedge are relatively 
low. 
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The proposed energy-deformation functions are considered valid, since the 
sum of the corresponding internal energy values approximate the external en-
ergy rather closely. The external energy is in this case based on directly meas-
ured data, which proves the reliability.   
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AbstrAct /
this chapter discusses the proposed mechanical 
model with the corresponding spring stiffnesses 
used to approximate the behaviour of a traditional 
frame. the energy-deformation functions present-
ed in chapter ten are used to determine these stiff-
nesses. Firstly, an introduction is given. secondly, 
the method is described by which the stiffnesses 
are derived from the energy-deformation functions. 
thirdly, the obtained spring stiffnesses are pre-
sented. Finally, the proposed mechanical model is 
validated by comparing the behaviour of the tested 
specimens to the behaviour of the mechanical mod-
el.  
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 11.1 inTroducTion
The objective of the research is the development of a mechanical model using compo-
nent stiffnesses. Methods are introduced in chapter ten to determine the internal en-
ergy for each of the connections and elements. The similarity between the total inter-
nal energy and the external energy for each of the specimens indicates the validity of 
this method. This chapter describes the derivation of the spring stiffnesses using the 
energy data. The obtained individual spring stiffnesses and the mortise and tenon con-
nection pull-out data, previously determined in chapter eight,  are combined to create 
the desired mechanical model.  

 11.2 derivaTion of The spring sTiffnesses

 11.2.1 brace-connecTions
The axial force in the brace is determined by using a correction factor ‘a’ which incorpo-
rates the estimated spring stiffness of the wedge connection. Consequently, the load 
transferred by both brace-connections is considered to be known. Also, the axial defor-
mation (parallel to the brace) of both brace-connections is measured for each of the 
tested specimens. By using the axial deformation and the transferred load a load-de-
formation graph is plotted. The spring stiffness ‘kmortise and tenon’ is expressed by 
equation ( 11-1 ). This formula is based on the stiffness being equal to the derivation of 
the load-deformation function ‘Fjack 1,6 α’.   

        ( 11-1 )

 11.2.2 wedge connecTion
The internal energy is determined for deformations in y-direction (parallel to the col-
umn) and x-direction (parallel to the beam). Furthermore, internal energy correspond-
ing to rotation of the beam is determined. As can be seen in figure 10-18, the internal 
energy corresponding to deformations parallel to the beam and rotational movement 
of the beam are minimal. Consequently, both springs are replaced by rigid connections. 
The internal energy due to deformation parallel to the column is determined by solely 
assuming deformation in the beam. 
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All the internal energy is stored by a certain volume within the beam as described in 
paragraph 10.2.2. The depth of the volume at zero deformation is equal to 0,35 times 
the height of the beam. The cross-section of the volume at zero deformation is equal to 
the contact surface between the top of the beam and the upper-side of the mortise 
hole. The cross-section of the compressed volume increases linearly with the additional 
deformation, while the depth decreases linearly with the additional deformation. The 
spring stiffness per square millimetre is equal to the second derivation of the energy 
per square millimetre. The amount of energy is expressed in Watt which is equal to 
Newton per metre. The spring stiffness is expressed in N/mm. This change in units 
must be taken into account before the energy function is derived. The spring stiffness 
‘kwedge(y)’ of the volume is expressed by equation ( 11-2 ). This function is based on the 
stiffness being equal to the second derivation of the energy-deformation function ‘F_|_

(dy)’, which expresses the energy per square millimetre. The cross-section of the com-
pressed volume is expressed by surface ‘A’. The energy deformation function is based on 
specimens loaded perpendicular to the grain, being 90 mm in height. The difference 
between the height of the specimens and the depth of the compressed volume is taken 
into account by depth factor ‘β’.

        ( 11-2 )
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        ( 11-2 )

 11.2.3 sTiffness elemenTs
Also the stiffness of the elements is determined. This stiffness is influenced by bending 
and by shear deformation. The internal energy stored by shear deformation is relatively 
low, as can be seen in figure 10-18. Shear deformations are, therefore, considered negli-
gible. Consequently, shear deformation stiffnesses of the elements are not accounted 
in the mechanical model. The internal energy values corresponding to bending of the 
elements are relatively high. Consequently, deformations due to bending are taken into 
account. The bending stiffnesses of the elements are therefore incorporated into the 
mechanical model. 

 11.3 resulTs 
The spring stiffnesses of the brace-connections and the wedge connection are pre-
sented in this paragraph. These are derived using the energy-deformation functions 
presented in chapter ten. Besides the actual spring stiffness values also the correspond-
ing load-deformation diagrams are given to show the change in spring stiffness during 
deformation. 

 11.3.1 spring sTiffness funcTion brace-connecTions
The derived load-deformation diagrams for both brace-connections in green are shown 
in figure 11-1 (next page). The individual stiffness data are presented in table 11-1 (next 
page).
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 (a)

 (b) 

 Figure 11-1: derived load-deformation diagrams of the brace-connections in green state: 
 (a) column-brace connection, (b) beam-brace connection
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 table 11-1: calculated stiffnesses of the brace-connections in green state

The derived load-deformation diagrams of both brace-connections in dry state are 
shown in figure 11-2. The corresponding stiffness data are presented in table 11-2.

 table 11-2: calculated stiffnesses of the brace-connections in dry state

 (a)
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 (b)

 Figure 11-2: derived load-deformation diagrams in dry state:     
 (a) column-brace connection, (b) beam-brace connection

 11.3.2 spring sTiffness funcTion wedge connecTion
The derived load-deformation diagrams of the wedge connection are shown in figure 
11-3. The individual clearances are presented in table 11-3 (next page). The stiffnesses are 
determined using the equation ( 11-3 ). These formulae are derived from the energy-
deformation function using the method described in paragraph 11.2.2. 

        ( 11-3 )
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 (a)

 (b) 

 Figure 11-3: derived load-deformation diagrams of the wedge connection: 
 (a) in green state, (b) in dry state
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 table 11-3: clearances in y-direction (// column)

 11.3.3 bending sTiffness
The bending stiffness of the elements is influenced by the moment of inertia and the 
bending modulus of elasticity. The moment of inertia is known because the cross sec-
tional dimensions are known. The bending modulus of elasticity is determined by using 
the correlation with the compressive modulus of elasticity. Using this approach the 
bending modulus of elasticity is 6000 N/mm2 for green wood and 7502 N/mm2 for dry 
wood. The moment of inertia is 42,2 106 mm4 at the full cross section and 36,4 106 
mm4 at the reduced cross-section at middle section of the column and beam.
   

 11.4 analysis 

 Figure 11-4: mechanical model portal frame
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The mechanical model proposed by  Hamer (2013) for the compressions side of the por-
tal frame is adjusted. The axial spring in the x-direction and the rotational spring of the 
wedge connection are not accounted, due to the relatively low amount of energy stored 
by these springs. The tension side is schematized in similar way as the compression 
side but with other stiffnesses for the brace-connections. Furthermore, a maximal al-
lowable deformation ‘δmax’ is introduced to account the pull-out deformation.

 11.4.1 sTiffness brace-connecTions
The stiffness of both brace-connections is divided in two phases. During the first phase 
clearance is removed which results into direct contact. In this phase the stiffness is 
largely influenced by the peg stiffness During the second phase deformation occurs 
which is much less influenced by the peg stiffness. The brace-connection stiffnesses for 
all specimens are presented in paragraph 11.3.1. To simplify the situation a more general 
approach is used, by which the connections stiffness during clearance removal is con-
sidered similar as the connection yield stiffness, previously presented in chapter eight. 
The yield stiffness subsequently is determined by the sum of the peg-stiffness, the 
stiffness of the mortise members, and the tenon stiffness. The shear span is estimated 
to be 15 mm in green state and 20 mm in dry state. The clearance behind the tenon 
measured perpendicular to the peg is estimated to be 0,5 mm for both brace connec-
tions in green state. During drying shrinkage occurs through which the clearance drops 
to zero in dry state. The stiffnesses after the point of direct contact are based on the 
average of the values presented in paragraph 11.3.1. The stiffnesses are presented in ta-
ble 11-4; the corresponding load-deformation diagrams are shown in figure 11-5.

 table 11-4: modelled stiffnesses of the brace-connections at the compression side 
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 (a)

 (b)

 Figure 11-5: modelled load-deformation diagrams: (a) comlumn-brace connection, 
 (b) beam-brace connection



194

analysis spring stiFFnesses / 183 - 200 

 11.4.2 sTiffness wedge connecTion 
The stiffness of the wedge connection parallel to the column is expressed by equation 
( 11-2 ). Both formulae are rather complex, to simplify the situation a linear trend-line is 
added to approximate the complex functions; both trend-lines show an R2 higher than 
0,99. Consequently, two linear functions are found, presented in table 11-5, which ap-
proximate the stiffness in y-direction of the wedge connection rather closely. A linear 
stiffness results into a quadratic load-deformation function as illustrated in figure 
11-6.

 Figure 11-6: modelled load-deformation diagrams wedge connection

 table 11-5: stiffnesses wedge connection at the compression side
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 11.4.3 maximum allowable deformaTion Tension side
The pull-out loads and corresponding deformations are presented in paragraph 8.4.3 
for the point of yielding and the point of failure. In this case the maximum allowable 
elongation of the brace is based on the point of yielding, such that irreversible damage 
is prevented. The average deformation up to the point of yielding is 4,1 mm perpendicu-
lar to the grain. This results into a maximal brace elongation of 11,8 mm. Based on the 
yield loads and deformations the average stiffness perpendicular to the grain is calcu-
lated up to the point of yielding, being 2902 N/mm. The axial stiffnesses parallel to the 
brace are determined using the Hankinson criteria and the stiffnesses during clearance 
removal, presented in table 11-4. The calculations are presented in appendix E.1.2 The 
stiffnesses of the brace-connections at the tension side of the frame are presented in 
table 11-6. Since the stiffnesses of both brace-connections are known and the maximal 
elongation of the brace is known, the mechanical behaviour at the tension side of the 
portal frame can be predicted.   

 table 11-6: stiffnesses brace-connections at the tension side
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 11.5 discussion

 11.5.1 validaTion compression side
To check the reliability of the mechanical model, the model must be validated using 
experimental data. During the research only the compression side of the portal frame 
is tested in full scale. Therefore, the compression side of the proposed mechanical 
model is simulated in Scia Engineer. The jack displacements and the jack loads for the 
tested specimens as well as the computer model are shown in figure 11-7 and figure 
11-8. The situation in green state is shown in figure 11-7. As can be seen in the figure, the 
computer model approximates the observed behaviour of the tested specimens rather 
closely.     

 Figure 11-7: deformations of the computer model for green state versus the 
 deformation of the specimens tested in green state
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 (a)

 
 (b)
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 Figure 11-8: deformation of the computer model for dry state versus the deformation of the  
 specimens tested in dry state: (a) computer model with initial clearances, (b) computer model  
 with adapter clearances

The situation in dry state is shown in figure 11-8 (a). As can be seen in the figure, the 
computer model shows different behaviour than the specimens at the beginning of 
graph. Therefore, the clearance in the brace-connections is enlarged from 0,0 mm to 0,5 
mm.  Also the clearance in the wedge connection is enlarged from 2,0 mm to 3,0 mm. 
The behaviour of the computer model with adapted clearances is illustrated in figure 
11-8 (b). As can be seen in the figure, the computer model approximates the observed 
behaviour of the tested specimens rather closely when using the adapted clearances.   

11.5.2 mechanical behaviour of porTal frame
As shown in the previous paragraph, the mechanical model for the compression side of 
the frame provides accurate data in green state. When using adapted clearances the 
model also provides accurate data in dry state. The same stiffnesses are again used, but 
this time to model the behaviour of a whole frame, as illustrated in figure 11-9. 

 Figure 11-9: mechanical model portal frame
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The deflection of the frame in both states is shown in  figure 11-10. The failure load of 
the frame is indicated by the red dot. The frame tested in dry state shows smaller de-
flections than in green state. Therefore, the frame in dry state is considered to be stiff-
est. On the other hand, the frame tested in green state shows a higher failure load than 
in dry state. Consequently, the frame in green state is considered to be strongest. 

 Figure 11-10: load-deflection diagram for the whole frame in green and dry state

Based on the data presented in figure 11-10 the stiffness of the frame is considered 
governing in green state while the strength of the frame is considered governing in dry 
state. A conservative model is proposed in which the stiffnesses in green state are com-
bined with the maximal allowable elongation in dry state. This model can be used as 
guidance during the designing of a traditional timber frame. However, there is one 
point of special interest which is not accounted within this model. As described in para-
graph 9.5.1, the rotational spring stiffness of the wedge connection is neglected. 
Nonetheless, a small bending moment can be transferred by the wedge connection. 
This is considered irrelevant for the stiffness of the frame; however, due to the decrease 
in cross-section at this point, the bending moment might result into high stresses. 
These stresses can cause bending failure close to the wedge connection, which results 
into sudden failure of the entire frame. Fortunately, this type of failure can easily be 
prevented by not fastening the wedge too tight.  
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 11.6 conclusions

The proposed mechanical model is adjusted by removing the rotational spring 
and the axial spring in the wedge and neglecting the shear deformation within 
the elements, due to relatively low energy stored within these connections and 
elements. 

The connection stiffnesses of both brace connections and the wedge connec-
tion parallel to the column are derived from the energy-deformation functions 
and the determined clearances. 

A mechanical model modelling the behaviour at the compression side of the 
frame in green state shows similar behaviour as observed during tests in green 
state. 

A mechanical model modelling the behaviour at the compression side of the 
frame in dry state shows similar behaviour as observed during tests in dry state 
when clearances in both brace connections and the wedge connection are en-
larged. 

A mechanical model is created simulating the behaviour of a whole frame us-
ing the same stiffnesses, although the stiffness of the brace connections at the 
tension side is replaced by stiffnesses derived from peg pull-out behaviour. 
Furthermore, a maximal allowable elongation of the brace is introduced which 
simulates tear out failure at the tension side of the frame. 

The mechanical model of a whole frame shows greater lateral deflections in 
green state than in dry state when subjected to lateral in-plane loading. 
Consequently, the frame is considered stiffer in dry state than in green state. 

The mechanical model of a whole frame shows a lower higher failure load in 
green state than in dry state when subjected to lateral in-plane loading. 
Consequently, the frame is considered stronger in green state than in dry 
state.     
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AbstrAct /
this chapter discusses the main results of the re-
search. the main objective of this research is the 
modelling of portal frame behaviour. Five main items 
are addressed in each of the following paragraphs. 
the first discusses the mechanical model and the 
performed energy analysis. the second paragraph 
reviews the physical and mechanical behaviour of 
the wood. the third and fourth paragraph describe 
the behaviour of the individual connections. the fifth 
paragraph describes the behaviour of an entire 
frame. the sixth and final paragraph discusses the 
research questions. During the research two series 
are investigated which deviate in moisture content. 
the first series is referred to as green state, with a 
moisture content close to 65 per cent. the second se-
ries is referred to as dry state, with a moisture con-
tent close to 20 per cent. the differences between 
those two series are discussed in each of the follow-
ing paragraphs.
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 12.1 mechanical model
A mechanical model is proposed, shown in figure 12-1, to model the behaviour of a 
beam-column connection (with diagonal brace) at the compression side of a portal 
frame. The compression side in this case refers to the beam-column connection in 
which the brace is subjected to compression. Full-size beam-column connections were 
subjected to compressive loading to observe the mechanical behaviour. The load intro-
duced by the jack load together with the jack displacement results into energy which is 
distribution over the elements and connections within the system. The energy intro-
duced by the jack load is referred to as the external energy and is based on directly 
measured data. The energy distributed over the connections and elements within the 
system is referred to as the internal energy. The internal energy is determined per ele-
ment and connection by using proposed energy-deformation functions and deforma-
tions observed during testing. 

 Figure 12-1: proposed mechanical model

According to El Naschie (1990) the internal energy must be equal to the external energy 
at all times. The internal energy in the system is based on the proposed energy-defor-
mation functions. These functions are based on theories and assumptions. Consequently, 
the internal energy values are questionable. The external energy, however, is based on 
directly measured data and is therefore used as reference value to check the internal 
energy values. As shown in figure 12-2, the internal energy (represented by the blue 
line) approximates the external energy (represented by the red line) rather closely. This 
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proves the validity of the proposed energy-deformation functions. The deviation which 
occurs for jack-loads higher than 35 kN is assumed to occur due to plastic deformations 
which are not taken into account for the internal energy.    

 Figure 12-2: energy equilibrium

Figure 12-3 shows the internal energy stored by each of the elements and connections. 
Most of the energy within the system is stored by bending of the column and the beam. 
Furthermore, also deformations within the brace-connections and deformations paral-
lel to the column within the wedge connection require a considerable amount of en-
ergy. Energy stored by shear deformations in the beam and the column are much lower 
and are therefore considered negligible. The same accounts for deformations parallel 
to the beam within the wedge connection and rotational movement within the wedge 
connection. 

The proposed mechanical model is adapted to the presented energy values. Springs 
which store an negligible amount of energy are therefore removed. The adjusted me-
chanical model is illustrated in figure 12-4. The stiffnesses of the springs, which simu-
late connection behaviour, are discussed in paragraph 12.3 and paragraph 12.4. 
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                green              dry

 Figure 12-3: energy per element and connection

 Figure 12-4: adjusted mechanical model
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 12.2 european oak 
All specimens investigated during the research are made of European Oak. The physical 
and mechanical properties are investigated during the research. Shrinkage is consid-
ered the most important physical property. The main results regarding shrinkage are 
shown in table 12-1. A decrease in moisture content results into shrinkage, which large-
ly depends on the measure direction.

 table 12-1: shrinkage as percentage of the dimensions in green state

The main results regarding the mechanical behaviour of the wood are presented in 
table 12-2. As can be seen in the table, a decrease in moisture content results into a 
higher stiffness and strength of the wood.  

 table 12-2: change in mechanical properties during drying

 * Based on the ratio between the modulus of elasticity for compression and the modulus of  
 elasticity for bending as presented by Kuhne (1955)

 12.3 behaviour of The brace-connecTions
The behaviour of the brace-connection is divided into two phases. The first phase de-
scribes the behaviour of the connection during clearance removal. The second phase 
describes the behaviour of the connection when direct contact between the brace and 
the other main element (column or beam) exists. Since the first phase describes clear-
ance removal, the amount of clearance influences the amount of deformation which is 
needed to reach the second phase.  

 12.3.1 clearance
The behaviour of brace-connections is influenced by two parameters, being the stiff-
ness of the wood and the fit of the connection. The stiffness of the wood increases with 
a lowering moisture content, as shown in table 12-3. The fit of the connection is directly 
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related to the clearances which are present between the connected elements. A small 
clearance is already present in green state to allow easy assemblage. During drying the 
clearance can decrease or increase due to the effects of shrinkage. Two types of clear-
ance are defined for the brace-connections. The first describes the clearance measured 
parallel to the peg between the side of the mortise and the side of the tenon. The sec-
ond describes the clearance measured perpendicular to the peg between the tenon’s 
end and the backside of the mortise hole. The effects of drying on the clearances with-
in the brace-connections are presented in table 12-3.

 table 12-3: clearance within the brace-connections

12.3.2 behaviour during clearance removal
The first phase describes the behaviour during clearance removal. Clearance in this 
case refers to clearance measured perpendicular to the peg. During this phase all loads 
are transferred by the peg from the brace to the other element. Consequently, the peg 
deforms until direct contact occurs between the brace and the other main element 
(column or beam). 

The mechanical behaviour of the brace-connections during the first phase can be ap-
proximated by using a proposed spring model, shown in figure 12-5 (next page). 
According to this model, the stiffness of the whole connection is the same as the sum 
of the component stiffnesses. The stiffness of the peg is lowest and therefore plays the 
most important role, followed by the stiffness of the tenon, and finally the stiffness of 
the mortise members. The stiffness of the peg is largely influenced by the shear span, 
which is defined as the distance over which the peg shows deformation at each shear 
plane. The shear span is influenced by the stiffness of the wood and the clearance 
measured parallel to the peg. Both have an opposite effect and therefore partly equal-
ise each other. The shear span is considered 15 mm in green state and 20 mm in dry 
state. Consequently, the peg stiffness slightly decreases during drying. The change in 
stiffness of the tenon and the mortise members during drying is considered directly 
related to the compression stiffness of the wood. Both brace-connections show a simi-
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lar decrease in stiffness when drying from green state to dry state, as shown in table 
12-4.

 table 12-4: stiffnesses brace-connections during clearance removal based 
 on the spring model

 Figure 12-5: spring model

12.3.3 behaviour aT direcT conTacT 
The second phase describes the behaviour of the brace-connection at direct contact 
between the brace and the other main element. The stiffness during the second phase 
is determined using the observed deformation measured parallel to the brace and the 
load introduced by the hydraulic jack. The load transferred by the brace-connections is 
approximated by using a factor 1,6 and a correction factor. The factor 1,6 is used to take 
the leverage between the brace-connection and the point at which the jack load is in-
troduced into account. The wedge connection is therefore considered to act as a hinge. 
This, however, does not comply with the real situation. Therefore, a correction factor is 
used to take the rotational stiffness of the wedge connection into account. The connec-
tion stiffness is determined using the approximated load and the observed deforma-
tions. The mean stiffnesses for the brace connections are shown in table 12-5. 
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 table 12-5: stiffnesses brace-connections at direct contact

 12.4 behaviour of The wedge connecTion
The behaviour of the wedge connection is also described by two phases. The first de-
scribes the behaviour during clearance removal. The second phase describes the behav-
iour at direct contact between the top of the beam and the upper-side of the mortise 
hole. The transition between those two phases is directly influenced by clearance 
measured parallel to the column. 

 12.4.1 clearance
A small clearance is already present in green state to allow easily assemblage. This 
clearance increases during drying due to the effects of shrinkage. The results are shown 
in table 12-6. 

 table 12-6: clearance within the wedge connection

 12.4.2 behaviour during clearance removal
The first phase describes the behaviour of the connection during clearance removal. 
Loads are transferred by friction. Consequently, the stiffness is considered negligible 
until direct contact occurs between the top of the beam and the upper-side of the mor-
tise hole.  

12.4.3 behaviour aT direcT conTacT
Loads are transferred from the beam to the column when direct contact occurs. The 
beam is loaded perpendicular to the grain, while the column is loaded parallel to the 
grain. Deformations are therefore considered to mainly occur in the beam, due to the 
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difference in stiffness. The stiffness in the beam is based on a certain volume within the 
beam, as shown in figure 12-6. All deformations are considered to occur in this com-
pressed volume. The depth of the volume is defined by 0,35 times the height of the 
beam. The width of the volume increases during deformation by factor 1:1,5 (represent-
ed by the dashed line in the figure) compared to the subjected deformation. The stiff-
nesses are presented in table 12-5.

 Figure 12-6: compressed volume

 table 12-7: stiffnesses wedge connection at direct contact

 12.5 behaviour of a frame
This paragraph describes the behaviour of a whole frame. First the adjusted mechani-
cal model for the compression side of the frame is validated. Then this model is used to 
describe the behaviour of an entire frame. 

 12.5.1 behaviour of The compression side of a frame
The adjusted mechanical model with the proposed stiffnesses is modelled using the 
computer program Scia engineer. The model is subjected to compressive loading simi-
larly as the full-size beam-column connections tested during the experimental re-
search. The results of the computer model simulating the situation in green state are 
shown in figure 12-7 together with the data of the beam-column connections tested in 
green state. The computer model simulates the observed behaviour of the tested 



212

results / 203 - 216 

beam-column connections rather accurately, as can be seen in the figure. This proves 
the validity of the proposed mechanical model and the proposed stiffnesses for the 
situation in green state. 

 Figure 12-7: computer model versus experimental test data in green state

The computer model showed less accurate results for the situation in dry state. 
Therefore, stiffness functions are adapted to account larger clearances. The results of 
the computer model with the adapted stiffnesses are shown in figure 12-8 (next page). 
As can be seen in the figure, the computer model approximates the observed behaviour 
of the tested beam-column connections rather closely. This proves the validity of the 
proposed mechanical model and the adapted stiffness functions for the situation in 
dry state.
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 Figure 12-8: computer model versus experimental data in dry state

 12.5.2 behaviour of a whole frame
The proposed mechanical model is considered valid for green and dry state, each with 
its own stiffness functions. Based on these data a mechanical model is proposed which 
models the behaviour of an entire frame. The mechanical model is shown in figure 12-9. 
The stiffnesses of the brace-connections at the tension side of the frame (the side at 
which the brace is subjected to tensile loading) are based on individual connections 
subjected to tensile loading. The stiffness of the wedge connection at the tension side 
is considered the same as the one at the compression side of the frame. Furthermore, a 
maximal allowable elongation of the brace is introduced which simulates pull-out fail-
ure of the weakest brace-connection. Pull-out failure in this case refers to cracking of 
the mortise housing ,which is indicates as the governing failure mode for the frame 
investigated in this research.   



214

results / 203 - 216 

 Figure 12-9: proposed mechanical model entire frame

The load-deflection behaviour of a frame in green state and in dry state is illustrated in 
figure 12-10. The red dot indicates pull-out failure of the peg at one of the brace-connec-
tions at the tension side of the frame. As can be seen in the figure, the frame in green 
state shows a lower ultimate failure load and therefore a higher strength. While the 
frame in dry state shows smaller deflections and therefore a higher stiffness. 

 Figure 12-10: Behaviour of a frame when subjected to lateral in-plane loading



215

TradiTional Timber sTrucTures  –  experimental research

 12.6 direcT conclusions
Based on results presented in the previous paragraphs, the research questions formu-
lated in paragraph 3.1 are answered. The research questions are stated below. As previ-
ously mentioned, the stiffness refers to the horizontal in-plane deflection of a frame; 
the strength refers to the ultimate failure load of a frame.  

 Research question
 Which state, being green or dry, is governing regarding the mechanical behaviour of  
 a traditional portal frame?

 Research sub-questions
 Which state is governing regarding the stiffness?
 Which state is governing regarding the strength?

The first sub-question applies to the stiffness of a traditional timber frame. According 
to figure 12-10, a frame in green state shows a lower stiffness compared to a frame in 
dry state. Consequently, the green state is considered governing regarding the stiffness 
of a frame. The second sub-question refers to the strength of a traditional timber frame. 
According to figure 12-10,  a frame in green state shows a higher strength than a frame 
in dry state. As a consequence, the dry state is considered governing regarding the 
strength of a frame.  

The main research question refers to the mechanical behaviour of a frame, which im-
plies both stiffness and strength. As previously mentioned, both states are considered 
governing regarding the mechanical behaviour of a frame. The stiffness is influenced 
by the spring stiffnesses in the model while the strength is influenced by the maximal 
allowable elongation of the brace. Therefore, a conservative model is proposed based 
on the stiffnesses in green state and the maximal allowable elongation in dry state. 
This conservative model combines the weakest elements of both states. Hence, this 
model can be used as guideline to safely design traditional timber frames.     
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AbstrAct /
the main conclusions of the research are presented 
and discussed in this chapter. Firstly, the conclusions 
are drawn based on the results presented in chapter 
12. secondly, the conclusions are discussed based on 
information presented in literature.
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 13.1 conclusions
The internal energy within a beam-column connection is determined using 
deformation data observed during testing and proposed energy-deformation 
functions. The internal energy within the system approximates the external 
energy introduced by the subjected load rather closely.    

A frame in green state absorbs more energy before failure (average external 
value 950 J) in comparison to the frame in dry state (average external energy 
value 630 J). 

Most of the energy is stored by bending of the column or beam, followed by 
deformation in both brace connections and deformation parallel to the column 
within the wedge connection. The energy stored by shear deformation of the 
column and beam is much lower than and therefore considered negligible. The 
same accounts for deformations due to rotational movement within the wedge 
and deformations parallel to the beam within the wedge. The individual energy 
values as percentage of the total internal energy are presented in table 13-1 and 
table 13-2. 

 table 13-1: energy values in green state



219

TradiTional Timber sTrucTures  –  experimental research

 table 13-2: energy values in dry state

A mechanical model is proposed to simulate the behaviour of a beam-column 
connection subjected to compressive loading. The springs which simulate the 
behaviour of connections which store a negligible amount of internal energy 
are not taken into account. The stiffnesses of the other springs are determined 
using the proposed energy-deformation functions. The resulting mechanical 
model is modelled using a computer model. This computer model shows accu-
rate results in comparison to the behaviour of the full-size beam-column con-
nections subjected to compressive loading during the research.

The behaviour of a whole frame is modelled using the same stiffnesses as in 
the modelled beam-column connection. The stiffnesses of the brace-connec-
tions at the brace subjected to tension are determined using individually tested 
connections subjected to tensile loading. Furthermore, a maximal allowable 
elongation of the brace at the tension side is taken into account to simulate 
tear-out failure of the brace-connections. According to this model a frame in 
green state is less stiff than a frame in dry state. While a frame in dry state is 
less strong in comparison to a frame in green state. 

Tear-out failure of the brace-connections subjected to tension is considered 
most governing regarding the strength of a frame. 

The stiffnesses of both brace-connections and the stiffness of the wedge con-
nection parallel to the column are considered governing regarding the stiffness 
of a frame. 
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The stiffness of a brace-connection during clearance removal can accurately be 
predicted by a spring model. According to this model, the stiffness of the con-
nection is equal to the sum of the component stiffnesses. No model exists to 
predict the behaviour at direct contact.

The stiffness of a wedge connection in the direction parallel to the column is 
considered negligible during clearance removal. The stiffness at direct contact 
can be predicted by using a compressed volume within the loaded beam-sec-
tion. The depth of this volume is equal to 0,35 times the height of the beam. The 
width of the volume is equal to the contact surface in its initial shape and sub-
sequently broadens by factor 1:1,5 in compared to the subjected deformation. 

All stiffnesses within the proposed mechanical model can be predicted using 
the spring model and the compressed volume model. Consequently, stiffnesses 
can also be determined for frames with other dimensions or frames made out 
of a different wood specie than European Oak without conducting experimen-
tal research. However, one exception exists. No model exists to predict the be-
haviour of the brace-connections when direct contact occurs between the 
brace and the other main element (column or beam). Therefore more research 
is needed to investigate the behaviour of these connections in this situation. 

 13.2 discussion
This thesis describes the usage of an energy analysis to determine the stiffnesses of a 
mechanical model which approximates the behaviour of a portal frame. This research 
method is setup using information presented by El Naschie (1990). This particular 
method, however, has not yet been used in other research. The correspondence be-
tween observed behaviour during testing and the behaviour simulated by the mechan-
ical model proves the validity of this method. A major advantage of the proposed re-
search method is the continuum observing of the connection behaviour. Consequently, 
also non-linear behaviour of connections can be described. This method can therefore 
be used in following research, which investigate the behaviour of non-linear connec-
tions within complex systems.   

Based on the results presented in this thesis the stiffness of a frame is considered to 
increase during drying. However, during this research the behaviour of a frame is only 
observed at two moisture contents, being green and dry. It might therefore be possible 
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that stiffness of a frame is higher or lower at another not observed moisture content 
than expected based upon the observed stiffnesses. It is therefore questionable if the 
frame in green state is indeed governing regarding the stiffness of a frame when re-
viewing all possible moisture contents. The same accounts for the strength which is 
considered governing in dry state. 

A frame in green state is considered to be stiffer in comparison to a frame in dry state, 
based upon the results presented in the thesis. The decrease in stiffness due to connec-
tions loosening caused by shrinkage is therefore considered less governing compared 
to the increase in stiffness due to the increased stiffness of the wood. Shrinkage is as-
sumed to result into loosening of connections. However, this is not always the case. 
Shrinkage might likewise also result into fastening of the connection, depending on 
the shrinkage directions. For example, the clearance within the wedge connection be-
tween the top of the beam and the upper-side of the mortise hole increases during 
drying due to the effects of shrinkage. For the brace-connections, however, the clear-
ance measured perpendicular to the peg between the tenon’s end the backside of the 
mortise hole decreases during drying due to the effects of shrinkage. Consequently, 
shrinkage does not necessarily has to result into the loosening of the connections. This 
explains why the increase in wood stiffness is governing in comparison to the influence 
of shrinkage.          

The stiffness of a frame in green state is lower than the stiffness of a frame in dry state. 
Consequently, the first hypothesis is considered to be false. The second hypothesis re-
fers to the strength of a portal frame. A frame tested in green state shows a higher 
strength than a frame tested in dry state. The second hypothesis is, therefore, consid-
ered to be true. The first hypothesis is based on the model illustrated in Error! Reference 
source not found.. In which the change in mechanical properties is considered less gov-
erning in comparison to the effects of shrinkage. This, however, does not correspond 
with the results obtained during the research. 

Shrinkage does indeed occur in the connections. In the wedge connection shrinkage 
results into an increase in the clearance; however, in the brace-connections shrinkage 
results into a decrease in clearance. As shown in the model, the strength and stiffness 
of the wood increases during drying. Thus, during drying the clearances in the brace-
connections decrease, the clearance in the wedge connections increase, and the mate-
rial strength and stiffness of the wood also increases. Brace-connections play a major 
role in the stiffness of a frame. Hence, an increase in frame-stiffness during drying 
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seems reasonable, since the stiffness of the brace-connections increases due to an de-
crease in clearance and an increase in stiffness of the wood.   

A conservative model is created based on the stiffness of a frame in green state and the 
strength of a frame in dry state. The model therefore combines the weakest elements 
of both situations and is therefore considered to be relatively conservative. This model 
is created as guide for designing portal frames. Nonetheless, the model must be used 
with caution, since the stiffnesses within the model are derived from test data ob-
tained from a relatively small number of test specimens.    
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AbstrAct /
this chapter evaluates the conducted research and 
describes recommendations for further research. 
Firstly, the research is evaluated and compared to 
previous research. Possible improvements are pro-
posed to increase the sufficiency of the test methods 
and approaches used during the research. secondly, 
recommendations for further research are given, re-
lated to experimental and numerical research within 
the field of traditional timber structures.   
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 14.1 evaluaTion 
As mentioned in chapter one, more information regarding the mechanical behaviour of 
traditional timber structures is needed to safeguard a prosperous future of traditional 
timber framing. Consequently, much research has focusses on the mechanical behav-
iour of traditional timber structures. Especially the university of Wyoming has con-
ducted a fair number of research projects related to this subject. However, the number 
of researches which focusses on the mechanical behaviour of elements within tradi-
tional timber portal frames or portal frames as a whole is still relatively small. In most 
cases the researches focussed on the behaviour of individual mortise and tenon con-
nections. Only one research was found which addresses the mechanical behaviour of 
an entire frame (Erikson and Schmidt, 2003). Unfortunately, this research does not ad-
dress the relation between the mechanical behaviour of the frame and the moisture 
content of the wood. Therefore, the decision was made to conduct such a research in 
order to gain more information regarding this subject. 

This thesis describes the results of the experimental research conducted to investigat-
ed the mechanical properties of a traditional timber frame. The objective of the re-
search was to gain insight into the mechanical behaviour of portal frames, with a spe-
cial focus on the relation between the moisture content and the mechanical behaviour 
of the frame. Two main series were investigated referred to as green and dry with a 
moisture content close to 65 per cent and a moisture content close to 20 per cent. The 
experimental research was set up as a qualitative research. Consequently, the beam-
column connections tested in dry state were dried under normal indoor conditions, 
with fluctuating relative humidity and temperature. To avoid cracking due to rapid 
shrinkage the individually tested mortise and tenon connections were stored in a cli-
mate chamber, with constant relative humidity and temperature. The number of speci-
mens investigated during the experimental research was relatively small. Based on the 
qualitative character of this research the presented results should be regarded as an 
indication for further research. All research questions formulated at the start of this 
research are answered. Consequently, the results of this research are regarded as satis-
fying. Nonetheless, more research is required to gain more insight in the mechanical 
behaviour of traditional timber structures in global and in the mechanical behaviour of 
portal frames in particular.    
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 14.2 recommendaTions furTher research
As mentioned in the previous paragraph, this research is set up a qualitative research 
characterized by a small number of specimens and real environmental conditions. 
Hypothesises can be formulated based on the results in this research. These hypothe-
sises can subsequently be tested by conducting an quantitative research, using more 
specimens dried at controlled conditions. Based on the results of such a research the 
variation in spring stiffness can be determined for each of the springs within the pro-
posed model. The same test setups can be used as used in this research. Furthermore, a 
new test approach is proposed to approximate the real distribution of forces when 
subjecting a beam-column connection to compressive loading. In this research the ax-
ial force in the brace is determined using a correction factor. Although this assumption 
seem to be correct based on the equilibrium between the internal and external energy, 
the axial force in the brace remains questionable. In this modified test setup the mid-
dle section of the brace is cut out and replaced by a load cell. Using this approach the 
axial force in the brace can accurately be measured. These observed axial forces can 
subsequently be compared to the axial forces determined using the correction factor.  

In this thesis two models are proposed to simulate the behaviour of connections with-
in a portal frame. The first model is used to approximate the behaviour of brace-con-
nections during clearance removal. This model is referred to as the spring model and is 
an extended version of a model proposed by Schmidt and Daniels, 1999. The second 
model approximates the behaviour of the wedge connection in the direction parallel to 
the column when direct contact exists between the top of the beam and the upper-
side of the mortise hole. This model is referred to as the compressed volume model and 
is based on the results of the energy analysis and the stress distribution model pre-
sented by Leijten et al. (2012). The stiffness of almost all connections within a frame can 
be described using these two models without the conducting any experimental re-
search. One stiffness, however, cannot be described by these models, being the stiff-
ness of the brace-connection when direct contact exists between the brace and the 
other main element (column or beam). In this research the stiffness for the brace-con-
nections at direct contact is directly derived from experimental test data. Unfortunately, 
the number of specimens was too small to create a reliable model which describes the 
behaviour of these connections in this situation. Consequently, more research regard-
ing this subject is needed.     
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The dimensions of the elements and the connections can be varied to determine the 
relation with the mechanical behaviour of the frame. Especially dimensions related to 
the appearance of clearances and their magnitude and the edge distance for the pegs 
fastening the brace-connections seem of great interest, since these properties are ex-
pected to greatly influence the mechanical behaviour of a frame. Other possibilities for 
experimental research are related to the use of cyclic loading, investigation of other 
species than European Oak, the use of sheathed frames, or the use of reinforced con-
nections. The influence of some of these subjects on the mechanical behaviour of por-
tal frames are already described by Erikson and Schmidt (2003). 

Numerical research can be conducted to investigate the influence of parameters on the 
mechanical behaviour of a portal frame. Experimental test data can subsequently be 
used to validate computer models. These models can then be used to perform a param-
eter study. Also the influence of the variation in wood properties and structure can be 
investigated. For example by investigating the influence of the appearance of distor-
tions in the wood structure at unfavourable locations. 

The ultimate objective of this research project and following research projects is the 
creation of a reliable mechanical model with corresponding stiffnesses for all common 
dimensions and all common wood species. Similarly as for steel and concrete struc-
tures the stiffness of connections should be determined using models and parameters 
presented in literature. Consequently, no experimental research must be conducted to 
predict the behaviour of a traditional timber structure. However, much research is still 
needed to reach this goal. Thus, much is still unknown regarding the behaviour of tra-
ditional timber frames. Nonetheless, the interest in traditional timber frames is in-
creasing. Consequently, also the number of researches dedicated to the mechanical 
behaviour of these structures is still growing. Knowledge regarding these structures 
therefore also still increasing. This will hopefully result into the desired mechanical 
models and the acceptance of traditional timber framing as mature building method.           
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 abbreviaTions
C.O.V. coefficient of variation  [ - ]
MC moisture content   [ % ]

 variables and signals

 laTin capiTals
A  cross section   [ mm2 ]
D  peg diameter   [ mm ]
E  modulus of elasticity  [ N/ mm2 ]
F  Load    [ N ]
G  shear modulus   [ N/ mm2 ]
G’ specific gravity   [ - ]
I  moment of inertia   [ mm4 ]
M bending moment   [ Nmm ]
N  axial force   [ N ]
P  connection load    [ N ]
Q  shear force   [ N ]
W work    [ J ]

 laTin lower case
a  shear span   [ mm ]
b  width    [ mm ]
d  depth    [ mm ]
f  strength    [ N/mm2 ]
h  height    [ mm ]
he effective height   [ mm ]
k  spring stiffness   [ N/mm ]
l  length    [ mm ]
m mass    [ kg ]
t  thickness    [ mm ]
v  volume    [ mm3 ]
w deformation   [ mm ]
w pull-out parameter    [ - ]
x  variable length   [ mm ]
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 greek capiTals
_  displacement   [ mm ]
_ i nterval    [ - ]

 greek lower case
α  grain angle   [ ° ]
α  parameter connection yield stress [ N/mm2 ]
α  correction factor brace stiffness [ - ]
β	 reduction factor wedge stiffness [ - ]
β  parameter connection yield stress [ - ]
γ  parameter connection yield stress [ - ] 
δ  deformation   [ mm ]
δ	 derivative    [ - ]
κ  curvature    [ mm-1 ]
κ’  parameter shear deformation  [ - ]
μ  mean value   [ - ]
ϕ  rotation    [ ° ]
ρ  density    [ kg/m3 ]
ρ  radius    [ mm ]
σ  stress    [ N/mm2 ]
σ’ standard deviation   [ - ]
ω  moisture content   [ % ]

 indices

 laTin lower case
c  compression
m bending
r  direction parallel to the brace
v  shear
u  ultimate
t  tension
y  yield
y  direction parallel to the column
x  direction parallel to the beam
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 numbering
a, b, c numbering deformations
1, 2, .. n numbering elements
I, II, III numbering surfaces

 operaTors
//  parallel to the grain
_|_ perpendicular to the grain
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Base material 

Brace-connection 

Beam-column connection 

Compression side of a frame 

Dry state 

Edge hole stiffness 

Clearance wedge connection 

Clearance brace-connection 
parallel 

Clearance brace-connection 
perpendicular 

The wood which surround the peg within a 
mortise and tenon connection.

Connection between the brace and another 
element, being the beam or column, within a 
beam-column connection or portal frame. 
p. 4

Part of a frame or individually tested speci-
men which consist of a beam(section), a col-
umn, and a brace. p. 4 

Side of frame in which the brace is subjected 
to compression due to in-plane lateral load-
ing on the frame. p. 3 

State in which the moisture content of the 
wood is close to 20 per cent. p. 2

The resistance of the edge of the peg hole 
against deformation caused by peg defor-
mation. p. 64

Clearance between the top of the beam and 
the upper-side of the mortise hole within 
the wedge connection. p. 106 

Clearance between the side of the tenon 
and the side of the mortise hole measured 
parallel to the peg within a brace-connection 
or individual mortise and tenon connection. 
p. 64

Clearance between the end of the tenon and 
the back-side of the mortise hole measured 
perpendicular to the peg within the brace-
connection. p. 107
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Green state

 
Mortise hole 

Mortise and tenon connection

 
Pull-out load 

Pull-out deformation 

Shear span 
    

Tenon 

Traditional timber (portal) frame 

Traditional timber structure 

State in which the moisture content of the 
wood is close to 65 per cent. p. 2

A hole cut in the connected element in which 
the tenon is placed. p. 5

Individually tested specimen which consists 
of two side members, which represent the 
mortise members; one middle members, 
which represents the tenon; and one peg, 
used to connect the mortise members to the 
tenon. p. 5

Load which indicates failure within a brace-
connection subjected to tensile loading. 
p. 65

Deformation which occurs prior to failure of 
a brace-connection subjected to tensile 
loading. p. 65

The distance at which peg deformation oc-
curs at each shear plane. p. 64

Notched end of the connected element 
within a brace-connection or wedge connec-
tion. p. 5

Frame which consists of two columns, one 
beam, and two braces connected by tradi-
tional timber connections. p. 3

Structure which consists of timber elements 
connected by traditional timber connec-
tions. p. 3
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Traditional timber connection 

Tension side of a frame
 

Wedge connection 

Wood to wood connection in which material 
is removed to connect the elements fastened 
by a peg or a wedge. p. 3

Side of frame in which the brace is subjected 
to tensions due to in-plane lateral loading 
on the frame. p. 3 

Connection between the column and the 
beam in which the notched end of the beam 
runs through a mortise hole cut in the col-
umn fastened by a wedge at the back side of 
the column. p. 4

glossary / 231 - 234 
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 –
a.mechanical 
properTies

AbstrAct /
the mechanical properties of European oak are in-
vestigated during the research. Apart from the com-
pression stiffness and strength, also the shear 
strength is investigated. As mentioned in chapter 
five an unconventional test method is used to deter-
mine the shear strength. Using this method internal 
tension stresses occur within the specimens. these 
tensile stresses play a major role in the ultimate fail-
ure load of the specimen and must therefore be tak-
en into account when determining the shear 
strength.
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 a.1 shear sTrengTh
Cross-shaped specimens are loaded in the middle and supported at the two sides by 
steel cubes, as described in chapter five. Internal tensions stresses can occur depending 
on the friction between the contact surface of the support cubes and the contact sur-
face of the specimen. These internal stresses have an major influence on the ultimate 
failure load of the specimen. Two situations are reviewed. In the first situation the fric-
tion between the contact surfaces is considered negligible. The supports are therefore 
schematized as rolling supports. In the second situation the friction between the con-
tact surfaces is considered infinite. The supports are therefore schematized as fixed 
points. The shear strength is determined for both situations. These shear strengths are 
regarded as the maximal possible shear strength and the minimal possible shear 
strength. Eventually the most likely shear strength is chosen, based on the obtained 
range and shear strength values presented by Kühne (1955).   

Norris:
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Rolling supports:

Dry wood: 
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Green wood: 

Fixed supports: 
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245

 –
b.peg properTies

AbstrAct /
During the experimental research individual pegs 
are tested to determine the peg properties. Un-
fortunately, no conclusions can be drawn on the 
directly observed data. therefore, several formu-
lae are formulated in this appendix to derive the 
desired data from the obtained test data. the first 
paragraph describes a formula which is used to de-
termine the modulus of elasticity for bending using 
the observed deflection at the middle of the peg and 
the subjected load. the second paragraph discusses 
formulae related to cross grain shear behaviour. 
cross grain shear behaviour strongly depends on 
the corresponding shear span. consequently, the 
influence of the shear span is investigated in this 
paragraph. 
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 b.1 bending sTiffness
A formula is derived using the work method to determine the modulus of elasticity for 
bending. All boundary conditions are already incorporated into the formula. The ob-
served deflection at the middle of the beam and the subjected loading are therefore 
considered as the only two variables in the proposed formula. 
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Bending stiffnesses presented by Schmidt and Daniels (1999) and Schmidt and MacKay 
(1997) are presented as spring stiffnesses in Anglo-Saxon units. Therefore, the previ-
ously derived formula is extended to directly determine the modulus of elasticity in 
metric units. The distance between the support point used in the test setup used by 
Schmidt and Daniels (1999) and Schmidt and MacKay (1997) differs from the test setup 
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used in this research. The formula is therefore again derived using this particular dis-
tance. Furthermore, factors are used to account the difference in units.  
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 table b-1: Bending stiffnesses as presented in literature

 b.2 shear sTiffness
The cross grain shear properties of the peg are investigated during the research. Three 
items are discussed in this paragraph. Firstly, the relation between shear deflection and 
deflection due to bending of the peg is discussed. Secondly, the influence of the peg 
diameter on the cross grain shear stiffness is discussed. Finally, the relation between 
the cross grain shear stiffness and the connection stiffness is discussed.  

 b.2.1 raTio beTween bending and shear 
The shear span has a major influence on the cross grain shear stiffness and is therefore 
investigated. The difference in stiffness is probably caused by the way in which the peg 
deforms. The peg deforms due to shear deflection when the shear span is relatively 
small. When the shear span is relatively large bending of the peg is considered more 
likely. The ratio between bending and shear deformation in relation to the shear span 
is therefore described by the following formula. This formula is derived using the work 
method.    
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 b.2.2 influence of The diameTer on The deflecTion
Cross grain shear stiffnesses for wooden pegs are presented by Schmidt and Daniels 
(1999) and Schmidt and MacKay (1997). Unfortunately, the pegs tested by them differ in 
diameter in comparison to the peg investigated in this research. Therefore, the differ-
ence in peg diameter must be taken into account when comparing the obtained data 
to the data presented by Schmidt and Daniels (1999) and Schmidt and MacKay (1997). 
A formula is derived using the work method to determine the relation between the peg 
diameter and the cross grain shear stiffness. 
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 b.2.3 calculaTion connecTion sTiffness
Corresponding to the spring model presented in chapter eight the connection stiffness 
is equal to the sum of the component stiffnesses. Firstly, the stiffness for each of the 
individual components is determined. Secondly the connection stiffness is determined 
using the spring model. Three shear spans are reviewed, being 12 mm, 15 mm, and 18 
mm. 
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Peg stiffness
Correction of the difference in diameter.

Bearing stiffness
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Connection stiffness

 table b-2: connection stiffness, specimens a in dry state

 table b-3: connection stiffness, specimens B in dry state
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255

 –
c.beam-column 
connecTion
properTies

AbstrAct /
During the experimental research individual beam-
column connections were subjected to compressive 
loading to investigate the behaviour at the compres-
sion side of portal frame. the displacements and ro-
tations of the brace-connections are directly derived 
from the data obtained by the LVDts using simple 
formulae presented in chapter nine. this, however, 
does not comply for the wedge connection. complex 
formulae are needed to derive the displacements 
and the rotation from the test data. the derivation of 
these formulae are presented in this appendix. 
Furthermore, the maximal moment capacity of the 
wedge-connection is determined using data present-
ed in chapter five. 
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 c.1 derivaTion displacemenTs and roTaTion
Data are obtained by three LVDTs to observe the behaviour of the wedge connection 
during testing. The displacement parallel to the beam and parallel to the column are 
described by the formulae presented in this paragraph. These directions are referred to 
as x-direction and y-direction in chapter nine. Furthermore, the rotation between the 
column and beam is described and observed. A similar test setup is used in research by 
Leijten and Brandon (2013). The formulae presented in their work is adjusted to account 
the difference in dimensions and to account the different position of the LVDTs.     
Displacement wx and wy can be determined by using the formulae expressed in equa-
tion ( C-1 ), ( C-2 ), (C-3), and (C-4). 

        ( c-1) 

        ( c-2 )

        ( c-3 )

  §      ( c -4 )
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 c.2 momenT capaciTy 
The moment capacity of the wedge connection is determined in this paragraph. The 
moment capacity of the wedge connection is directly related to the moment capacity 
of the beam’s end. Consequently, the moment capacity of the notched end of the beam 
is considered the governing element regarding moment transferred by the wedge con-
nection.  
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The bending moment diagrams for each of the tested specimen is determined using 
the observed curvatures and the moment capacity of the wedge connection. As de-
scribed in chapter nine a varying bending modulus for elasticity is assumed to reach 
equilibrium. A typical bending moment diagram is illustrated in figure c-1. The bending 
moments ‘M1’, ‘M2’, ‘M3’, and ‘M4’ are directly derived using the test data. The bending 
moments ‘Ma’ and ‘Mb’ are the maximal bending moments in the beam and column. 
The bending moment ‘Mc’ is the bending moment transferred by the wedge connec-
tion. This value is considered to be lower at all times than calculated moment capacity 
of the wedge connection. The individual curvatures, the assumed moduli of elasticity 
for bending and the corresponding bending moments are presented in table c-1 for 
each of the specimens.      

 Figure c-1: typical bending moment diagram
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 table c-1: Bending moments and corresponding moduli of elasticity
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 –
d.energy 
analysis

AbstrAct /
An energy analysis is performed during the research 
to describe the distribution of the energy over the in-
dividual elements and connections. the internal en-
ergy of the brace-connections and the individual ele-
ments (beam and column) are derived using directly 
observed data. the internal energy within the wedge 
connection, however, is derived using an energy-de-
formation function corresponding to deformation 
perpendicular to the grain. the derivation of this 
function is presented in this appendix.
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 d.1 inTernal energy in The connecTions
The energy-deformation function is determined using the test data of the material 
testing, described in chapter five. During these tests specimens are subject to compres-
sive loading perpendicular to the grain. The observed deformations and the subjected 
loading result into a load-deformation diagram. The load-deformation behaviour is ap-
proximated by a function for each of the specimens. This function is subsequently de-
rived resulting into the energy-deformation diagram. The energy-deformation dia-
grams are illustrated in figure d-1 (a). The mean value of these functions is illustrated in 
figure d-1 (b). This function represents the amount of energy stored within an average 
specimen when a certain deformation is enforced. This energy, however, is related to 
the dimensions of the specimens, being 45x70x90 mm3. Therefore, the values in the 
function are divided by the cross-section of the specimens. This results into an energy-
deformation diagram per square millimetre, illustrated in figure d-1 (c). The difference 
in height between the volume compressed during testing and the height of the speci-
men is taken into account by depth factor ‘β’ described in chapter ten. 

 (a)
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 (b)

(c)

 Figure D-1: energy-deformation diagram: (a) diagrams of specimens loaded perpendicular 
 to the grain, (b) mean value, (c) mean value per square millimetre
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265

 –
e.mechanical 
model

AbstrAct /
In chapter eleven of this thesis a mechanical model 
is proposed to approximate the behaviour of a portal 
frame. the stiffnesses at the compression side of the 
frame are described by stiffnesses derived from the 
energy analysis. the stiffnesses at the tension side, 
however, are unknown. consequently, the formulae 
used to describe the behavioiur at the tension side 
are derived in this appendix. the first paragraph de-
scribes the most governing failure mode. the maxi-
mal allowable elongation of the brace is determined 
in the second paragraph. the stiffnesses of the brace-
connections are finally derived in the last para-
graph. 
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 e.1 governing failure mode
Failure at the tension side of the frame is considered to be the most plausible failure 
mode. However, failure at the tension side of a frame can either be caused by cracking 
of the mortise housing or by plug shear failure of the tenon. The ultimate failure load 
for both situations situation is determined in this paragraph.  

 e.1.1 failure due To cracking of The morTise housing
The ultimate failure load corresponding to cracking of the mortise housing is deter-
mined using the check for wood splitting presented in EC 5. 

 e.1.2 failure due To plug shear failure of The Tenon
The ultimate failure load corresponding to plug shear failure of the tenon is determined 
using the shear strength presented in chapter five, the width of the element, and the 
corresponding edge distances.  

Column-brace-connection:

Beam-brace-connection:
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 e.2 maximal allowable elongaTion 
The pull-out deformation presented in chapter five is used to determine the maximal 
allowable elongation of the brace before failure occurs. The pull-out deformation is 
determined for mortise and tenon connections loaded perpendicular to the grain. The 
brace-connections are loaded at an angle of 38 degrees and 52 degrees. The difference 
in load angle is therefore taken into account.

 e.3 sTiffnesses brace-connecTions
The stiffnesses at the tensions side of the frame are derived from the maximal pull-out 
loads and maximal pull-out deformations of the mortise and tenon connections tested 
in dry state. The numbers refer to these specimens. The presented loads are yield loads. 
The stiffnesses, therefore, describe the behaviour up to yielding. The mean stiffness 
value is determined using the individual stiffnesses. This stiffness represents the stiff-
ness perpendicular to the grain. The expected stiffness  parallel to the grain is linked to 
the stiffness of the brace-connections subjected to compression during clearance re-
moval. These values are presented in table 11-4. Eventually, the stiffnesses of the brace-
connections at the tensions side of the frame are determined using the Hankinson 
criteria. 
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